MOSFET Device With Localized Stressor TECHNICAL FIELD [0001]The present invention relates
generally to semiconductor devices, and more particularly, to metal-oxide-semiconductor field-effect
transistors and methods of manufacture. BACKGROUND [0002]Size reduction of
metal-oxide-semiconductor field-effect transistors (MOSFET), including reduction of the gate length
and gate oxide thickness, has enabled the continued improvement in speed, performance, density,
and cost per unit function of integrated circuits over the past few decades. To further enhance
transistor performance, MOSFET devices have been fabricated using strained channel regions located

in portions of a semiconductoNpISHELE. PEwce Vi DeiasieasStiassaghanced carrier mobility to
be realized, thereby resulting in increased performance when used for n-channel (NMOSFET) or for

p-channel (PMOSFET) devices. Generally, it is desirable to induce a tensile strain in the n-channel of
an NMOSHapsistefin e source-to-drain direction to increase electron mobility and to induce a
compressive strain in the p-channel of a PMOSFET transistor in the source-to-drain direction to
increase hole mobility. There are several existing aglﬁgoaches of introducing strain in the transistor

channel réfIBH [oo0BfPEERL HRYRION Lt SrRreiy o feticgradctar dpvicesirRd MgEmanium or

silicon- . . . .
particularly, to metal-oxide-semiconductor field-effect transistors and methods of manufacture.

BACKGROUND

[0002] Size reduction of metal-oxide-semiconductor field-effect transistors (MOSFET),
including reduction of the gate length and gate oxide thickness, has enabled the continued
improvement in speed, performance, density, and cost per unit function of integrated circuits
over the past few decades. To further enhance transistor performance, MOSFET devices have
been fabricated using strained channel regions located in portions of a semiconductor substrate.
Strained channel regions allow enhanced carrier mobility to be realized, thereby resulting in
increased performance when used for n-channel (NMOSFET) or for p-channel (PMOSFET)
devices. Generally, it is desirable to induce a tensile strain in the n-channel of an NMOSFET
transistor in the source-to-drain direction to increase electron mobility and to induce a
compressive strain in the p-channel of a PMOSFET transistor in the source-to-drain direction to
increase hole mobility. There are several existing approaches of introducing strain in the

transistor channel region.

[0003] In one approach, semiconductor alloy layers, such as silicon-germanium or silicon-
germanium-.carbon, are formed below an overlying thin semiconductor layer, wherein the
semiconductor alloy layer has a different lattice structure than the overlying semiconductor layer.
The difference in the lattice structure imparts strain in the overlying semiconductor layer to

increase carrier mobility.



germanium-carbon, are formed below an overlying thin semiconductor layer, wherein the
semiconductor alloy layer has a different lattice structure than the overlying semiconductor layer. The
difference in the lattice structure imparts strain in the overlying semiconductor layer to increase carrier
mobility. [00041This approach, however, can be difficult to process in addition to presenting junction
leakage concerns as a result of the blanket semiconductor alloy layer. The level of germanium in the
epitaxially grown semiconductor alloy layer can be difficult to control. In addition, the presence of a
blanket semiconductor alloy layer allows an unwanted interface between the source/drain regions to
exist, posHbgntroditdnepjiroatighisakeneif Rl ficaitathaoeeinacilitteio preteatkgnnaida
introduced by creating a recess in the substrate in the source/drain regions. A layer of SiGe is
epitaxialljsgkagacontitimd he recedsefithe dilanket harddnniwrod ativyg! speni et «hdpeahahiendmount of
stress may be increased by increasing the Ge concentration during the growth process. To increase
the Ge coheentiaiailyigrivenreataivoadusienaltmwaxecar badifisrdceswutrallehysdlition, ékample,
increasing the Ge concentration during the epitaxial growth results in a higher density of dislocations
and defedtessangreobidankpt pemisgrsistrselioativist aHemrepoummmnisiioierdasigbiesmtkealso of
concern. [0006]Therefore, there is a need for an efficient and cost-effective method to induce strain in
the chanrePFeg AR TeH BRI RS e PR HitreAus g dmsies bilegksistors are enhanced.

[0005] In another approach, strain in the channel is infroduced by creating a recess in the
substrate in the source/drain regions. A layer of SiGe is epitaxially grown within the recessed
regions, thereby introducing strain in the channe]. The amount of stress may be increased by
increasing the Ge concentration during the growth process. To increase the Ge concentration in
the recessed area, however, creates process challenges. For example, increasing the Ge |
concentration during the epitaxial growth results in a higher density of dislocations and defects in

the SiGe layer. Degraded selectivity and deposition process windows are also of concern.

[0006] Therefore, there is a need for an efficient and cost-effective method to induce strain

in the channel region such that the performance characteristics of transistors are enhanced.



SUMMARY OF THE INVENTION [0007]These and other problems are generally reduced, solved or
circumvented, and technical advantages are generally achieved, by embodiments of the present
invention, which provides a strained semiconductor device to improve the operating characteristics of
the semiconductor device and a method of manufacture. [0008]In an embodiment of the present
invention, a metal-oxide-semiconductor field-effect transistor (MOSFET) having localized stressors
formed in the source/drain regions is provided. The localized stressors comprise a stress-inducing
layer formed in recesses in the source/drain regions. The stress-inducing layer comprises a first

semiconRigMnARNE @ amEansvEMTioamiconductor material. A process is performed on the
stress-inducing layer such that the concentration of the second semiconductor material is increased.

