METHOD TO CONTROL SOURCE/DRAIN STRESSOR PROFILES FOR
STRESS ENGINEERING Background of Invention 1) Field of the Invention
This invention generally relates to the devices and methods for the
fabrication of semiconductor devices, and more particularly to the fabrication
of Field Effect Transistors (FETs) having embedded Source/Drain regions
with controlled impurity profiles. 2) Description of the Prior Art It is now
well-known that SiGe can be embedded into the source/drain (S/D) regions
of PFETSs to generate uniaxial stress in the silicon channel. This in turn
increases the carrier mobility in the PFET channel and thus enhances the
PFET device performance significantly. However, the integration of
embedded SiGe (eSiGe) into the normal CMOS process flow is extremely
challenging. The extent of performance enhancement also depends strongly

on tMAETESRD TG CON TROLISGURT DR AN STRESSCGRIPROFELESIFOR
in the eSiGe and the proximity of the stressor to the channel region.

STRESS ENGINEERING

Background of Invention
1) Field of the Invention
This invention generally relates to the devices and methods for the
fabrication of semiconductor devices, and more particularly to the fabrication of
Field Effect Transistors (FETs) having embedded Source/Drain regions with

controlled impurity profiles.

2) Description of the Prior Art

It is now well-known that SiGe can be embedded into the source/drain (S/D)
regions of PFETs to generate uniaxial stress in the silicon channel. This in turn
increases the carrier mobility in the PFET channel and thus enhances the PFET
device performance significantly. However, the integration of embedded SiGe
(eSiGe) into the normal CMOS process flow is extremely challenging. The extent
of performance enhancement also depends strongly on the stress generated by
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The importance of overcoming the various deficiencies noted above is
evidenced by the extensive technological development directed to the
subject, as documented by the relevant patent and technical literature. The
closest and apparently more relevant technical developments in the patent
literature can be gleaned by considering the following. US6921913:
Strained-channel transistor structure with lattice-mismatched zone -
Strained-channel transistor structure includes portions of source and drain
regions adjacent to strained channel region and lattice mismatched with

fReNSiChéntsdIrnAel AeBiendbpeentesntentrifenGh iticSiTIeROAAIS Y BRSO RNty of
US5442205: Semiconductor heterostructure devices with strained

sesnitiydeetay IngaiBanpentisgiopuctor heterostructure devices with strained
semiconductor layers - have monocrystalline silicon substrate, spatially

graded epitaxial layer of germanium-silicon, spatially ungraded layers of
germanium- silicon and epitaxial layer of germanium or silicon. Inventor:

BrasenT Rafigbo&6es b2 9% érad hingAne0RbLESAd i chemaieentite®above is

structures employing strained material layers with defined impurity gradients
anideribe dy fvicfabinading técinoR gioandeosdstratieioiedn@stet JnB@ct, as

layer(s) with specified impurity
documented by the relevant patent and technical literature. The closest and
apparently more relevant technical developments in the patent literature can be

gleaned by considering the following.

US6921913: Strained-channel transistor structure with lattice-mismatched
zone - Strained-channel transistor structure includes portions of source and drain
regions adjacent to strained channel region and lattice mismatched with respect to
channel region. Inventor: Yeo, Yee-Chia; Singapore, Singapore

US5442205: Semiconductor heterostructure devices with strained
semiconductor layers - Semiconductor heterostructure devices with strained
semiconductor layers - have monocrystalline silicon substrate, spatially graded
epitaxial layer of germanium-silicon, spatially ungraded layers of germanium-
silicon and epitaxial layer of germanium or silicon. Inventor: Brasen, Daniel.

US6831292 and US20050054168A1: Semiconductor structures employing

strained material layers with defined impurity gradients and methods for fabricating



gradient. Inventor: Currie, Matthew; et al. US6844227: Semiconductor
devices and method for manufacturing the same - Field effect transistor
includes a channel layer whose thickness is a critical film thickness or less
so that dislocation due to strain may not be caused depending on the carbon
content . Inventor: Kubo, Minoru; Mie, Japan US20040262694A1: Transistor
device containing carbon doped silicon in a recess next to MDD to create
strain in channel - Metal oxide semiconductor transistor e.g. NMOS
transistor has stress inducing regions on opposite of channel, such that

digtae cehaiviesusetse s ANt e e EaRsRIY 18gENS) i BResiecthad ihpianse

between stress inducing regions. Inventor: Chidambaram, PR US6323525:
hadi&rt. sevissducionide wrathawnetrglative impurity concentration levels
between layers - MISFET element for semiconductor IC - has source and
drain areas formed from n+ type semiconductor layer and n- type
semiconductor layer- Inventor: Noguchi, Mitsuhiro 3 US20050082522A1:
Strained channel transistor formation - Transistor comprises strained
channel region formed of first material and being intermediate source region

and drasesaprany Seeicdhidaictodévises and method for manufacturing the
same - Field effect transistor includes a channel layer whose thickness is a critical
film thickness or less so that dislocation due to strain may not be caused

depending on the carbon content . Inventor: Kubo, Minoru; Mie, Japan

US20040262694A1: Transistor device containing carbon doped silicon in a
recess next to MDD to create strain in channel - Metal oxide semiconductor
transistor e.g. NMOS transistor has stress inducing regions on opposite of
channel, such that distance between source and drain extension regions is greater

than distance between stress inducing regions. Inventor: Chidambaram, PR

US6323525: MISFET semiconductor device having relative impurity
concentration levels between layers - MISFET element for semiconductor IC - has
source and drain areas formed from n+ type semiconductor layer and n- type

semiconductor layer- Inventor: Noguchi, Mitsuhiro



4 Summary of the Invention The example embodiments of the present
invention provide a structure and a method of manufacturing a transistor
having a strained channel region which is characterized as follows. An
example embodiment method for forming semiconductor device comprising
the steps of : providing a FET gate structure over a substrate; performing an
etch to form a recess adjacent to the FET gate structure; forming an epitaxial
layer over the sidewalls and bottom of the recess so to form rounded corners
and to form a rounded corner recess; forming a stressor layer filling the

roundedJEZ0E600825R 2 SERAFREdSCIINES] WiRaMtoMATAtiOMOtTRANsistor
example embodiment method for forming semiconductor device comprises

duensieBe OEbArRddiREmBRB oAt sHYEtYFEi teh aisHAPHAEL IRy idiRImediate
PFET SDE regions adjacent to the PFET gate structure;

source region and drain region Inventor : Huang, Yi-Chun;



providing isolation regions in the substrate; performing an anisotropic etch to
form a recess adjacent to the PFET gate structure; the recess has
substantially straight sidewalls and a substantially flat bottom; performing a
epitaxy preclean of the substrate; forming an epitaxial layer over the
sidewalls and bottom of the recess to form rounded corners in the recess
and to form a rounded corner recess; forming a stressor layer filling the
rounded corner recess; the epitaxial layer and the stressor layer are formed
in-situ; annealing the substrate to form source/drain regions that diffuse from
the stressor region into the substrate. Another example embodiment is the
semiconductor device comprised of a FET gate structure over a FET region
in a substrate; FET SDE re@iiiniaie slulidrRioasiisient to the FET gate
structure; isolation regions in the substrate around the FET region; a recess
in the substrate adjacent to the PFET gate structure; the recess has
substantially straight sidewalls and a substantially flat bottom;

The example embodiments of the present invention provide a structure and
a method of manufacturing a transistor having a strained channel region which is

characterized as follows.

