MOSFETS COMPRISING SOURCE/DRAIN REGIONS WITH SLANTED
UPPER SURFACES, AND METHOD FOR FABRICATING THE SAME
FIELD OF THE INVENTION [0001] The present invention relates to
semiconductor devices that can be used in complementary
metal-oxide-semiconductor (CMOS) circuits. More specifically, the present
|nve§né§n relates to an |m§oroved metal-oxide-semiconductor field effect
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Mechanical stresses within a semiconductor device substrate have been

widely used to modulate device performance. For example, in common Si
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sourcAENRBIRGeeMSly; created in the channel regions of a p-channel field effect
transistor (p-FET) and/or an n-channel field effect transistor (n-FET) in
order to enhance the performance of such devices. [0003] One possible

BACHpROesDIorcreat ngardesirale stressed silicon channel region is to
form embedded SiGe or Si:C stressors at the source and drain regions of

a MOSFET to induce compressive or tensile strain therein in the channel
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transisinclicloaiented)idosc¥B2 5110} planes of silicon. In this arrangement, hole mobility is
enhanced when the channel is under compressive stress in the film direction and/or under tensile
stress in a direction normal of the channel, while the electron mobility is enhanced when the
silicon film is under tensile stress in the film direction and/or under compressive stress in the
direction normal of the channel. Therefore, compressive and/or tensile stresses can be
advantageously created in the channel regions of a p-channel field effect transistor (p-FET)

and/or an n-channel field effect transistor (n-FET) in order to enhance the performance of such

devices,

[0003] One possible approach for creating a desirable stressed silicon channel region is to form
embedded SiGe or Si:C stressors at the source and drain regions of a MOSFET to induce
compressive or tensile strain therein in the channel region located between the source and drain _
regions. FIG. 1 shows a conventional MOSFET 102 with embedded SiGe stressors 114 and 116
at its source and drain regions 1028 and 102D. Specifically, the source and drain regions 1025



1 and 102D are located in a semiconductor substrate 110, which has an

upper surface 110A and contains one or more isolation regions 112 for

isolating the MOSFET 102 from adjacent devices. A channel region 102C

is also located in the semiconductor substrate 110 and between the

source and drain regions 102S and 102D. A gate stack that comprises a
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{100} Si surface orientation, hole mobility in P-FET shows dramatic improvement.

[6606] In addition to the mobility enhancement, contact resistance reduction is also critical for
improving MOSFET performance, and 1t is becoming more and more important with the
drastically shrunken geometry and reduced channel resistance. One way to reduce contact
resistance is to increase contact area. However, increased contact area is contradictory te the

scaling requirements of high-density devices. Therefore, there is a need for innovative methods

that can solve this problem.

SUMMARY OF THE INVENTION

[0007] The inventors of the present invention have discovered that when recessing the source

and drain regions before epitaxially growing SiGe or Si:C or other materials to refill the recessed



and drain regions before epitaxially growing SiGe or Si:C or other
materials to refill the recessed 2 source/drain regions for a MOSFET on
Si substrate or another semiconductor material whose upper surface is
oriented at a certain crystal orientation, a properly tailored recess profile
may result in refilled source/drain regions whose upper surfaces, or
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Embodiments of the present invention relate to a semiconductor device )
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refafion 0 an upper surface of the semiconductor substrate. [00091

Preferably, the source and drain regions of the MOSFET according to
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or tensile stress may be generated in the channel region of the MOSFET
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structures and the semiconductor substrate. Alternatively, the

oBrigonductor stuctures may have the same alice consiantaS e . o
the present invention comprise semiconductor structures that are epitaxially grown in surface
recesses of the semiconductor substrate. Such semiconductor structures may have a different
lattice constant from the semiconductor substrate. In this manner, compressive or tensile stress
may be generated in the channel region of the MOSFET due to lattice mismaich between the
epitaxially grown semiconducior structures and the semiconductor substrate. Alternatively, the

semiconductor structures may have the same lattice constant as the semiconductor substrate.

{3610} More preferably, the upper surface of the semiconductor substrate is oriented along one
of a first set of equivalent crystal planes, wherein the surface recesses each has a bottom surface
that is paraliel to the upper surface of the semiconductor substrate and one or more sidewall

surfaces that are oriented aiong a second, different set of equivaient crystal planes.