[0009in 3ggfer mROAIER Al AR LIVENIRN 10,208 3B BRJAMSLIR IRgd over @
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technical advantages are generally achieved, by embodiments of the present invention, which
provides a strained semiconductor device to improve the operating characteristics of the

semiconductor device and a method of manufacture.

[0008] In an embodiment of the present invention, a metal-oxide-semiconductor field-effect
transistor (MOSFET) having localized stressors formed in the source/drain regions is provided.
The localized stressors comprise a stress-inducing layer formed in recesses in the source/drain
regions. The stress-inducing layer comprises a first semiconductor material and a second
semiconductor material. A process is performed on the stress-inducing layer such that the

concentration of the second semiconductor material is increased.

[0009] In another embodiment of the present invention, the stress-inducing layer is formed

over a non-recessed region of the source/drain regions.

[0010] In another embodiment of the present invention, a first method of forming a
MOSFET having localized stressors formed in the source/drain regions is provided. The first
method comprises forming a stress-inducing layer in the source/drain regions (either recessed or
non-recessed), wherein the stress-inducing layer comprises a first semiconductor material and a
second semiconductor material. A treatment may then be performed. The treatment may be any
process, such as an oxidation or a nitridation process, that causes an ambient to react with the
first semiconductor material and forces the second semiconductor material further down into the

stress-inducing layer.



[0010]In another embodiment of the present invention, a first method of forming a MOSFET having
localized stressors formed in the source/drain regions is provided. The first method comprises forming
a stress-inducing layer in the source/drain regions (either recessed or non-recessed), wherein the
stress-inducing layer comprises a first semiconductor material and a second semiconductor material.
A treatment may then be performed. The treatment may be any process, such as an oxidation or a
nitridation process, that causes an ambient to react with the first semiconductor material and forces
the second semiconductor material further down into the stress-inducing layer. MOMIn yet another
embodim¢#ftid] the grepenhitientinbodimecostitivgtbadidhiemiing AsbiQREhbaineiasalized
stressors formed in the source/drain regions is provided. The second method comprises forming a
stress-indMéMgEdykavimgHecsbnrd etorssory dyimed (eifiteroecedsad mphon-kopesiad), Theseiaride
stress-inducing layer comprises a first semiconductor material and a second semiconductor material.
A reactiorngifesl poraprifes Hreinge stesssnducionly ey thadoarge/dtaie igiopetéithreddosause the
reaction layer to react with the first semiconductor material. As a result, the second semiconductor
material iSYBHSSESTERh SFIRIN e Stressindusha Iy cProTs r Sirssrenirondustermatetiplatibze skilled
in the art that the conception and specific empodiment disclosed may be readily utilized as a basis for
modifyingsﬁ?oﬁgﬁﬁmﬁ‘b“é)mw&ﬂﬁmes“ﬁ%%% ipfoemrd pisoleHecsaindusing byesaslithe present

invention. It should al?si% be rgalized by those skilled in the art that such equivalent constructions do not

depart frofF AR ALTPIAIEEEAR BHiThRvEATIoN Ayede f5aft itk the Siss samicengdnetor material.

As a result, the second semiconductor material is forced further into the stress-inducing layer.

[0012] It should be appreciated by those skilled in the art that the conception and specific
embodiment disclosed may be readily utilized as a basis for modifying or designing other
structures or processes for carrying out the same purposes of the present invention. It should
also be realized by those skilled in the art that such equivalent constructions do not depart from

the spirit and scope of the invention as set forth in the appended claims.



BRIEF DESCRIPTION OF THE DRAWINGS [0013]The object and other advantages of this invention
are best described in the preferred embodiment with reference to the attached drawings that include:
[0014]Figures 1-6 illustrate various process steps of fabricating a MOSFET device having localized
stressors positioned over the source/drain regions in accordance with a first method embodiment of
the present invention; and [0015]Figures 7-8 illustrate various process steps of fabricating a MOSFET
device having localized stressors positioned over the source/drain regions in accordance with a
second method embodiment of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The object and other advantages of this invention are best described in the preferred

embodiment with reference to the attached drawings that include:

[0014] Figures 1-6 illustrate various process steps of fabricating a MOSFET device having
localized stressors positioned over the source/drain regions in accordance with a first method

embodiment of the present invention; and

[0015] Figures 7-8 illustrate various process steps of fabricating a MOSFET device having
localized stressors positioned over the source/drain regions in accordance with a second method

embodiment of the present invention.



DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 10016]The making and using of the
presently preferred embodiments are discussed in detail below. It should be appreciated, however,
that the present invention provides many applicable inventive concepts that can be embodied in a wide
variety of specific contexts. The specific embodiments discussed are merely illustrative of specific
ways to make and use the invention, and do not limit the scope of the invention. 10017]Figures 1-6
illustrate a method embodiment for fabricating a semiconductor device having a strained channel
region in accordance with an embodiment of the present invention. Embodiments of the present
invention illustrated herein may be used in a variety of circuits. Referring first to Figure 1, a wafer 100
having aBERAHSIRESGRIPTION AF Ald 416 BRecTiote BNBEIPMBNRSa substrate 114 is shown in
accordance with an embodiment of the present invention. The substrate 114 may comprise bulk

silicon, dﬂmﬁ]sf ungiopedie %H@ﬁéiﬁ% 13RS plcdcnnyironavgiamastineniatae (halssuhstaia