An example embodiment method for forming semiconductor device

comprising the steps of :

providing a FET gate structure over a substrate;

performing an etch to form a recess adjacent to the FET gate structure;
forming an epitaxial layer over the sidewalls and bottom of the recess so to
form rounded corners and to form a rounded corner recess;

forming a stressor layer filling the rounded corner recess; the stressor is

doped with an impurity.

Another example embodiment method for forming semiconductor device

comprises the steps of :



6 an epitaxial layer over the sidewalls and bottom of the recess so to form
rounded corners in the recess and to form a rounded corner recess; a
stressor layer filling the rounded corner recess; the stressor is doped with an
impurity. The above and below advantages and features are of
representative embodiments only, and are not exhaustive and/or exclusive.
They are presented only to assist in understanding the invention. It should
be understood that they are not representative of all the inventions defined
by the claims, to be considered limitations on the invention as defined by the

claigp vl kbt PET Qi esIsiaes dodhg slatgieateor instance, some of
these advantages may be mutually contradictory, in that they cannot be

simplanemis iy REFSS BN égfite @ dpacend mens PSRBT S emecasheantages

are applicable to one aspect of the invention, and inapplicable to others.

Furihennnre isertaioraeagieissahtireciaiseedtétvention have not been

discussed herein. However, no inference should be drawn regarding those
disqysseehiigtein el dpithorh nofeiat usansbbe winetharithiie RFET gate
purposes of space and reducing repetition. Thus, this summary of features
andstagngages should not be considered dispositive in determining
equivalence.

the recess has substantially straight sidewalls and a substantially flat
bottom;

performing a epitaxy preclean of the substrate;

forming an epitaxial layer over the sidewalls and bottom of the recess to form

rounded corners in the recess and to form a rounded corner recess;

forming a stressor layer filling the rounded corner recess;

the epitaxial layer and the stressor layer are formed in-situ;

annealing the substrate to form source/drain regions that diffuse from the

stressor region into the substrate.

Another example embodiment is the semiconductor device comprised of :
a FET gate structure over a FET region in a substrate;
FET SDE regions in the substrate adjacent to the FET gate structure;
isolation regions in the substrate around the FET region;
a recess in the substrate adjacent to the PFET gate structure;
the recess has substantially straight sidewalls and a substantially flat bottom;
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Additional features and advantages of the invention will become apparent in
the following description, from the drawings, and from the claims. 7 Brief
Description of the Drawings The features and advantages of a semiconductor
device according to the present invention and further details of a process of
fabricating such a semiconductor device in accordance with the present
invention will be more clearly understood from the following description taken
in conjunction with the accompanying drawings in which like reference
numerals designate similar or corresponding elements, regions and portions

anddn wplielidfislyssole? the 4aid s ARTCHIHAE S PRaIreieyes 95 to form

illustrating a method for manufacturing FETs having strained channels

accasdifgetd cutexamp i corvbeskinaat tof hienpsasrmdevaitiner Rigegs 4B is
a cross sectional view of an FET with graphs overlaid that show the

congenteisn RipiieninhBIRNEb(RIBECEHARY FoIBEXaNPEreyBRo-IGe@lwith an

the present invention. Figures 6A and 6B are graphs showing B and Ge
conggptragjon profiles according to an example embodiment of the present
invention.

The above and below advantages and features are of representative
embodiments only, and are not exhaustive and/or exclusive. They are presented
only to assist in understanding the invention. It should be understood that they are
not representative of all the inventions defined by the claims, to be considered
limitations on the invention as defined by the claims, or limitations on equivalents
to the claims. For instance, some of these advantages may be mutually
contradictory, in that they cannot be simultaneously present in a single
embodiment. Similarly, some advantages are applicable to one aspect of the
invention, and inapplicable to others. Furthermore, certain aspects of the claimed
invention have not been discussed herein. However, no inference should be drawn
regarding those discussed herein relative to those not discussed herein other than
for purposes of space and reducing repetition. Thus, this summary of features and
advantages should not be considered dispositive in determining equivalence.
Additional features and advantages of the invention will become apparent in the
following description, from the drawings, and from the claims.
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8 Detailed Description of the Example Embodiments A. overview An
example embodiment is a method to form a strained channel transistor using
a stressor region. The recess for the stressor region is preferably formed
using an anisotropic etch. An epitaxial layer is preferably formed in the
recess. Then a graded stressor region is formed has a gradual change in
dopant impurity concentration and/or in stress inducing atom concentration.
The graded stressor region overlaps at least a portion of the source/drain
region. An example method embodiment comprises the following. form gate
structure and Source/drain extension (SDE) regions form recess preferably
using anisotropic etch form epitaxially grown layer in recess (lightly doped Si

or SiGe buffer layer) foBH i BéEApEBIPOPNRE DrereRtgsvith graded
dopant concentration and/or stressor atom concentration. reform spacers on

gate structure o the profile of the S/D stressor is not defined by the recess
depth/profile

The features and advantages of a semiconductor device according to the
present invention and further details of a process of fabricating such a
semiconductor device in accordance with the present invention will be more clearly
understood from the following description taken in conjunction with the
accompanying drawings in which like reference numerals designate similar or

corresponding elements, regions and portions and in which:

Figures 1, 2, 3, 4A and 5 are cross sectional views for illustrating a method
for manufacturing FETs having strained channels according to an example
embodiment of the present invention.

Figure 4B is a cross sectional view of an FET with graphs overlaid that
show the concentration profiles of B and Ge according to an example
embodiment of the present invention.

Figures 6A and 6B are graphs showing B and Ge concentration profiles

according to an example embodiment of the present invention.



9 anneal structure to diffuse dopant from graded stressor region into
substrate to form S/D region The example embodiment allows the flexibility of
using the epitaxy process to tailor the S/D stressor profile, rather than relying
on the isotropic recess etch process alone. This is done by using a
multi-step epitaxy process after an anisotropic dry S/D recess etch. In
general, anisotropic RIE is more stable than isotropic dry etch and is less
susceptible to microloading effects from a neighboring protective layer. In an
example embodiment for PFETs with embedded SiGe, we first provide a
gate structure with a nitride hard mask and offset spacers, and with SDE
implants in place. Then we form nitride spacers adjacent to the offset

spacers. Subsegigidy DeseRIptionoor ahis Bieiepie Eln s iiientgbstrate
to form the recessed S/D regions. Next, we perform a multi-step epitaxy

process with varying growth conditions (such as gas chemistries and flow
rates) to tailor the S/D stressor profile. For e.g., we can first form a lightly
doped Si or SiGe buffer layer that rounds the corner of the Si recess,
followed by epitaxial growth of in-situ boron doped SiGe with graded
concentrations. The last SiGe layer towards the

A. overview

An example embodiment is a method to form a strained channel transistor
using a stressor region. The recess for the stressor region is preferably formed
using an anisotropic etch. An epitaxial layer is preferably formed in the recess.
Then a graded stressor region is formed has a gradual change in dopant impurity
concentration and/or in stress inducing atom concentration. The graded stressor
region overlaps at least a portion of the source/drain region.