[00101 More preferably, the upper surface of the semiconductor substrate

is oriented along one of a first set of equivalent crystal planes, wherein

the surface recesses each has a bottom surface that is parallel to the

upper surface of the semiconductor substrate and one or more sidewall
0 ﬂsurfa es that are oriented along a second, different set of equivalent
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{111} planes of silicon. [0012] In an embodiment of the present invention,

the stressor structures at the source and drain regions of the MOSFET
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stress-inducing dielectric capping layer located over the slanted upper
surfaces of the source and drain regions as well as other parts of the
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and drain regions of a MOSFET to form surface recesses therein,

wherein the semiconductor substrate has an upper surface oriented along
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oriented along a second different set of equivalent crystal planes; wherein
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the fliD}tplantes ef upper surface oriented along one of a first set of equivalent crystal
planes, and wherein each surface recesses has a botiom surface that is parallel to the
upper surface of the semiconductor substrate and one or more sidewall surfaces that are
oriented along a second, different set of equivalent crysial planes; wherein the upper
surface of the semiconductor subsirate is oriented along one of the {110} planes of
silicon, and wherein the one or more sidewall surfaces of the surface recesses are orienied
along the {100} planes of silicon;
growing a semiconductor materiai having a different lattice constant from the
semiconductor substrate in the said surface recesses at the source and drain regions to
form semiconductor structures having upper surfaces or portions of upper surfaces that
are slanted in relation to an upper swrface of the semiconductor substrate, said
semiconductor material comprising pseudomorphic SiGe or Si:C; and forming a stress-
inducing dielectric layer over the slanted upper surfaces of the semiconductor structures

at the source and drain regions.



silicon, and wherein the one or more sidewall surfaces of the surface
recesses are oriented along the {100} planes of silicon; growing a
semiconductor material having a different lattice constant from the
semiconductor substrate in the said surface recesses at the source and
drain regions to form semiconductor structures having upper surfaces or

rti u urfaces that are slanted in relation to,a er surfage
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as othé%é%?‘é?ﬁ@%(?@@fi upper surfaces of the semiconductor structures at

source and drain regions. 4 [0015] Further, the method may comprise
forming a stress-inducing dielectric capping layer over the slanted upper
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as well as other parts of the MOSFET. [0016] Other aspects, fea
the engepgrtiagios ss 8vd pppendisholeimse more fully apparent from the ensuing
disclosure and appended claims. BRIEF DESCRIPTION OF THE

DRAWINGS !OO%&% FIG. | shows a cross-sectional view of a conventional
RIEF) ek H‘%ﬁ%@ﬁ%@%ed source and drain SiGe stressors

located in source and drain regions with flat upper surfaces. [0018] FIG. 2
hows a cross-sectional view of an improved MOSFET device having
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urfa cross-sectional views that illustrate exemplary processing steps for

su C1‘%rm|ng the improved MOSFET device of FIG. 2, according to one

embodiment of the present invention. [0020] FIG. 9 is a scanning electron

-[{}0183%3@ sfogg\nésraEcl}/l LD Qgét? pﬂe%]; OSII%EP-I;(?;E %(8%%86V1ceqwavmg source and
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drain regions with slanted upper surfaces, according to one embodiment of the present invention.

[6019] FIGS. 3-8 are cross-sectional views that illustrate exemplary processing steps for forming

the improved MOSFET device of FIG. 2, according to one embodiment of the present invention.

[0020] ¥IG. 9 is a scanning electron microscope (SEM) photograph of MOSFETSs that comprise

embedded source and drains stressor structures with stanted upper surfaces.

DETAILED DESCRIPTION OF THE INVENTION, AND PREFERRED EMBODIMENTS
THEREOF

[0021] In the following description, numerous specific details are set forth, such as particular
structures, components, materials, dimensions, processing steps and techniques, in order to
provide a thorough understanding of the present invention. However, it will be appreciated by

one of ordinary skill in the art that the invention may be practiced without these specific details.