Generally, an SOI comprisesa layer of a semiconductor material, such as silicon, formed on an

insulator jayes. ThidauiRiappaasERLReser, e nhplsrcsehtinetntisidpriBiad)taysrapphicsieon oxide
layer. The insulator layer is provided on a substrate, typically a silicon or glass substrate. Other

substrategyeneie asridpislthinyendst empraiidrih aubitks ateiopyiaipeaiie oeeex{O0TBiEhecfite insulator
layer 110 and the gate electrode 112 may be formed and patterned as is known in the art on the
substratesibddihmig diecinsaizior tasrelylillosisapinefefapbeifihighxtaivietandmstdhininsentions silicon
oxide, silicon oxynitride, silicon nitride, an oxide, a nitrogen-containing oxide, a combination thereof, or
the like. Rrdfdoakiylithie thateopsulbitbe layertibh) has a relative permittivity value greater than about 4.
Other examples of such materials include

[0017] Figures 1-6 illustrate a method embodiment for fabricating a semiconductor device
having a strained channel region in accordance with an embodiment of the present invention.
Embodiments of the present invention illustrated herein may be used in a variety of circuits.
Referring first to Figure 1, a wafer 100 having a gate insulator layer 110 and a gate electrode 112
formed on a substrate 114 is shown in accordance with an embodiment of the present invention.
The substrate 114 may comprise bulk silicon, doped or undoped, or an active layer of a
semiconductor-on-insulator (SOI) substrate. Generally, an SOI comprises a layer of a
semiconductor material, such as silicon, formed on an insulator layer. The insulator layer may
be, for example, a buried oxide (BOX) layer or a silicon oxide layer. The insulator layer is
provided on a substrate, typically a silicon or glass substrate. Other substrates, such as a multi-

layered or gradient substrate may also be used.

[0018] The gate insulator layer 110 and the gate electrode 112 may be formed and patterned
as is known in the art on the substrate 114. The gate insulator layer 110 is preferably a high-K
dielectric material, such as silicon oxide, silicon oxynitride, silicon nitride, an oxide, a nitrogen-
containing oxide, a combination thereof, or the like. Preferably, the gate insulator layer 110 has

a relative permittivity value greater than about 4. Other examples of such materials include
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aluminum oxide, lanthanum oxide, hafnium oxide, zirconium oxide, hafnium oxynitride, or
combinations thereof [0019]In the preferred embodiment in which the gate insulator layer 110
comprises an oxide layer, the gate insulator layer 110 may be formed by any oxidation process, such
as wet or dry thermal oxidation in an ambient comprising an oxide, 1120, NO, or a combination
thereof; or by chemical vapor deposition (CVD) techniques using is tetra-ethyl-ortho-silicate (TEOS)
and oxygen as a precursor. In the preferred embodiment, the gate insulator layer 110 is about 8 A to
about 50 A in thickness, but more preferably about 16 A in thickness. [0020]The gate electrode 112
preferabhaainmpfisesds, demntaciveoridte sl isuc bxidepzinetailfe oxjdey afimntdaymiond enalybdenum,
tungsten, platinum, aluminum, hafnium, ruthenium), a metal suicide (e.g., titanium silicide, cobalt
silicide, nickbisilionethtandéilum silicide), a metal nitride (e.qg., titanium nitride, tantalum nitride), doped
poly-crystalline silicon, other conductive materials, or a combination thereof. In one example,
amorphojgy pdicon i, depasited-andiReivaial inschiencirale: PRIvaERG YRS siicondRalysiicon). In the
preferred embodiment in"'which the gate electrode is poly-silicon, the gate electrode 112 may be

formed by, gepasiingdeneshenHdones Nelynalice fobidaWyRiapsxie6bR prisaly AR depasdion
(LPCVD) to a thickness in the range of about 400 A to about 2500 A, but more preferably about 1500

A. [0021]Fhergatplinsuaton ayes dhbisndshpastie eleskiadal O N@Bobe qallsmedibihereof, or
photolithography techniques as is known in the art. Generally, photolithography involves depositing a

photoresis} shaieioal vigoicheisobittsnh (Ee kY dectppsadisanddeuelopytioAfiesilicaeh@Bosishdnask is
patterned, an etching process may be performed to remove unwanted portions of the gate dielectric
material argethegaisemstoda thatsrfirtedenhddiengatctingataiosiater lyer Ahdl ihabgattd dléetrode
112 as illustrated in Figure 1. In the preferred embodiment in

about 50 A in thickness, but more preferably about 16 A in thickness.

[0020] The gate electrode 112 preferably comprises a conductive material, such as a metal
(e.g., tantalum, titanium, molybdenum, tungsten, platinum, aluminum, hafnium, ruthenium), a
metal silicide (e.g., titanium silicide, cobalt silicide, nickel silicide, tantalum silicide), a metal
nitride (e.g., titanium nitride, tantalum nitride), doped poly-crystalline silicon, other conductive
materials, or a combination thereof. In one example, amorphous silicon is deposited and
recrystallized to create poly-crystalline silicon (poly-silicon). In the preferred embodiment in
which the gate electrode is poly-silicon, the gate electrode 112 may be formed by depositing
doped or undoped poly-silicon by low-pressure chemical vapor deposition (LPCVD) to a

thickness in the range of about 400 A to about 2500 A, but more preferably about 1500 A.

foo21) The gate insulator layer 110 and the gate electrode 112 may be patterned by
photolithography techniques as is known in the art. Generally, photolithography involves
depositing a photoresist material, which is then masked, exposed, and developed. After the
photoresist mask is patterned, an etching process may be performed to remove unwanted
portions of the gate dielectric material and the gate electrode material to form the gate insulator
layer 110 and the gate electrode 112 as illustrated in Figure 1. In the preferred embodiment in