An example method embodiment comprises the following.

e form gate structure and Source/drain extension (SDE) regions
e form recess preferably using anisotropic etch
e form epitaxially grown layer in recess (lightly doped Si or SiGe buffer layer)
e form graded stressor layer in recess with graded dopant concentration
and/or stressor atom concentration.
e reform spacers on gate structure
o the profile of the S/D stressor is not defined by the recess

depth/profile



surface should preferably be highly doped with impurities (1 E20 to
2E21/cm3) such that the boron atoms can diffuse toward the SDE regions
upon subsequent 10 spike annealing. In this way, the series resistance can
also be significantly reduced. The example embodiments of the present
invention can produce two kinds of stress modes (tensile or compression)
exerted on the stressed-channel region. More Detailed Description Of An
Example Embodiment The example embodiments of the present invention
will be described in detail with reference to the accompanying drawings. The

examnplgpRRtitienie # AR e dopiied firaringPdieEsiticeyeinto

stressor region with graded concentrations. The example below describes a

PFET deisgatitdierentypdieseh can also be used to form NFET devices.
A. provide a PFET gate structure over a substrate Referring to figure 1, we

provide a PFET gate structure 33 over a PFET region 12 in a substrate 10.
The substrate 10 is preferably comprised of a first semiconductor material.

The sulppigade kA drerspiB et sthate i hecrarping e UsiliePthedihitdxy process

natural
to tailor the S/D stressor profile, rather than relying on the isotropic recess etch

process alone. This is done by using a multi-step epitaxy process after an
anisotropic dry S/D recess etch. In general, anisotropic RIE is more stable than
isotropic dry etch and is less susceptible to microloading effects from a
neighboring protective layer.

In an example embodiment for PFETs with embedded SiGe, we first
provide a gate structure with a nitride hard mask and offset spacers, and with SDE
implants in place. Then we form nitride spacers adjacent to the offset spacers.

Subsequently, we perform an anisotropic RIE to etch the substrate to form
the recessed S/D regions. Next, we perform a multi-step epitaxy process with
varying growth conditions (such as gas chemistries and flow rates) to tailor the S/D
stressor profile. For e.g., we can first form a lightly doped Si or SiGe buffer layer
that rounds the corner of the Si recess, followed by epitaxial growth of in-situ
boron doped SiGe with graded concentrations. The last SiGe layer towards the
surface should preferably be highly doped with impurities (1E20 to 2E21/cm3)

such that the boron atoms can diffuse toward the SDE regions upon subsequent
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lattice constant. The substrate can be a silicon wafer or any other appropriate
semiconductor substrate. 11 PFET devices are preferably formed in the
PFET region 12. The PFET region 12 can be comprised of a N-well (not
shown). The PFET gate structure can be comprised of a gate electrode and a
gate dielectric and is not limited to the example shown in the figs. Figure 1
shows a preferred PFET gate structure 33 that is comprised of a PFET gate
dielectric 24, a PFET gate 26, a PFET channel 25, PFET gate capping layer
28, PFET first (L- shaped) spacers 30, and PFET second spacers 34. An

epBRiArdahegsaalenand A/ canerasifianresida rfetch o alie S thecsiRifcaistly
given below. The PFET gate dielectric 24 can be comprised of SIOXNy,

PiidesySiO2 (either by plasma or thermal means, or a combination thereof),
Hf02, HfSixOy, HfAIxOy and can have a thickness between 8 and 50
angstroms. The PFET gate 26 can comprise of poly-Si or poly-SiGe or metals
such as Ta, TaN, TaSiN, TiN, Mo, Ru, Ni, NiSi or a combination thereof and

can hayg@ example embodiments of the present invention can produce two kinds

of stress modes (tensile or compression) exerted on the stressed-channel region.

More Detailed Description Of An Example Embodiment

The example embodiments of the present invention will be described in
detail with reference to the accompanying drawings. The example embodiments
provide a method of forming a FET with a S/D stressor region with graded
concentrations. The example below describes a PFET device, but the

embodiment can also be used to form NFET devices.

A. provide a PFET gate structure over a substrate

Referring to figure 1, we provide a PFET gate structure 33 over a PFET
region 12 in a substrate 10.

The substrate 10 is preferably comprised of a first semiconductor material.
The substrate 10 is preferably substantially comprised of silicon, with a natural
lattice constant. The substrate can be a silicon wafer or any other appropriate

semiconductor substrate.
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thickness between 500 and 1200 angstroms. The PFET gate capping layer
28 is preferably comprised of nitride or SiOxNy or SiO2 and can have
thickness between 200 and 600 angstroms. 12 The PFET first L shaped
spacers 30 can comprise of thermal oxide or TEOS and have thickness
between 20 and 200 angstroms. Next we provide PFET SDE (source drain
extension) regions 20 adjacent to the PFET gate structure 33. Then, we
provide the PFET second spacers 34 which can be comprised of nitride or
oxide can have a thickness between 200 and 700 angstroms. We preferably

provideppeifitis, [eaons kdretag iUbsinae it s PF SERamén the. RREPFET
regions from NFET regions and other regions. B. perform an etch to form a

reeRss Reteling eoiapriecd WEaPRHEN @awiebwnhiorm a recess 40 in the
substrate adjacent to the PFET gate structure. Preferably the etch is an

anisotrgpig PEATItbifeEstrdenies s acopresaipritiry sfad s evssaddy and a gate
protective layer to prevent the etch. Preferably the recess 40 has

sidieiaritalycsisaightisiewadsend @ample shown in the figs.

Figure 1 shows a preferred PFET gate structure 33 that is comprised of a
PFET gate dielectric 24, a PFET gate 26, a PFET channel 25, PFET gate
capping layer 28, PFET first (L- shaped) spacers 30, and PFET second spacers

34.

An example of the scale and a composition of the PFET gate structure 33 is
given below.

The PFET gate dielectric 24 can be comprised of SiOxNy, nitrided SiO»
(either by plasma or thermal means, or a combination thereof), HfO,, HfSixOy,
HfAIxOy and can have a thickness between 8 and 50 angstroms.

The PFET gate 26 can comprise of poly-Si or poly-SiGe or metals such as
Ta, TaN, TaSiN, TiN, Mo, Ru, Ni, NiSi or a combination thereof and can have a
thickness between 500 and 1200 angstroms.

The PFET gate capping layer 28 is preferably comprised of nitride or

SiONy or SiO, and can have thickness between 200 and 600 angstroms.
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substantially straight bottom. In general, anisotropic RIE is more stable than
isotropic dry etch. The embodiment's anisotropic etch provide advantages
over an isotropic etch. 13 C. form an epitaxial layer of a undoped or lightly
doped Si or SiGe buffer layer that has rounded corners in the recess to form
a rounded corner recess Referring to figure 3, we preferably perform an
epitaxy preclean. The preclean preferably contains HF, either in the gaseous
or liquid state, or a combination of other chemicals and steps that include the
gaseous HF or liquid H F. We can form an epitaxial layer 44 in the recess 40

to formpneoprEEdfetneshRses s g e BB 3R dompReS eRnheiHa BXidkter

the epitaxy process, an optional moderate to high temperature prebake may

re o drid faandhricrHBgS Hearaers 4G and Eonwigea-dhesinterface quality
by removing C or 0 at the surface of the recess 40. The temperature of the

prebakpléxpresasphlideereanSHE assLiie®arairneddneigHyateivissrrelfaegbbent to
between 2 sec and 5 min. H2, N2 or a combination of both can be used as
the PFET gate structure 33.