DETAILED DESCRIPTION OF THE INVENTION, AND PREFERRED
EMBODIMENTS THEREOF [0021] In the following description, numerous
specific details are set forth, such as particular structures, components,
materials, dimensions, processing steps and techniques, in order to
provide a thorough understanding of the present invention. However, it will
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order straabid ebwonpngchs sivgrsieps have not been described in detail in order
to avoid obscuring the invention. [0022] It will be understood that when an
element as a layer, region or substrate is referred to as being "on" or
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element, it can be directly beneath or under thé other elément, or
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there are no mtervenﬁgg elements present [0023] In single crystal

contragtRiBghab elemrnaterrif el Rtide thie it nhenratiicobidHesty Wdsnt another

clemd@ft]ipé sipgleisrstalmarHRkapbegescribed by a mathematical
description known as a Miller Index. On one hand, the notation [hkl] in the
Miller Index defines a crystal direction or orientation, such as the [001],
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single crystal silicon. On the other hand, the crystal planes or facets of a singie crystal silicon
unit cell are defined by the notation (hkl) in Miller Index, which refers to a particular crystal .
plane or facet that is perpendicular to the [hkl} direction. For example, the crystal planes (100},
(1‘10), and (111) of the single crystal silicon unit cells are respectively perpendicular to the [100],
{110}, and [111] directions. On the other hand, because the unit cells are periodic in a
semiconductor crystal, there exist families or sets of equivalent crystal directions and planes.
The notation <hkl> in the Miller Index therefore defines a family or set of equivalent crystal
directions or orientations. For example, the <100> directions include the equivalent crystal
directions of [100], [010], and [001]; the <110> directions include the equivalent crystal
directions of [110], {011}, [101}, [-1-10], {0-1-1}, [-10-1], {-110}, [0-11], {-101], {1-10], [01-1],
and [10-1}; and the <111> directions include the equivalent crystal directions of [111], [-111],
[1-11], and [11-1]. Similarly, the notation {hkl} defines a family or set of equivalent crystal

planes or facets that are respectively perpendicular to the <hkl> directions. For exampie, the



[110], and [111] directions. On the other hand, because the unit cells are
periodic in a semiconductor crystal, there exist families or sets of
eqguivalent crystal directions and planes. The notation <hid> in the Miller
Index therefore defines a family or set of equivalent crystal directions or
orientations. For example, the <100> directions include the equivalent
-directi f : <110> directions includ
R e e e s L MR A R (sl
the <1099 difeptiary), [0-11], [-101], [1-10], [01-1], and [10-1]; and the <1 11>
directions include the equivalent crystal directions of [111], [-111], [1-11],
and [11-1]. Similarly, the notation (hkl} defines a family or set of equivalent
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crystal planes that are respectively perpendicular to the <100> directions.
descrig e ondingly, the term "equivalent crystal planes” as used in
the present invention refers to a family of equivalent crystal planes or
0025 ets as defined py the Miller Indexes, as_described hereinabove. [0025]
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substrate. [0026] FIG. 2 shows a cross-sectional view of an improved

MOSFET 2 that comprises SID regions 2S and 2D with slanted upper
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a channel region 2C located in a semiconductor substraté 10 an
the pregjeRYEISoRation regions 12. A gate stack that comprises a gate
dielectric layer 22, a gate conductor 24, a gate metal silicide layer 26, and

optional sidewall :
[0027] Specifically, the MOSFET 2 has S/D regions 28, 2D and a channel region 2C located in a

‘semiconductor substrate 10 and between isolation regions 12. A gate stack that comprises a gate
dielectric layer 22, a gate conductor 24, a gate metal silicide layer 26, and optional sidewall

spacers 27 and 28 is formed over the channel region 2C.

[#028] Semiconductor structures 14 and 16 are located in surface recesses of the semiconductor
substrate 10 at the S/D regions 2S and 2D, and they optionally may comprise surface metal

silicide layers 15 and 17, respectively, as shown in FIG. 2.