-



which the gate electrode material is poly-crystalline silicon and the gate dielectric material is an oxide,
the etching process may be a wet or dry, anisotropic or isotropic, etch process, but preferably is an
anisotropic dry etch process. 100221Figure 2 illustrates wafer 100 after a mask 210 has been formed
over the gate insulator layer 110 and gate electrode 112 in accordance with an embodiment of the
present invention. The mask 210 acts as a mask to prevent epitaxial growth of SiGe along the surface
of the gate insulator layer 110 and gate electrode 112 during subsequent processing steps. Generally,
epitaxial growth of SiGe involves exposing silicon to germanium under specific process conditions.
The germaiinhsgac e1eittoax posadabiigaihtorgsenliti Gitichenalte teghtk-tnde atoerialsrai 10 and
the gate electrode 112 are frequently formed of silicon, e.g., silicon dioxide and polysilicon,
respectivetydd; imogtdgngqeivestdmigrbe a weisk dgertimigepe iosistitopiaydetinoess hié gate electrode
112 to prevent SiGe growth thereon. 100231The mask 210 may be formed by performing a blanket
depositioprefesitibyorn mitrnfisotrapacchg etidapregges: deposition (CVD) process, a physical vapor deposition
process (PVD), an atomic layer deposition process (ALD), or the like. Once deposited, the mask 210

may be pgijesped Vﬁﬁ%’@ﬂﬁﬂ%ﬁ@%ﬁcmﬂma?ﬁ@iﬁ&ﬁ@lﬁa@hﬁ:&ﬂ@@lﬁ%ﬂ%ﬁﬂb@@h& A to about

1000 A in thickness. It should be noted that the stressor (formed in subsequent steps) may be formed

Substantiﬁa!émaﬂaﬁ?at {90 3RAGAE: Asdae PiuRdsRaRE WhE grimblatiesioftBORdbReferring now
to Figure 3, the water 100 is shown after an etching process has been performed to create recessed

regions 34Qdititie Twesialeithes sithaaside pidheigaitelsicirodehERiGaskoritecarnfuith afih
embodiment of the present invention. It should be noted that the portion of the substrate 114 located
between thegreasststoehirnd Bltnddtbelovirtde telinsigatbsdqyent piGeessihtheapate electrode 112

defines the channel region.
Generally, epitaxial growth of SiGe involves exposing silicon to germanium under specific
process conditions. The germanium reacts with exposed silicon to grow SiGe. Because the gate
insulator layer 110 and the gate electrode 112 are frequently formed of silicon, e.g., silicon

dioxide and polysilicon, respectively, it may be desired to form a mask over the gate insulator

Jayer 110 and the gate electrode 112 to prevent SiGe growth thereon.

10023] The mask 210 may be formed by performing a blanket deposition of silicon nitride
via a chemical vapor deposition (CVD) process, a physical vapor deposition process (PVD), an
atomic layer deposition process (ALD), or the like. Once deposited, the mask 210 may be
patterned via photolithography techniques. Preferably, the mask 210 is about 0 A to about 1000
A in thickness. It should be noted that the stressor (formed in subsequent steps) may be formed

substantially adjacent to, spaced away from, or underneath the gate electrode.

[0024] Referring now to Figure 3, the wafer 100 is shown after an etching process has been
performed to create recessed regions 310 in the substrate 114 on either side of the gate electrode
112 in accordance with an embodiment of the present invention. It should be noted that the
portion of the substrate 114 located between the recessed regions 310 and below the gate
insulator layer 110 and the gate electrode 112 defines the channel region.

8-



[0025]It should also be noted that the process described in Figures 1-6 illustrates source/drain regions
having SiGe epitaxially grown in recessed regions 310 as an example of a preferred embodiment of
the present invention. The processes described in Figures 1-6 may be applied to elevated-type SiGe
regions in the source/drain regions. In this alternative embodiment, SiGe is epitaxially grown on the
surface of the substrate 114 without forming recesses in the substrate 114. Thereafter, the same
processes described herein may be performed to push the Ge lower, thereby creating an area of
higher Ge concentration. [0026]Referring back to Figure 3, the recessed regions 310 may be formed
by a plagotzsjich uliskoaticileban hdointheherasidesPridtdrabRigthes le6éHastthteyions have a depth
from about 10 nm to about 200 nm. An optional anneal may be performed to facilitate silicon migration
to repair sumycetbhidaegage bamglBiSaemsiginllygrrothe retieessil isgioss Tt e fon gxamplssdguent
epitaxy process. [0027]Figure 4 illustrates the wafer 100 after an epitaxial growth of a stress-inducing
layer 41@refsoledengiivdimege nfitheiprasdnt insemttas sEberprgiensscs desinibed indagimeswith maydmbodiment
of the present invention. The epitaxy process used to perform the epitaxial growth may be chemical
vapor deiRidigdte elerataigyRaSiford ehensituihgHourcs éﬁﬁ%ﬂi%@H%tMFW%ﬁﬁ%b&ﬂb@%
epitaxy. The epitaxially grown materials may also extend above or below the surface of the substrate

114. A ratéde issaiesialignagian e RufaTast estatialsLihSddowHorming rmesrsrtd Bfibodiment,
the stress-inducing layer 41Q extends from about Q nm to.aboyt 200 pm above the surface of the
Substratd PR oy LGN S B APABR) FOAYBBL PO EI a0 o0 i
thlcmes?b\?é@ ?lge%%greélr%ﬁinsgua%ha?esa %ﬁig%lecra e’cglrllgef?t{'%%h.may be used.