Then, we provide the PFET second spacers 34 which can be comprised of

nitride or oxide can have a thickness between 200 and 700 angstroms.

We preferably provide isolation regions 14 in the substrate that can

separate the PFET regions from NFET regions and other regions.

B. perform an etch to form a recess

Referring to figure 2, we perform an etch to form a recess 40 in the
substrate adjacent to the PFET gate structure. Preferably the etch is an
anisotropic etch. If NFET devices are present, they can be covered by a

protective layer to prevent the etch.

Preferably the recess 40 has substantially straight sidewalls and a
substantially straight bottom. In general, anisotropic RIE is more stable than
isotropic dry etch. The embodiment’s anisotropic etch provide advantages over an

isotropic etch.
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ambient gases during prebake. The pressure is preferably between 2 and
760 Torr. Besides improving the interface quality and hence the resultant
epitaxy quality, the high temperature prebake can also be used to cause
rounding of the corners of recess 40. This is achieved because the surface
Si atoms become mobile during the prebake and starts to move around to
reduce the surface energy of the recess. 14 Preferably the epi layer 44 is
comprised of an undoped or lightly doped Si or SiGe buffer layer that has
rounded corners 46. The epitaxial layer 44 preferably has a B doping range

for the @htly dopecai epifdiaaliapeedF almbsped drifighthpwoperd SNoPSiGe

case where the epitaxial layer 44 is SiGe, epitaxial layer 44 preferably has a

Ge doping rangerRatvesast Bhatthas pbUNcREESNers HHS petiediytexifdrm a
layer 44 is form the rounded corners 46 (in addition to the prebake) and

thereby definggimtiled peierofdbess/D stressor. The profile of the S/D
stressor and the proximity of the S/D stressor to the channel determines the

amountaSiFERPORERE I e dRrisashanebh 2ALRRD SEBEE Fhe

rounded corners, epitaxial layer'44 also helps
preclean preferably contains HF, either in the gaseous or liquid state, or a

combination of other chemicals and steps that include the gaseous HF or liquid
HF.

We can form an epitaxial layer 44 in the recess 40 to form a rounded corner
recess 40A that has a rounded corner 46.

Prior to the epitaxy process, an optional moderate to high temperature
prebake may be used to form the rounded corners 46 and to improve the interface
quality by removing C or O at the surface of the recess 40. The temperature of the
prebake is preferably between 750 and 1000 C, and the duration is preferably
between 2 sec and 5 min. H2, N2 or a combination of both can be used as the
ambient gases during prebake. The pressure is preferably between 2 and 760
Torr. Besides improving the interface quality and hence the resultant epitaxy
quality, the high temperature prebake can also be used to cause rounding of the
corners of recess 40. This is achieved because the surface Si atoms become
mobile during the prebake and starts to move around to reduce the surface energy

of the recess.
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define the final profile of the S/D stressor. D. forming a graded stressor layer
filling the rounded corner recess Referring to figure 4A, we form a graded
stressor layer 50 filling the rounded corner recess 40A. The stress layer puts
stress on the channel 25. The prebake, epitaxial layer 44, and the stressor
50 are preferably formed in-situ. The graded stressor layer
(lattice-mismatched zone) 50 preferably comprises an alloy semiconductor
material with a natural lattice constant larger than that of the substrate. 15
The graded stressor layer 50 is formed preferably in-situ with the epitaxial

layer 44 giirarsietad bpioayet 45i8cohprredenes S sadanigHisedsped Si

with graded concentrations of B and/or Ge. It is possible that the

ePIBICIYBliAerah e ratndioh £ser semPdascernstaat a desired value, which
means that concentration gradient of stressor layer 50 is zero. Figure 4B

shows FnespmplRPkS drppestarplityaand @ a@gihgeastieingdigsaredy doped
stressor layer 50. The graded stressor layer is preferably formed using a
StleeBiaemtaneen about 0 and 1E17 atom/ cm®.

In the case where the epitaxial layer 44 is SiGe, epitaxial layer 44
preferably has a Ge doping range between 0 and 10 atomic percent.

A purpose of epitaxial layer 44 is form the rounded corners 46 (in addition
to the prebake) and thereby define the final profile of the S/D stressor. The profile
of the S/D stressor and the proximity of the S/D stressor to the channel determines
the amount of stress induced in the device channel.

In addition to forming the rounded corners, epitaxial layer 44 also helps to

define the final profile of the S/D stressor.

D. forming a graded stressor layer filling the rounded corner

recess

Referring to figure 4A, we form a graded stressor layer 50 filling the
rounded corner recess 40A. The stress layer puts stress on the channel 25. The
prebake, epitaxial layer 44, and the stressor 50 are preferably formed in-situ. The
graded stressor layer (lattice-mismatched zone) 50 preferably comprises an alloy
semiconductor material with a natural lattice constant larger than that of the

substrate.
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process. Graded Ge profile (as deposited) The graded stressor layer
preferably has a high concentration of the stressor material near the top
substrate surface. We want a graded Ge profile because we do not really
need a uniform Ge concentration throughout the stressor layer. For e.g., the
Ge concentration near the original surface (before the Sirecess etch) should
be the highest since it is nearest to the channel to exert more stress.
However, there may be silicidation problems if it is too high, hence the top
most layer of the stressor should have a relatively lower Ge concentration.

Similartyh&grdaeseneesbnligeabihe hotnst prewdandy hedna wigh s pitaxial

there may be defects formed, causing strain relaxation. Also, if the Si/SiGe

iatrifare 45 0 Prernedblierifpgsiousieg tdonsndoseinSitaee shax perbiEst slfith

For example, the Ge concentration at the top most surface is preferably

bedweatoremttatiRiesit Beinarsi be. e possitikation &t éheore@atrate f B
the top most surface is preferably between 10 and 40 atomic percent, and

Hedlee Geneaniliad oo adtiie boratesifdayeilbe, iwpisiaraiin datwessneameation
20 atomic percent. Preferably the concentration changes are smooth, not
ghadirarsiteppesdor layer 50 is zero.

Figure 4B shows an example of the graded impurity and graded Ge
strained graded stressor layer 50.

The graded stressor layer is preferably formed using a selective epitaxy

process.

Graded Ge profile (as deposited)

The graded stressor layer preferably has a high concentration of the
stressor material near the top substrate surface. We want a graded Ge profile
because we do not really need a uniform Ge concentration throughout the stressor
layer. For e.g., the Ge concentration near the original surface (before the Si recess
etch) should be the highest since it is nearest to the channel to exert more stress.
However, there may be silicidation problems if it is too high, hence the top most
layer of the stressor should have a relatively lower Ge concentration. Similarly, the
Ge concentration at the bottom should not be too high else there may be defects
formed, causing strain relaxation. Also, if the Si/SiGe interface is not good,
leakage current through this interface may be high.
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We can steadily change the Ge flow into the reactor. The temperature and
pressure of the epitaxy process can also be controlled to give the graded B
and/or Ge. The thickness of the top most surface layer is between 2 and 35
nm; the thickness of the (e.g,. middle region) region next to the top most
surface is preferably between 5 and 120 nm; and the thickness of the
(bottom region) bottom of layer 50 is preferably between 2 and 15 nm. In the
stressed-channel transistor structure, the substrate 10 preferably comprises
silicon, with a natural lattice constant of approximately 5.431 angstroms. The

gradedrsjressamlsiec i Geccarseniction zones thriedetakifacempprsieibly
alloy semiconductor material such as a silicon-germanium alloy, SiAr, SiKr,

pefderaboynd N6 alieshrepuesssi ater G taliRiatitiafomastiad adiionaesatenthe
between about 5.431 to 5.657 angstroms depending on concentration of

gt Bu et sieereaanyaeiwasnlay dddl4e grimaperaas)esritatoGe

in the silicon-germanium alloy of graded stressor layer (lattice-mismatched
zonephifasigretaraidobeaveen Rliyersh angréertoiniscpRERND and 20 atomic
percent. Preferably the concentration changes are smooth, not abrupt or stepped.
We can steadily change the Ge flow into the reactor. The temperature and
pressure of the epitaxy process can also be controlled to give the graded B and/or
Ge. The thickness of the top most surface layer is between 2 and 35 nm; the
thickness of the (e.g,. middle region) region next to the top most surface is
preferably between 5 and 120 nm; and the thickness of the (bottom region) bottom
of layer 50 is preferably between 2 and 15 nm.