[0029] The semiconductor structures 14 and 16 may comprise a semiconductor material that has
a different lattice constant from the semiconductor substrate 10, but not limited to semiconductor
materials with a different lattice constant. In this manner, the semiconductor structures 14 and
16 are compressively or tensilely stressed due to lattice mismatch between the semiconductor

structures 14 and 16 and the semiconductor substrate 10, and such stressed semiconductor



spacers 27 and 28 is formed over the channel region 2C. [0028]
Semiconductor structures 14 and 16 are located in surface recesses of
the semiconductor substrate 10 at the S{D regions 2S and 2D, and they
optionally may comprise surface metal silicide layers 15 and 17,
respectively, as shown in FIG. 2. [0029] The semiconductor structures 14

and.16 comprise a semiconductor material that has a different lattice
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channaemyjcoriil dostat aieréhts wth. ala fgserifilosticeodhnsiant. the frsenainnettion, the

and 16lebapd skésod thegdncdbngesto S8ibstr&icC10, and such stressed
semiconductor 7 structures 14 and 16 can therefore function as stressors
for applying corresponding stress to the channel region 2C located
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constant from the semiconductor substrat InthiS manner, no stress
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capping layer 30 that overlays the MOSFET, which is to be described in

semicRRAUGHT SEPGIREY dih AR O AOPER S AR BRI BORRSH OF the present
invention, the semiconductor substrate 10 comprises single crystal silicon,
the_semjconductor structures 14 and 16 comprise epitaxially grown
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and 1&6@&%%%{9{ @E%%&H@&&én&l S/D regions with flat upper surfaces. Further,

MOSFET devices containing sach S/D semiconductor structures 14 and 16 with slanted upper
surfaces have relatively larger surface area, in comparison with MOSFETS containing the

conventional S/D regions with flat upper surfaces, and the MOSFET devices of the present

invention therefore have relatively lower contact resistance.

[0632] In a particularly preferred, but not necessary, embodiment of the present invention, the
semiconductor substrate 10 comprises single crystal silicon, and the substrate surface 10A is
oriented along one of the {110} planes of silicon. The semiconductor structures 14 and 16 may

comprise either pseudomorphically grown SiGe or epitaxially grown Si.

[0033] FIGS. 3-8 illustrate exemplary processing steps that can be used for fabricating the

MOSEFET device 2 of FIG. 2, according to one embodiment of the present invention.



and 16, in comparison with conventional SID regions with flat upper
surfaces. Further, MOSFET devices containing such S/D semiconductor
structures 14 and 16 with slanted upper surfaces have relatively larger
surface area, in comparison with MOSFETSs containing the conventional
S/D regions with flat upper surfaces, and the MOSFET devices of the
present invention therefore have relatively lower contact resistance.
[0032] In a particularly preferred, but not necessary, embodiment of the
(0034 Firstrn atesition whishoumiposrducgeteslibisiaie feger G prisus singiletor layer 24,
and a GYSIAL GO hyRPSstNE SUBSH G SHTAGGI00 5 R 1BRAISH AlLA ORG AL G strate
110} planes of silicon. The semiconductor structures 14 and 16 may
10, as sbayytigefdithér pseudomorphically grown SiGe or epitaxially grown Si.
[0033] FIGS. 3-8 illustrate exemplary processing steps that can be used
for fabricating the MOSFET device 2 of FIG. 2, according to one .
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semicendhsttatsubStistc dthprsedopass eve ntaiming bssadicomnduct dayerateriakhicsvn)
thereiff Sﬁﬁgl Bﬁﬁfcmﬁéﬁﬂﬂﬂqdr}ﬁ%db%sd%I'g&n “48 r%dprectgrrx?qw bgﬂ]ed ped and

semiconductor substrate 10 consists ess ntleﬁR/ of bulk single crystaiJ
undopsifi seaiondtEreigaTy) theresemiconductor substrate 10 may comprise one
or more buried insulator layers (not shown) therein. The semiconductor

substrate 10 may be doped, undoged or contain both doped and undoped
[0036]JgiamsefaBEdndy AP REFaTRErY. embodiment of the present invention, the semiconductor

substrate 10 comprises single crystal silicon and has an upper surface 10A that is oriented along

of the {110} planes of silicon.

[0037] At least one isolation region, such as, for example, the trench isolation region 12, can be
provided in the semiconductor substrate 10 to isolate the device region for the MOSFET 2 from
the adjacent device regions. The isolation region may be a trench isolation region 12 (as shown
in FIG. 3) or a field oxide isolation region. The trench isolation region 12 is formed utilizing a
conventional trench isolation process well known to those skilled in the art. For example,
lithography, etching and filling of the trench with a trench dielectric may be used in forming the
trench isolation region 12. Optionally, a liner may be formed in the trench prior to trench fill, a
densification step may be performed after the trench fill and a planarization process may follow

the trench fill as well. The field oxide may be formed utilizing a so-called local oxidation of

silicon process.