[0026] Referring back to Figure 3, the recessed regions 310 may be formed by a plasma etch
using chlorine and bromine chemistry. Preferably, the recessed regions have a depth from about
10 nm to about 200 nm. An optional anneal may be performed to facilitate silicon migration to
repair any etch damage as well as to slightly smoothen the silicon surface for the subsequent

epitaxy process.

[0027] Figure 4 illustrates the wafer 100 after an epitaxial growth of a stress-inducing layer
410, such as silicon germanium, in the recessed regions 310 in accordance with an embodiment
of the present invention. The epitaxy process used to perform the epitaxial growth may be
chemical vapor deposition, ultra-high vacuum chemical vapor deposition (UHV-CVD), or
molecular beam epitaxy. The epitaxially grown materials may also extend above or below the
surface of the substrate 114. A raised source/drain region is shown for illustrative purposes only.
In a preferred embodiment, the stress-inducing layer 410 extends from about 0 nm to about

200 nm above the surface of the substrate 114. The stress-inducing layer 410 is preferably from
about 10 nm to about 300 nm in thickness. Other materials, such as SiC, SiGeN, and SiCN, may

be used.



[0028]The stress-inducing layer 410 preferably comprises a first semiconductor material and a second
semiconductor material, wherein the presence of the second semiconductor material has a different
lattice structure than the first semiconductor material, thereby imparting strain in the channel region. In
an embodiment in which a silicon substrate is used, the first semiconductor material may be silicon
and the second semiconductor material may be germanium, and therefore, the stress-inducing layer
410 may be a SiGe layer. [0029]Figure 5 illustrates the wafer 100 after performing a treatment to
increase the concentration of the second semiconductor material, e.g., Ge, in the lower section of the
stress-reioe8]y layghd iewradatining deg dtioplafesthl Oodiprsee e dieiaitomluduie mtherial
stress-inducing layer 410 comprises SiGe, the treatment may comprise exposing the stress-reducing
layer 41Quid asgesndrsbopicdrainiienhatadel; ploreissicopdicons ¢fi titecausnd sbmigarslocthquid ambient to
react with the silicon of the SiGe material. As a result of the reaction, the depletion layer 510 will
comprisamBidtjalhaye Kifkrentésitinscinertvnatheiathe fithtisentrofdnriahmeaterpbtibarrbydn®aoirgpushed
further down into the stress-inducing layer 410 below the depletion layer 510, as indicated by the
directionafraifrdniercimpraresipn o [pretapbe dmps divdne e isanmubsagtess-weddiyliesier 410 below
the depletion layer 510 exhibits a gradient concentration of Ge such that the concentration variation
from the tepieoRHucEmAFEk I she sdiradem Jresrepad erraierrdieiomaaisabae Mout 5%. [0030]In
an embodiment, the treatment may comprise a thermal (furnace/RIP), plasma, UV, implant, or the like
treatmenESHR ERRA srelosxihe AR iR igg Lovsy %E‘@Q",’?Pz%‘,qe&?f‘ﬁzo, NO, 03, or the like at a
temperature from about 100 C to about 1200 C. In this embodiment, the depletion layer may comprise
a film of g9y} Figure 5 illustrates the wafer 100 after performing a treatment to increase the

concentration of the second semiconductor material, e.g., Ge, in the lower section of the stress-
reducing layer 410, creating a depletion layer 510. In an embodiment in which the stress-
inducing layer 410 comprises SiGe, the treatment may comprise exposing the stress-reduéing
layer 410 to a gas or liquid ambient under process conditions that causes the gas or liquid

ambient to react with the silicon of the SiGe material. As a result of the reaction, the depletion
layer 510 will comprise SiX, where X denotes another material, and the Ge from the depletion
layer 510 is pushed further down into the stress-inducing layer 410 below the depletion layer 510,
as indicated by the directional arrows in Figure 5. In a preferred embodiment the resulting
stress-inducing layer 410 below the depletion layer 510 exhibits a gradient concentration of Ge
such that the concentration variation from the top to the bottom of the stress-inducing layer 410

is greater than at least about 5%.

[0030] In an embodiment, the treatment may comprise a thermal (furnace/RTP), plasma,
UV, implant, or the like treatment in an ambient of an oxidation-based gas, such as O, H20, Hs,
N»0, NO, O3, or the like at a temperature from about 100° C to about 1200° C. In this

embodiment, the depletion layer may comprise a film of Si,Oy.
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[0031]In another embodiment, the treatment may comprise a thermal (furnace/RTP), plasma, UV,
implant, or the like treatment in an ambient of a nitridation-based gas, such as NH3, N2, NO, N20, or
the like at a temperature from about 100 C to about 1200 C. In this embodiment, the depletion layer
may comprise a film of SixNy or SixOyNz. Other ambients and/or treatments that cause a reaction with
the Si and little or no reaction with the Ge may also be used. [0032]Figure 6 illustrates the wafer 100
after the mask 210 has been removed and spacers 610 have been formed in accordance with an
embodiment of the present invention. The mask 210 may be removed by a wet dip in hydrofluoric acid
or a dry g§oBIjrocess alRtslapantncal Ghaiativammsapacsisikerhiomai(fyroas M IApre ion implants
to create the source/drain regions, preferably comprise silicon nitride (Si3N4), or a nitrogen containing
layer othgiathanHi3idplauthathSiikd yreaiioan mamaritiziofynisiitovnbane §iE)dightdg Nita
combination thereof. In a preferred embodiment, the spacers 610 are formed from a layer comprising
Si3N4 thib, 86 2D, forinebikesing tetipartate/fipur abepb M5 (@VBYweEHNIY Gedwthisg silane and
ammonia as precursor gases. [0034]The spacers 610 may be patterned by performing an isotropic or
anisotropitedhment, the depletion layer may comprise a film of SixNy or SixOyN;. Other ambients

and/or treatments that cause a reaction with the Si and little or no reaction with the Ge may also

be used.