In the stressed-channel transistor structure, the substrate 10 preferably
comprises silicon, with a natural lattice constant of approximately 5.431
angstroms.

The graded stressor layer (lattice-mismatched zone) 50 preferably
comprises an alloy semiconductor material such as a silicon-germanium alloy,
SiAr, SiKr, or SiXe alloy. The alloy semiconductor material with a natural lattice
constant between about 5.431 to 5.657 angstroms depending on concentration of

germanium in the silicon-germanium alloy.
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Therefore, graded stressor region 50 acts as a stressor and preferably

exerts a compressive stress C in a source-to-drain direction on the strained
channel region 25, resulting in strained channel region 25 under a
compressive strain in the source-to-drain direction. Hole mobility in the
strained channel region 25 is significantly enhanced, enhancing drive current
when stressed-channel transistor structure in accordance with the example
embodiment is a P-channel transistor structure. GRADED B STRESSOR
LAYER (before anneal) The graded stressor layer preferably has a graded

impurity k@ gre B dRffte coMée nvieiion aradeds B dyafile laegaiuse WR fengladed

really need a uniform B concentration throughout the stressor layer. For e.g.,

trBsernspsiradin aeicinatdRBdNHSBRGE pherdidby thenhighesbaitce End 40

can reduce the series and external resistance. However, there may be
sgyerie peeseahannel effects if the thickness of this highly B doped region
exceeds a certain depth (for e.g. 20 nm). Hence the adjacent layer ("middle”

layer) of tieecfo o pa S8E SHyssap uish v 8 R aelathaely stoweioB At pesteasply,
yet it cannot be too low to maintain desirable low S/D sheet resistance. The
Bxenncardortipreating hiestyCshodldoieven desiardpdetishneoh&he strained
channel region 25, resulting in strained channel region 25 under a compressive
strain in the source-to-drain direction. Hole mobility in the strained channel region
25 is significantly enhanced, enhancing drive current when stressed-channel
transistor structure in accordance with the example embodiment is a P-channel
transistor structure.
GRADED B STRESSOR LAYER (before anneal)

The graded stressor layer preferably has a graded impurity (e.g., B) profile .
We want a graded B profile because we do not really need a uniform B
concentration throughout the stressor layer. For e.g., the B concentration near the
top most surface should be the highest since it can reduce the series and external
resistance. However, there may be severe short channel effects if the thickness of
this highly B doped region exceeds a certain depth (for e.g. 20 nm). Hence the
adjacent layer (“middle” layer) of the B doped stressor should have a relatively

lower B concentration, yet it cannot be too low to maintain desirable low S/D sheet

resistance. The B concentration at the bottom should be even lower to form a
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graded junction and reduce the leakage current or reduce the junction
capacitance. The B impurity concentration (before anneal) in the stressor
layer near the top surface is preferably between 1 E20 and 2E21 atoms/cm3.
The B impurity concentration at the "middle" layer is preferably between
8E19 and 1 E20 atoms/cm3 and the B impurity concentration near the
bottom of the stressor layer 50 is preferably between 6E1 7 and 8E1 9
atoms/cm3. Both Graded Ge and B Stressor layer Preferably the graded
stressor layer 50 has both a graded Ge and graded B concentration profile.

Hhadsapaisheanad dieseuieedbHiagbasnhentan felueentrel Raeliving the

epitaxy process to give the graded B and/or Ge. Furthermore, graded Ge
eapadgasemtrolled by the flow of Gel-14. Graded B can also controlled by
the flow of B2H6. Both gases are flowing into the chamber independently.

"Gradetthe®aapliatipooneant sl Pesk recx ANl OrRthinkiRgseastager near the
decrease. In contrast, an abrupt concentration gradient occurs. 19 E. remove

top Bindceap preishsHetvassentEsneas 2@ feroménird*Spaeers anpbety
side walls of the first spacer

concentration at the “middle” layer is preferably between 8E19 and 1E20
atoms/cm® and the B impurity concentration near the bottom of the stressor layer

50 is preferably between 6E17 and 8E19 atoms/cm?.

Both Graded Ge and B Stressor layer

Preferably the graded stressor layer 50 has both a graded Ge and graded B
concentration profile. The temperature and pressure of the chamber can be
controlled during the epitaxy process to give the graded B and/or Ge. Furthermore,
graded Ge can also controlled by the flow of GeH4. Graded B can also controlled

by the flow of B,Hs. Both gases are flowing into the chamber independently.

“Graded” concentration means a sloped or even or gradual increase or decrease.

In contrast, an abrupt concentration gradient occurs.

19



Referring to figure 5, in an optional but preferred step, we remove the PFET
cap 28 and the PFET second spacers 34. Next, we form third spacers 54 on
the sidewalls of the first spacer 30. Preferably the third spacers 54 have a
larger thickness than the second spacers 34. This is in order to prevent
subsequent silicide to encroach into the SiGe regions or into the channel. F.
anneal the substrate to form source/drain regions that diffuse from the
stressor region into the substrate Still referring to figure 5 we anneal the
substrate to form source/drain regions 52 that diffuse from the stressor

region ) into f&mevestiiPFETT tasan eHE PFEDEEEoNE SpaYEIse &AL form
the Stressor regions 50 and the S/D doped regions that diffuse from the

stressor regiopgirbitspaicess! oh RIS RIBWARS B BiefiPs Pspigserly
performed at a temperature between 950 and 1300 C for a time between

100 0, s3ible
the crﬂgngfeél\rﬁﬁﬁout Q%T)ejegctlra—gg&?é?a%r?gé%@%g%ﬁ@%%%ﬁlﬁzgts Herl?ﬁz)ee PFET
%25925‘5 éﬁh%‘é“ﬁl#‘ETpQémf%é*&%HQI?ﬂuﬁéQPWé’fﬁkﬁetﬁﬁfc?%%%rc\%ﬁ‘m on the

pect to the channel.
sidewalls of the first spacer 30.

Preferably the third spacers 54 have a larger thickness than the second
spacers 34. This is in order to prevent subsequent silicide to encroach into the

SiGe regions or into the channel.

F. anneal the substrate to form source/drain regions that diffuse

from the stressor region into the substrate

Still referring to figure 5 we anneal the substrate to form source/drain
regions 52 that diffuse from the stressor region 50 into the substrate 10. The
source drain regions are comprised of the Stressor regions 50 and the S/D doped
regions that diffuse from the stressor regions.