[0036] In a preferred, but not necessary, embodiment of the present
invention, the semiconductor substrate 10 comprises single crystal silicon
and has an upper surface 10A that is oriented along of the { 110 } planes
of silicon. [0037] At least one isolation region, such as, for example, the
trench isolation region 12, can be provided in the semiconductor
substrate 10 to isolate the device region for the MOSFET 2 from the
adjacent device regions. The isolation region may be a trench isolation
{0038 rdhip pa12dalscthiovayeirRE 1@ 118) prsficinvorite iselntio namgitsed T @rtyemdtable
- isolation. redi . ventianal hisolation ...
it S T8, Dol P SRR B s
(inclu@nghingj @it tilizrgand thirigeholewimilcsencHdisiecmbodimpeiie itiseptdferred that
the ga{@ Hﬁﬁ@%@aﬁ@§%ﬁﬂﬂ@e@&f% &%d@ Q&M!%?&:&Rﬁ{%@%@% fﬁf@eﬂroz,

in the trench grlor to trench fill, a densification step may be performe&’

ALOs gFEhestsne R ahd A BlaAndi ZttiBHIsoeE nEiE piNgieatbigaeshd| the gate

diclec@ Mol 2Denfiglhaxidednandrdempesh wilizingiasespaiedlecal ayidatifRoyed.
* ecof Si icron proc?e%s% [00 8!%\1 gg?e dielec ricllayeregz of the pregent ove

Typicafye hforindir BeeoMpiiseties anhidmem Eom i Aatehrt Mgt 2
thicknBk felpIQ te; Mddes nfitbeas. mxdiisies. and/onsilises i inaldNGay be
etal silicates and nitrided metal silicates). In one embodiment, it is
fme%&?&wi&m&w&a%ﬁe%{% Ty SRS A AR08 Slich
oxynittiglaforexanspien D 2hE 2 JER21riA1RR32T€AR beddde ¥ B position process

LaA103, and mixtures thereof. The physical thickness of th te .
such a5 ot omale, POl VaRRr CoeaoRe S B At Seie R gTis fover
deposiizain Migue) eenptoyechn, Fypicattspitedate dieteiciicdaygmiibhasion and other like

thickness from-about 0.5 to about 10 with a . thickness from about 1 to. .
cepon b oris BrC S THE (A BARE N R EARY bonBinaion
of the fdravedivpeasthermal growing process such as, for example, oxidation,

nitridation or oxynitridation. Alternatively, the gate dielectric layer 22 can

be formed by a deposition process such as, for example, chemical vapor

(0039} dhe SusFeTDYr BthshdbiiesepsterniCirehecitisraip layer 25 are formed over the gate

dielectric layer 22, by first depositing a blanket gate conductor layer (not shown) and a blanket

dielectric capping layer (not shown) over the gate dielectric layer 22, followed by patterning the
blanket gate conductor layer (not shown) and the dielectric capping layer (not shown) into the
gate conductor 24 and the optional dielectric cap layer 25 using conventional lithography and
etching. The lithographic step, preferably inverse gate level (PC) lithography, includes applying
a photoresist (not shown) to the upper surface of the blanket dielectric capping layer (not shown),
exposing the photoresist (not shown) to a desired pattern of radiation and developing the exposed
photoresist (not shown) utilizing a conventional resist developer. The pattern in the photoresist
(not shown) is then transferred to the underneath dielectric capping layer (not shown), the
blanket gate conductor layer (not shown), and the blanket gate dielectric layer (not shown)
utilizing one or more dry etching steps. Suitable dry etching processes that can be used in the
present invention include, but are not limited to: reactive ion etching (RIE), ion beam etching,

plasma etching or laser ablation. Preferably, but not necessarily, the gate conductor layer 24
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deposition (ALD), evaporation, reactive sputtering, chemical solution
deposition and other like deposition processes. The gate dielectric layer
22 may also be formed utilizing any combination of the above processes.
[0039] The gate conductor 24 and the optional dielectric cap layer 25 are
formed over the gate dielectric layer 22, by first depositing a blanket gate

conductor layer (not. shown a ket dielectric capping layer. (not.. .
comp A e ey 35 (160 ) JARBA g SR icon
nitrideh | diketigate senduchentaydr c(gmtadhuwby Rﬁﬂhthﬂﬂ@hec]trgﬂ}?qmnmgekaybﬁtoresist