[0032] Figure 6 illustrates the wafer 100 after the mask 210 has been removed and spacers
610 have been formed in accordance with an embodiment of the present invention. The mask

210 may be removed by a wet dip in hydrofluoric acid or a dry etch process.

[0033] Spacers 610, which form spacers for performing one or more ion implants to create
the source/drain regions, preferably comprise silicon nitride (SisNs), or a nitrogen containing
layer other than SizNa, such as SiNy, silicon oxynitride SiO«Ny, silicon oxime SiOxNy:H, or a
combination thereof. In a preferred embodiment, the spacers 610 are formed from a layer
comprising Si;N; that has been formed using chemical vapor deposition (CVD) techniques using

silane and ammonia as precursor gases.

[0034] The spacers 610 may be patterned by performing an isotropic or anisotropic etch
process, such as an isotropic etch process using a solution of phosphoric acid (HzPOs). Because
the thickness of the layer of SisNais greater in the regions adjacent to the gate electrode 112, the
isotropic etch removes the SisN, material on top of the gate electrode 112 and the areas of
substrate 114 not immediately adjacent to the gate electrode 112, leaving the spacer 610 as
illustrated in Figure 6. In an embodiment, the spacers 610 are from about Inm to about 100 nm

in width.
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process, such as an isotropic etch process using a solution of phosphoric acid (1-131304). Because
the thickness of the layer of Si3N4 is greater in the regions adjacent to the gate electrode 112, the
isotropic etch removes the Si3N4material on top of the gate electrode 112 and the areas of substrate
114 not immediately adjacent to the gate electrode 112, leaving the spacer 610 as illustrated in Figure
6. In an embodiment, the spacers 610 are from about mm to about 100 nm in width. [0035]It should
be noted that a portion of the stress-inducing layer 410 may be located underneath a portion of the
spacers 610, dependent upon the desired source/drain implant and electrical characteristics of the
resulting[8086¢e/drainkiegibbe nfA6d & kg yiesich 8 fiths tades drslncand apmbtidimenbeldbagiresent
invention that utilizes a treatment of an epitaxially-grown SiGe layer in accordance with an
embodimadtniktitieppesent afventipreisiid ¢ atapeddent wpdimtiendéiirst acaecidraguieplangaadsume a
wafer has been prepared in accordance with Figures 1-4, wherein like reference numerals refer to like
elementslgtderdihaiyctBigties of ithestesnliing sdarceliadt Eigjore. 4 after a reaction layer 710 has been
formed over the stress-inducing layer 410. [0037]The reaction layer 710 comprises a material that,

under spR§g|ProcessRANARIANGEHRSGISYIH hesslisamib e Pieenbiieaasistditeiaonat all with
the Ge. In this manner, the reaction layer 710 can be made to react with the silicon and force the

germaniyrgalewsy d0te ey ayernnBareyvnareasinddie Gaicanesbaaiinnt of dreprebadiment, the
reaction layer 710 may comprise Co, Ni, Ti, or the like and may be formed by a CVD process, a PVD
process, iabefdidd PTIRASS oM tisbiken O itiustatedinl Fipaydib disadme a wafer has been prepared

in accordance with Figures 1-4, wherein like reference numerals refer to like elements.

Accordingly, Figure 7 illustrates wafer 100 of Figure 4 after a reaction layer 710 has been

formed over the stress-inducing layer 410.

[0037] The reaction layer 710 comprises a material that, under specific process conditions,
reacts with the silicon in the SiGe, but reacts little or not at all with the Ge. In this manner, the
reaction layer 710 can bé made to react with the silicon and force the germanium lower into the
SiGe layer, thereby increasing the Ge concentration. In an embodiment, the reaction layer 710
may comprise Co, Ni, Ti, or the like and may be formed by a CVD process, a PVD process, an

ALD process, or the like. Other materials may be used.

[0038] Figure 8 illustrates the wafer 100 of Figure 7 after performing a treatment to cause
the reaction layer 710 to react with the stress-inducing layer 410, thereby creating a reacted layer
810, in accordance with an embodiment of the present invention. The treatment may be any
treatment that causes reaction layer 710 to react with the Si in the stress-inducing layer 410. As
a result of the reaction, the reacted layer 810 is formed and the Ge is pushed lower into the
stress-inducing layer 410, as indicated by the directional arrows in Figure 8. It should be noted
that the reacted layer 810 is formed in part from a portion of the stress-inducing layer 410. Thus,
the volume of the stress-inducing layer 410 decreases while the number of Ge atoms remains
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[0038]Figure 8 illustrates the wafer 100 of Figure 7 after performing a treatment to cause the reaction
layer 710 to react with the stress-inducing layer 410, thereby creating a reacted layer 810, in
accordance with an embodiment of the present invention. The treatment may be any treatment that
causes reaction layer 710 to react with the Si in the stress-inducing layer 410. As a result of the
reaction, the reacted layer 810 is formed and the Ge is pushed lower into the stress-inducing layer
410, as indicated by the directional arrows in Figure 8. It should be noted that the reacted layer 810 is
formed in part from a portion of the stress-inducing layer 410. Thus, the volume of the stress-inducing
layer 41Q4gcregsnsmil bR B mGessH SRAIaDEtaMainT A2 Grelttivehicansaitdtbagby
increasing the concentration of the Ge within the stress-inducing layer 410. [0039]In an embodiment,
the treatmaget 41@y comprise thermal annealing in an ambient comprising, for example, an
oxygen-containing gas, a nitrogen-containing gas, a combination thereof, or the like at a temperature