The anneal is preferably a spike anneal preferably performed at a

temperature between 950 and 1300 C for a time between 100 microsec and 5 sec.
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GRADED Ge profile (after anneal) The Ge concentration at the top most
surface is preferably between 5 and 15 atomic percent; the Ge concentration
at the region next to the top most surface is preferably between 10 and 40
atomic percent, and the Ge concentration at the bottom of layer 50 is
preferably between 1 and 20 atomic percent. The thickness (depth) of the
(e.g., top region) top most surface layer is between 2 and 35 nm; the
thickness of the (e.g,. middle region) region next to the top most surface is
preferably between 5 and 120 nm; and the thickness of the (bottom region)

bottomTH dayes SSbisshigiti adyakeiiweeag possiidd thrdaRReBwithout
STRESSOR LAYER (after anneal) The B impurity concentration (before

anbRafliig e StRRSOIOAKEEREATHNEN Hep Sistase HoRtRferably Resnasitilum

E20 and 2E21 atoms/cm3. The B impurity concentration at the "middle" layer

IsoRiateTabhtineinesn BEIShaadsid=2btratamsiathy assedtedt BB nel.

concentration near the bottom of the stressor layer 50 is preferably between
6E1 7 and 8E1 9 atoms/cm3. 21 The B impurity concentration (after anneal)
in the Stressor layer near the top surface is preferably between 2E20 and

GHADED Gecprofilé ¢fténaniiyal)

The Ge concentration at the top most surface is preferably between 5 and
15 atomic percent; the Ge concentration at the region next to the top most surface
is preferably between 10 and 40 atomic percent, and the Ge concentration at the
bottom of layer 50 is preferably between 1 and 20 atomic percent.
The thickness (depth) of the (e.g., top region) top most surface layer is between 2
and 35 nm; the thickness of the (e.g,. middle region) region next to the top most
surface is preferably between 5 and 120 nm; and the thickness of the (bottom

region) bottom of layer 50 is preferably between 2 and 15 nm.

GRADED B STRESSOR LAYER (after anneal)

The B impurity concentration (before anneal) in the stressor layer near the
top surface is preferably between 1E20 and 2E21 atoms/cm3. The B impurity
concentration at the “middle” layer is preferably between 8E19 and 1E20
atoms/cm3 and the B impurity concentration near the bottom of the stressor layer
50 is preferably between 6E17 and 8E19 atoms/cm?.
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concentration at the "middle" layer is preferably between 8E19 and 2E20
atoms/cm3 and the B impurity concentration near the bottom of the stressor
layer 50 is preferably between 6E1 7 and 8E1 9 atoms/ cm3. G.
Concentration profiles Figures 6A and 6B show example concentration
profiles after anneal. H. Alternate embodiments - e.g., NFET graded stressor
The example embodiments can be implemented on both PFET and NFET
devices. For example, the embodiments can be used on NFET with SiC
stressor region (graded stressor and/or graded N-type impurity). For SiC, the

C contatidsB heier) Sondetiaimsanisieeeraisall e HiE Snade imaséd near the

doped with As or P, or undoped, which is subsequently implanted with As or

RplsBeviesiesrsioiaminbesivents Refering 2 fig e msareRamiies impurity

embodiment of a semiconductor device comprised of : a FET gate structure

evecartialidraiomh anigdistragerdé pieletiDly Ioginas MSTiQ SuesIEED
adjacent to said FET gate structure; isolation regions in said substrate
atoHicsatd dridltked®Mpurity concentration near the bottom of the stressor layer

50 is preferably between 6E17 and 8E19 atoms/ cm®.

G. Concentration profiles

Figures 6A and 6B show example concentration profiles after anneal.

H. Alternate embodiments — e.g., NFET graded stressor

The example embodiments can be implemented on both PFET and NFET
devices. For example, the embodiments can be used on NFET with SiC stressor
region (graded stressor and/or graded N-type impurity). For SiC, the C content is
between 0.5 to 2.5 atomic percent. The SiC can be in-situ doped with As or P, or

undoped, which is subsequently implanted with As or P.

L. Device example embodiments

Referring to figure 5. an example embodiment of a semiconductor device
comprised of :

a FET gate structure over a FET region in a substrate;
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a recess in said substrate adjacent to said PFET gate structure; the recess
has substantially straight sidewalls and a substantially flat bottom; an
epitaxial layer over the sidewalls and bottom of the recess so to form
rounded corners in the recess and to form a rounded corner recess; a
stressor layer filling the rounded corner recess; said stressor is doped with
an impurity. J. Some non-limiting benefits of some example embodiments
Strained silicon channels are known to be effective to increase electron or
hole mobilities. One method to increase the stress/strain in the device

chappgl DR figigishriaid/Surraians dajacaitan sieatPENg e stilldhee;
recessed S/D with appropriate materials (such as SiGe for PFETs and SiC

for Nbkatioh YéyBhdrCoane shesiiredresser said FEDeatmprofile of the

S/D stressors is thus defined by the recess depth/profile. In order to have the

stregsetels he singeissttaecchdgianehianeshRE PFEMSgltessre degree of
undercutting beneath the spacers, i.e. to etch the S/D regions isotropically.

Howleyebobss tificuliietanntig) dieaigheskidueliile Hegausepsiansiaiippigtdyttom;
etch process is easily affected by the presence of residual film on the

surfaseypisiglllagdnothe missitadig elfecte fiom diehselityigwto form
protective layer (either resist, nit, or oxide) that is covering regions

rounded corners in the recess and to form a rounded corner recess;

a stressor layer filling the rounded corner recess; said stressor is doped with

an impurity.

J. Some non-limiting benefits of some example embodiments

Strained silicon channels are known to be effective to increase electron or
hole mobilities. One method to increase the stress/strain in the device channel is
to first etch the S/D regions to a certain depth and then fill the recessed S/D with
appropriate materials (such as SiGe for PFETs and SiC for NFETSs), which
become the S/D "stressors". The location/profile of the S/D stressors is thus
defined by the recess depth/profile. In order to have the stressors to be closer to
the channel, one has to ensure some degree of undercutting beneath the spacers,
i.e. to etch the S/D regions isotropically. However, it is difficult to control the recess
profile because the isotropic dry etch process is easily affected by the presence of
residual film on the surface, as well as by the microloading effects from the

neighboring protective layer (either resist, nit, or oxide) that is covering regions
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23 that should not have recess. The example embodiments allow the
flexibility of using a multi-step epitaxy process to tailor the S/D stressor
profile, rather than relying on the isotropic RIE process alone. Hence, the
profile of the S/D stressor is NOT defined by the recess depth/profile.
Furthermore, no deep S/D implants are needed since the epitaxy process
can tailor the S/D junction profile. Benefits of Graded Ge Stressor The
example embodiment's graded Ge stressor region provides the following
advantages: Typically, we need a relatively high Ge concentration (-20 to 40

gamiapgerant Havba stRssoTHe Bking iBushisiydinbial alrewstitthexibility of
channel. However, this may cause a lot of defects (such as stacking fault,

disiegatianstisisptesitenproesters il Mheav gl &idhpraife/Rither than
interface. Another problem is that when the Ge concentration increases, it

bsigfgash they aastieglic e piidediesalarlewHesssIvie eide Bitheisythetressor is

typical metallic materials (e.g. Co, Ti, Ni or NiPt), and usually the silicide

ROTeddline 00y therfeee saribitteBasiid ORgRrResmdienes deepaiDdaplants are
graded Ge stressor region, e.g. low Ge concentration at the SiGe/Si

inéedacesinng thy éxitaonpesd@iivodreatiihiehensad foacimspesiitbe epitaxy
quality will improve and it is easer to form low resistivity
Benefits of Graded Ge Stressor