0 i ate.conductor 24 and the optional dielectric, cap
ot B A P S e
step, preferably inverse gate level (PC) lithography, includes applying a

{0040?!1%%?3{%@&?5 g;%%‘é@%‘?s%%ﬂé’&%%%gﬂ&%%m Mgrglﬁ%ti?iggg%ggved by a first

capping layer (not shown), exposing t otoresist (ot shown) t

dopangspiagtpigtesbiontfiantg diraSdevalspieptresion 35 thhstorissisiugiot
substrROMNILHIRIRG Argenvenianal resirbdera'oner, Jhe-RALEISEEe. me s/p

photoresist (not shown) is then transferred to the underneath dielectric
extenyam KR yer Tl ERbuAtpahe B ankee jerarbretic Fiefar hrapshowninum,
gallivANenth e Hldnkelgaiardiairoieiayer fal-shawe) Mtk RNS/BY RRIRiIS e gions

efching steps. Suitable dry etching processes that can be used in the
2E are bR ORRANTUR TOIIEORAR SREHTY TR RIGPACH 11Ut GRORIEYDY-
ion beam etching, plasma etching or laser ablation. Preferably, but not
cessarily, the gate conductor layer 24 10 comprises polycrystalline
10041 e B REIEE oA el TR RS o o e sack
adjacehh® ebelfing diclpcpiefgralely?is, eawied aik BYCRHE techniques. The
patterned photoresist (not shown) is then removed by resist stripping after

etching has been completed. [0040] A first dielectric spacer 27 is formed

(0042516 grJictewetitis of thesgetedstidketiol opeeer 28 aafinststalipgaaphinplahiatiprocess is

S ERIAnTamina e AR edinne. 260 e Smcondiclor
carjtmsubstrate 10, as shts)wsr?jln?i: . 4%%1e# %ﬁoer R}f(%sgla—l%jﬁﬁsr%gﬁq%éa Aet o the
gate s SPEITY Wi SItC éxterision fagiorrs 2B sar edidihiths dbpgdmitiTiacy/Pé that is
parall40BaRE SPESISSEHC RS BAFRNAIHAH A, : substrate 10 and one or more sidewall
surfaces 3B that are slanted or tilted away from the upper surface 10A of the semiconductor
substrate 10. Specifically, when the upper surface 10A of the semiconductor substrate 10 is
oriented along one of the {110} planes of silicon, the sidewall surfaces 3B of the recesses 3 are

oriented along the {100} planes of silicon, which are tilted at 45° angles in relation to the {110}

crystal planes.

[0043] The crystallographic etching step as mentioned hereinabove can be carried out by any
suitable dry and/or wet etching techniques known in the art, including, but not limited to:
reactive ion etching (RIE), isopropyl aicohol-based wet etching, etc. The crystallographic
etching etches the semiconductor substrate 10 isotropically, but at significantly different rates

along different crystal planes or orientations. Therefore, the etch patierned formed by a
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gallium, and indium. When the MOSFET 2 is an n-channel MOFET, the
SID extension regions 2E are lightly doped with n-type dopant species,
such as phosphorus, arsenic, and antimony. [0041] Subsequently, a
second dielectric spacer 28 is formed along sidewalls of the gate stack
adjacent to the first dielectric spacer 27, as shown in FIG. 5. [0042] After

rmation of the second dielectric, spacer 28, a crystallographic etchin
cryst S A T Sl Do LAt T B ELAGS G - Bventualy
termirsgdabtratbelloat yeupbes agidgnstesthe gate stack, as shown in FIG. 6.
The surface recesses 3 each has a bottom surface 3A that is parallel to

the upper surface 10A of the semiconductor substrate 10 and one or more
[00445id8w=lbrautiones BB shftaresiased ortittednanendhaon shesupieei(, an epitaxial