between 405 and 12006, e eAIeD SIS ARG HRSHIFLARASAING A s ealrent, UV

curing, E curing, implant treatment, a plasma’treatment, an ultra-violet radiation treatment, or

the like, gy aisi 9o s BRsEeARBhden Bk 24 % 5p- Bonramiay o, sPaspmmiy e formed,
thereof, or the like at a temperature between 100°C and 1200°C. Other treatments, such as a
rapid-thermal annealing, a laser treatment, UV curing, E-beam curing, implant treatment, a

plasma treatment, an ultra-violet radiation treatment, or the like, may also be used.

[0040] Thereafter, the mask 210 may be removed, spacers may be formed, and other

subsequent processing may be performed as described above with reference to Figure 6.

[0041] In an embodiment, the resulting stress-inducing layer 410 is a gradient layer having a
lattice constant variation between the top and the bottom of the stress-inducing layer 410 of at
least 0.2%, wherein the top region exhibits a larger lattice constant than the bottom region.
Furthermore, the lattice constant of the substrate in the channel region is less than lower portions

of the substrate due to the stress induced by the stress-inducing layer 410.

[0042] Although the present invention and its advantages have been described in detail, it
should be understood that various changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as defined by the appended claims.
Moreover, the scope of the present application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, composition of matter, means, methods and
steps described in the specification. As one of ordinary skill in the art will readily appreciate
from the disclosure of the present invention, processes, machines, manufacture, compositions of
matter, means, methods, or steps, presently existing or later to be developed, that perform

substantially the same function or achieve substantially the same result as the corresponding
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subsequent processing may be performed as described above with reference to Figure 6. [0041]In an
embodiment, the resulting stress-inducing layer 410 is a gradient layer having a lattice constant
variation between the top and the bottom of the stress-inducing layer 410 of at least 0.2%, wherein the
top region exhibits a larger lattice constant than the bottom region. Furthermore, the lattice constant of
the substrate in the channel region is less than lower portions of the substrate due to the stress
induced by the stress-inducing layer 410. [0042]Although the present invention and its advantages
have been described in detail, it should be understood that various changes, substitutions and
alterationsbadibe nadke dnbed hartin and ydiepatifizedfnovottiegsipi thaprdssoopo aftie inveotidinghs defined
by the appended claims. Moreover, the scope of the present application is not intended to be limited to
the partichiasmperiedichantsaé inepiot tssotndevitbimtaiusecpermicbamsesitinnmathirgter, means,
methods and steps described in the specification. As one of ordinary skill in the art will readily
appreciatednofacthe disuipssitons dfianphesancinsanebadproceer®s, machines, manufacture,
compositions of matter, means, methods, or steps, presently existing or later to be developed, that

~ perform substantially the same function or achieve substantially the same result as the corresponding
-13- embodiments described herein may be utilized according to the present invention. Accordingly,
the appended claims are intended to include within their scope such processes, machines,
manufacture, compositions of matter, means, methods, or steps.

-14-



What is claimed is: 1. A method of forming a semiconductor device, the method comprising: forming a
gate electrode on a substrate; forming a stress-inducing layer on either side of the gate electrode, the
stress-inducing layer comprising a first semiconductor material and a second semiconductor material;
and performing a treatment in an ambient, the treatment causing the first semiconductor material in the
stress-inducing layer to react with the ambient creating a reacted layer in a top portion of the
stress-inducing layer, the reacted layer being substantially free of the second semiconductor material.
2. The method of claim 1, wherein the ambient comprises an oxidation-based gas. 3. The method of

claim 1, wherein the ambient comprises an oxidation-based gas or a nitridation-based gas.
What is claimed is:

1. A method of forming a semiconductor device, the method
comprising;:

forming a gate electrode on a substrate;

forming a stress-inducing layer on either side of the gate electrode, the
stress-inducing layer comprising a first semiconductor material and a
second semiconductor material; and

performing a treatment in an ambient, the treatment causing the first
semiconductor material in the stress-inducing layer to react with the
ambient creating a reacted layer in a top portion of the
stress-inducing layer, the reacted layer being substantially free of the

second semiconductor material.

2. The method of claim 1, wherein the ambient comprises an

oxidation-based gas.

3. The method of claim 1, wherein the ambient comprises an

oxidation-based gas or a nitridation-based gas.