The example embodiment’s graded Ge stressor region provides the
following advantages: Typically, we need a relatively high Ge concentration (~20
to 40 atomic percent) in the stressor to induce sufficiently high stress in the
channel. However, this may cause a lot of defects (such as stacking fault,
dislocations, misfits etc.) in the stressor film, especially at the SiGe/Si interface.
Another problem is that when the Ge concentration increases, it becomes
increasingly difficult to form a low resistivity silicide film with the typical metallic
materials (e.g. Co, Ti, Ni or NiPt), and usually the silicide formed has poor surface
and interface roughness. Hence, by having a graded Ge stressor region, e.g. low
Ge concentration at the SiGe/Si interface, and low Ge concentration near the top
of the stressor, the epitaxy quality will improve and it is easer to form low resistivity

silicide.

Benefits of Graded B Stressor
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silicide. Benefits of Graded B Stressor 24 The example embodiment's graded
(e.g., B) impurity stressor region gives the following advantages: In general,
the B concentration in the stressor region should be as high as possible to
reduce the series resistance. However, if it is too high, the transistor may
suffer from severe short channel effects. Hence, the graded (.e.g, B) impurity
stressor gives the flexibility to tune the active carrier profile in the S/D region
such that the boron concentration at the near surface regions is extremely
high (1 E20 to 2E21 / cm3) and boron concentration at the middle and lower

portionTHéhex&fpre @nbisdiriafivelylaved (6|8, 18 )lilrgArtgrefbsIbreréashives

portion of the S/D region should ideally be graded to reduce the junction

€O ICIANTER) Kdvamdgatnh)eerie eietBdiotreistiatibe inbeestesyiptiegion

numerous specific details are set forth such as flow rates, pressure settings,

BHeknesreas etighiaPpdisiblonevidaaie aviss edsisnirRsiasing 6f thet is too
present invention. It will be obvious, however, to one skilled in the art that the
pigaefHdnyansiefomarpe iffacticad watlsret shesectielatsl difects. Hence, the
graded (.e.g, B) impurity stressor gives the flexibility to tune the active carrier
profile in the S/D region such that the boron concentration at the near surface
regions is extremely high (1E20 to 2E21 / cm3) and boron concentration at the
middle and lower portion of the S/D region is relatively low (1E18 to 1E20 / cm3).

The lowest portion of the S/D region should ideally be graded to reduce the

junction capacitance.

K. non-limiting example embodiments

In the above description numerous specific details are set forth such as flow
rates, pressure settings, thicknesses, etc., in order to provide a more thorough
understanding of the present invention. It will be obvious, however, to one skilled
in the art that the present invention may be practiced without these details. In
other instances, well known process have not been described in detail in order to

not unnecessarily obscure the present invention.

25



other instances, well known process have not been described in detail in
order to not unnecessarily obscure the present invention. 25 Given the
variety of embodiments of the present invention just described, the above
description and illustrations show not be taken as limiting the scope of the
present invention defined by the claims. While the invention has been
particularly shown and described with reference to the preferred
embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without departing from the

spirit aghasepecoidhetinve siebodinsdnte R erd® r@it aliensoMedifigagensed,
and similar arrangements and procedures, and the scope of the appended

ehirab dhereéeistiphioHie me ingsaEIRh Eshbio ade Bdnteneatinnisa@mhscope of

encompass all such modifications and similar arrangements and procedures.

e Whsidadiaiaesbis dbiifateshard@idntsing semiconductor device

comprising the steps of a) providing a FET gate structure over a substrate;

b) perfafmirgtae eiednivoio Haesagsaasiaceny khewid &id @sderibed with
reference to the preferred embodiments thereof, it will be understood by those
skilled in the art that various changes in form and details may be made without
departing from the spirit and scope of the invention. It is intended to cover various
modifications and similar arrangements and procedures, and the scope of the

appended claims therefore should be accorded the broadest interpretation so as to

encompass all such modifications and similar arrangements and procedures.
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structure; c) forming an epitaxial layer over the sidewalls and bottom of the
recess so to form rounded corners and to form a rounded corner recess; d)
forming a stressor layer filling the rounded corner recess; said stressor is
doped with an impurity. 2. The method of claim 1 which further includes:
providing FET SDE regions adjacent to said FET gate structure; providing
isolation regions in said substrate; and after the stressor layer is formed,
annealing the substrate to form source/drain regions that comprise the
stressor regions and doped regions that diffuse from the stressor region into
the substrate. 27 3. The method of claim 1 wherein the etch to form the
recesses comprises an anisotropic etch and the recess has substantially
straight sidewalls and a substantially flat bottom. 4. The method of claim 1
wherein the formation of the epitaxial grown layer and the stress layer are

VeRar B efkiinsitlis:

1. A method for forming semiconductor device comprising the steps of :

a) providing a FET gate structure over a substrate;

b) performing an etch to form a recess adjacent to said FET gate
structure;

c) forming an epitaxial layer over the sidewalls and bottom of the
recess so to form rounded corners and to form a rounded corner
recess;

d) forming a stressor layer filling the rounded corner recess; said

stressor is doped with an impurity.

2. The method of claim 1 which further includes:
providing FET SDE regions adjacent to said FET gate structure;
providing isolation regions in said substrate; and
after the stressor layer is formed, annealing the substrate to form source/drain
regions that comprise the stressor regions and doped regions that diffuse from
the stressor region into the substrate.
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5. The method of claim 1 which further includes after the etch to form the
recess and before the formation of the epitaxial layer: performing a epi
preclean. 6. The method of claim 1 wherein the epitaxial layer is comprised of
a material selected from the group consisting of undoped Si, a lightly doped
silicon, SiC and SiGe. 7. The method of claim 1 wherein the stressor layer is
comprised of a layer selected from the group consisting of a SiGe layer with
a graded Ge concentration; a SiGe layer with a graded SiGe dopant
concentration. 8. The method of claim 1 wherein the stressor layer has a

Bighes eretritietionial CRmaalthrdiciiReihaenesefiesdbstisiced ah
method form forming semiconductor device comprising the steps of 28 a)

proyiféeregREEEIatRISHIC ey el-R Substeaiaal) BreNishngiRERIISBRd a

regions adjacent to said PFET gate structure; c) providing isolation regions
in sRIBSHRsHME A)HRRGeIMINg an anisotropic etch to form a recess adjacent
to said PFET gate structure;

4. The method of claim 1 wherein the formation of the epitaxial grown layer and
the stress layer are performed in-situ.

5. The method of claim 1 which further includes after the etch to form the recess
and before the formation of the epitaxial layer:

performing a epi preclean.

6. The method of claim 1 wherein the epitaxial layer is comprised of a material
selected from the group consisting of undoped Si, a lightly doped silicon, SiC

and SiGe.

7. The method of claim 1 wherein the stressor layer is comprised of a layer
selected from the group consisting of a SiGe layer with a graded Ge
concentration; a SiGe layer with a graded SiGe dopant concentration.

8. The method of claim 1 wherein the stressor layer has a higher concentration of

Ge near the top surface than near the substrate.

9. A method form forming semiconductor device comprising the steps of :
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(1) the recess has substantially straight sidewalls and a substantially flat
bottom; e) performing a epi preclean of the substrate; f) forming an epitaxial
layer over the sidewalls and bottom of said recess to form rounded corners
in the recess and to form a rounded corner recess; g) forming a stressor
layer filling the rounded corner recess; (1) the epitaxial layer and the stressor
layer are formed in-situ. 10. The method of claim 9 which further includes
annealing the substrate to form source/drain regions that diffuse from the
stressor region into the substrate. 11. The method of claim 9 wherein said

PFET gate siystigedimgemrsgchata stbstlraaiodticlestetafRE-ET gate, a
PFET channel, PFET gate cap comprised of nitride, PFET first spacers, and

PFET seconp)shasiig PRETTSB neifienobelRioe &t wdesrnRRe BRitayiatructure;

grown layer is comprised of a material selected from the group consisting of
undoped Si, §pptvRiidenied fiteorsdrine irPEidSitssaakSiXe alloy. 13. The
method of claim 9 wherein the stressor layer has a higher concentration of

d) performing an anisotropic etch to form a recess adjacent to said

PFET gate structure;

(1) the recess has substantially straight sidewalls and a

substantially flat bottom;

e) performing a epi preclean of the substrate;

f) forming an epitaxial layer over the sidewalls and bottom of said
recess to form rounded corners in the recess and to form a
rounded corner recess;

g) forming a stressor layer filling the rounded corner recess;

(1) the epitaxial layer and the stressor layer are formed in-situ.

10. The method of claim 9 which further includes annealing the substrate to form
source/drain regions that diffuse from the stressor region into the substrate.

11. The method of claim 9 wherein said PFET gate structure is comprised of a
PFET gate dielectric, a PFET gate, a PFET channel, PFET gate cap comprised

of nitride, PFET first spacers, and PFET second spacers.

29



Ge near the top surface than near the substrate. 14. The method of claim 9
wherein the stressor layer is comprised of a layer selected from the group
consisting of a SiGe layer with a graded Ge concentration; a SiGe layer with
a graded SiGe dopant concentration. 15. The method of claim 9 wherein the
stressor layer is formed using a boron doped SiGe epi growth process with
graded concentrations of B and/or Ge with the B or Ge concentrations
greatest near the top surface. 16. The method of claim 9 wherein the stressor
layer is formed using a boron doped SiGe epi growth process with graded

GONCERY atiefoald? aatordaghatidintitetepitéxtarorerntialionts JoRISsE 66 a
the top surface; said stressor layer is comprised of : a top region with a

thickaesisdsdersoReN D ANBE3ErBp aoniistiagesiamaBpaaesinigmgs® eoped
between 5 and 120 nm; and a bottom region with a thickness between 2 and

15 gingohe Siee0BRNIBIKPNIAdhSi® afiBipn is between 5 and 15 atomic
percent; the Ge concentration in the middle region is between 10 and 40

apImeePRTSRIYd B1¢ i ien G vherseniiatisiidssthie paiaigeginghsheswestration of

and 20 atomic percent. 17. A semiconductor device comprised of 30
Ge near the top surface than near the substrate.

14. The method of claim 9 wherein the stressor layer is comprised of a layer
selected from the group consisting of a SiGe layer with a graded Ge
concentration; a SiGe layer with a graded SiGe dopant concentration.

15. The method of claim 9 wherein the stressor layer is formed using a boron
doped SiGe epi growth process with graded concentrations of B and/or Ge with
the B or Ge concentrations greatest near the top surface.

16. The method of claim 9 wherein the stressor layeris formed using a boron
doped SiGe epi growth process with graded concentrations of B and/or Ge with
the B or Ge concentrations greatest near the top surface;

said stressor layer is comprised of : a top region with a thickness is between 2

and 35 nm; a middle region with the thickness of between 5 and 120 nm; and a

bottom region with a thickness between 2 and 15 nm;

the Ge concentration in the top region is between 5 and 15 atomic percent; the Ge

concentration in the middle region is between 10 and 40 atomic percent, and the

Ge concentration in the bottom region is between 1 and 20 atomic percent.

17. A semiconductor device comprised of :
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a) a FET gate structure over a FET region in a substrate; b) FET SDE
regions in said substrate adjacent to said FET gate structure; c) isolation
regions in said substrate around said FET region; d) a recess in said
substrate adjacent to said PFET gate structure; the recess has substantially
straight sidewalls and a substantially flat bottom; e) an epitaxial layer over
the sidewalls and bottom of the recess so to form rounded corners in the
recess and to form a rounded corner recess; f) a stressor layer filling the
rounded corner recess; said stressor is doped with an impurity. 18. The

semiconductgy derEqegfielatidiirehrigintPFEEREgdal iRgesidsorprised of
a material selected from the group consisting of undoped Si, a lightly doped

silicon, SiC a)d-& PISPELgidissariardivdparexifacyiiedadid wheTgite
the stressor layer is comprised of a layer selected from the group consisting
of a SiGe layer withiraditrged Ge concentration; a SiGe layer with a graded
dopant concentration.

C) isolation regions in said substrate around said FET region;

d) a recess in said substrate adjacent to said PFET gate structure;
the recess has substantially straight sidewalls and a substantially
flat bottom;

e) an epitaxial layer over the sidewalls and bottom of the recess so to
form rounded corners in the recess and to form a rounded corner
recess;

f) a stressor layer filling the rounded corner recess; said stressor is

doped with an impurity.

18. The semiconductor device of claim 17 wherein the epitaxial layer is comprised
of a material selected from the group consisting of undoped Si, a lightly doped

silicon, SiC and a SiGe.

19. The semiconductor device of claim 17 wherein the stressor layer is comprised
of a layer selected from the group consisting of a SiGe layer with a graded Ge
concentration; a SiGe layer with a graded dopant concentration.
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31 20. The semiconductor device of claim 17 wherein the stressor layer has a
higher concentration of Ge near the top surface than near the substrate. 21.
The semiconductor device of claim 17 wherein the stressor layer has graded
concentrations of B and/or Ge with the B or Ge concentrations greatest near
the top surface; said stressor layer is comprised of : a top region with a
thickness is between 2 and 35 nm; a middle region with the thickness of
between 5 and 120 nm; and a bottom region with a thickness between 2 and
15 nm; the Ge concentration in the top region is between 5 and 15 atomic
percent; the Ge concentration in the middle region is between 10 and 40
atomic percent, and the Ge concentration in the bottom region is between 1

a0d Phaterieqeiaemr ddvice of claim 17 wherein the stressor layer has a higher
concentration of Ge near the top surface than near the substrate.

21. The semiconductor device of claim 17 wherein the stressor layer has graded
concentrations of B and/or Ge with the B or Ge concentrations greatest near the
top surface;

said stressor layer is comprised of : a top region with a thickness is between 2

and 35 nm; a middle region with the thickness of between 5 and 120 nm; and a

bottom region with a thickness between 2 and 15 nm;

the Ge concentration in the top region is between 5 and 15 atomic percent; the Ge

concentration in the middle region is between 10 and 40 atomic percent, and the

Ge concentration in the bottom region is between 1 and 20 atomic percent.
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