4. The method of claim 1, wherein the performing the treatment is

performed at a temperature from about 100°C to about 1200°C.
5. The method of claim 1, wherein the treatment comprises a thermal

treatment, a plasma treatment, an ultra-violet treatment, an implant,

or a combination thereof.
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4. The method of claim 1, wherein the performing the treatment is performed at a temperature from
about 100C to about 1200C. 5. The method of claim 1, wherein the treatment comprises a thermal
treatment, a plasma treatment, an ultra-violet treatment, an implant, or a combination thereof 6. The
method of claim 1, wherein the first semiconductor material is silicon and the second semiconductor
material is germanium. 7. The method of claim 1, further comprising forming recesses in the substrate
on opposing sides of the gate electrode prior to the forming the stress-inducing layer. 8. The method
of claim 1, further comprising forming a mask layer over the gate electrode prior to the forming the
stress-inducing layer. 9. A method of forming a semiconductor device, the method comprising:
forming a gate electrode on a substrate;

6. The method of claim 1, wherein the first semiconductor material is

silicon and the second semiconductor material is germanium.

7. The method of claim 1, further comprising forming recesses in the
substrate on opposing sides of the gate electrode prior to the forming

the stress-inducing layer.

8. The method of claim 1, further comprising forming a mask layer

over the gate electrode prior to the forming the stress-inducing layer.

9. A method of forming a semiconductor device, the method
comprising;:

forming a gate electrode on a substrate;

forming a stress-inducing layer on either side of the gate electrode, the
stress- inducing layer comprising a first semiconductor material and a
second semiconductor material; forming a reaction layer over the
stress-inducing layer; and

performing a treatment, the treatment causing the reaction layer to
react with the first semiconductor material in the stress-inducing
layer, thereby creating a reacted layer positioned between the reaction
layer and the stress-inducing layer, the reacted layer being at least
partially composed of material from the stress-inducing layer, the
reacted layer being substantially free of the second semiconductor

material.
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forming a stress-inducing layer on either side of the gate electrode, the stress- inducing layer
comprising a first semiconductor material and a second semiconductor material; forming a reaction
layer over the stress-inducing layer; and performing a treatment, the treatment causing the reaction
layer to react with the first semiconductor material in the stress-inducing layer, thereby creating a
reacted layer positioned between the reaction layer and the stress-inducing layer, the reacted layer
being at least partially composed of material from the stress-inducing layer, the reacted layer being
substantially free of the second semiconductor material 10. The method of claim 9, further comprising
forming recesses in the substrate on opposing sides of the gate electrode prior to the forming the

stress-inducihg 1Ay, 1Mt Bedsefislrism Pialartheh s sonpEd ingHe raigg £sceppepH@ tidthod of claim
9, further Cog{pgg{qgtfgrgq{n%ﬁgbq lYgEQVY the t%eé?géﬁggﬁw&? e (REMBERE

r
stress-inducing layer. 12. The method of claim 9, wherein the treatment comprises ather%al anneal,
a rapid-thernlatastreals-dnditrango letyteeatthents e as-rdesringuiagetr datirentioth ethdmmethod of
claim 9, wherein the treatment is performed in an ambient comprising oxygen, nitrogen, or a
combination tAEARACEECSFhe method of claim 9, wherein the treatment is performed at a temperature
from about 100C to about 1200C.

11. The method of claim 9, further comprising forming a mask layer

over the gate electrode prior to the forming the stress-inducing layer.

12. The method of claim 9, wherein the treatment comprises a thermal
anneal, a rapid-thermal anneal, an ultra-violet treatment, or an

E-beam curing treatment.

13. The method of claim 9, wherein the treatment is performed in an

ambient comprising oxygen, nitrogen, or a combination thereof.

14. The method of claim 9, wherein the treatment is performed at a

temperature from about 100°C to about 1200°C.

15. The method of claim 9, wherein the first semiconductor material is

silicon and the second semiconductor material is germanium.

16. A method of forming a semiconductor device, the method
comprising: forming a gate electrode on a substrate, the substrate
comprising a first material; forming a stress-inducing layer on
opposing sides of the gate electrode, the stress-inducing layer

comprising the first material and a second material; and
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15. The method of claim 9, wherein the first semiconductor material is silicon and the second
semiconductor material is germanium. 16. A method of forming a semiconductor device, the method
comprising: forming a gate electrode on a substrate, the substrate comprising a first material; forming
a stress-inducing layer on opposing sides of the gate electrode, the stress-inducing layer comprising
the first material and a second material; and creating a reacted layer from a top portion of the
stress-inducing layer, the reacted layer having a lower concentration of the second material than a
bottom portion of the stress-inducing layer. 17. The method of claim 16, wherein the creating is
performed in an ambient comprising an oxidation-based gas or a nitridation-based gas. 18. The

method of cISFFPIBISvACTERTRE LAY FEharfshmBadi tnsl iHSar S8 tidrainfliEnt, a plasma
treatment, a@}fé%é(&'&&tisgﬁlﬂ%ﬁvﬁq PIRYeP! S RBNRRIAR BERR! do:Jiie Maharhef claim 16,

further comprising forming recesses inthe substrate on opposing sides of the gate electrode prior to
the forming ttieastradseittducipgplaime, dfielstrasseisshinidg daygrlbging formed in the recesses. 20. The
method of claim 16, further comprising forming a mask layer over the gate electrode prior to the
forming the stress-inducing layer.

17. The method of claim 16, wherein the creating is performed in an

ambient comprising an oxidation-based gas or a nitridation-based gas.

18. The method of claim 16, wherein the creating is performed at least
in part by a thermal treatment, a plasma treatment, an ultra-violet

treatment, an implant, or a combination thereof.

19. The method of claim 16, further comprising forming recesses in
the substrate on opposing sides of the gate electrode prior to the
forming the stress-inducing layer, the stress-inducing layer being

formed in the recesses.

20. The method of claim 16, further comprising forming a mask layer

over the gate electrode prior to the forming the stress-inducing layer.
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