growtﬁ%Eég%%&ﬁ%%&ﬁﬁ&%ﬁ?[@i@gr#i%%ﬁ%ﬁ%%ﬁa@?&ﬁﬁ%ar'é}{eéﬁ&eﬁ‘ %rm the

upper surface | OA of uctor substrate 10 is oriented alon

Semic@ﬁ@@‘foﬁfé“&wspléﬁéé é)@sﬂﬁébﬁ‘,"@hé@ﬂ)@ﬂa_ll é@m&?@@ bﬁtﬁ@%@@@sé@%
semicoratet @AGH-Aang. 108 4 pianes: of slicombich-arefilied 2449, different

angles in relation to the { 110) crystal planes. [0043] The crystallographic

latticegepitig IO dBeReRtORERcHEBIREFN0d Ot BocrisRsd iR aipal that has the
same SiiabIRHyRAGIAE wWalistelingdethnERe FKROW R the AL i IHgHREh:- RUbstrate

not limited to: reactive ion etching (RIE), isopropyl alcohol-based wet =~
10 coprifyysiagle eyt draSRRIORHIAY tEHe L R dahicEhiagiepmprise cither
pseudsuspiatQilPieatkopicallys biut atk significantirifierent rates along different

crystal planes or orientations. Therefore, the etch patterned formed by a
11 crystallographic etching process proceeds along the fast-etched crystal
[0045pIsTes drckisnexeidivadly statminatetdny teastoiviyheddhes wefsiahdlanesnaterial
._[00 A{, After formation of the surface recesses 3 in the semijconductor :
naving R S Sro i Gl ot B T o L PR compressive
stressge mricoatincior seratesialuridh etmezessebiaitd idrnithe serhitmeduGiontch between

the sePMEGHAIRR §:20 ur]ég’lgsaé?igl Qn(;&‘ f%é%ugs'tét?e T&”E&%Qm@%@&&%%ﬁé’&&@&or
semiconductor structures an may comprise a semiconductor
structiratddainth b m s diffdperitess to the channel region 2C of the MOSFET 2. For
example, when the semiconductor substrate 10 comprises single crystal silicon, SiGe can be used
to form compressively stressed semiconductor structures 14 and 16 for creating compressive
stress in the channel region 2C of the MOSFET 2. Alternatively, Si:C can be used to form
tensilely siressed semiconductor structures 14 and 16 for creating tensile stress in the channel

region 2C of the MOSFET 2.

[0046] When the semiconductor structures 14 and 16 comprise a semiconductor material having
the same lattice constant as the semiconductor substrate 10, no stress is created in the
semiconductor structures 14 and 16, due to the perfect lattice mismatch between the
semiconductor structures 14 and 16. In this event, stress is applied to the channel region 2C by a

subsequently deposited stress-inducing dielectric layer 30, as shown in FIG. 2, instead of by the

semiconductor structures 14 and 16.
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lattice constant from the semiconductor substrate 10, or a semiconductor
material that has the same lattice constant as the semiconductor 10.
Specifically, when the semiconductor substrate 10 comprises single
crystal silicon, the semiconductor structures 14 and 16 may comprise
either pseudomorphically grown SiGe or Si:C or epitaxially grown Si.

{0047]@%‘%19&%%%{@‘8&%9%%%& ﬁ%\;ﬁ% %tiﬁ-é‘easﬁ“&n{‘f?cﬂ@fﬁlﬁb?gnt’)ﬂé‘n o different

semi ctor mat aving a | attlpe constant from the
crystalieariplia diressiossb Searx aple kil sravhipzediiset slests pverdadd(f) planes

of sﬂicfé}ﬁtﬁﬁmmﬂeqtﬂroatmm difnd $hedHedothe  leR MR RAERes 3A of the

etween the semiconductor structures 14 and 16 and the substrate 10.

surfacegigeppinpesEPEam o eRE®E Stthetlldd)ansy a8l hasifcappyutasss 15 are
orientdG1GRARRE! 1O Pad s AR MRASEEh A=At @XAMRISINSN Ehe) that are

semiconductor substrate 10 comprises single crystal silicon, SiGe can be

epitaxigly Eros folth T edpressitierr Wit s wdl havis RrRsa SeEGest thef resiantah i fglation

with tHOLSFEAHNG.EOMNRFIUEHERER VIR ChANELIBgIRNL 2 BkthadMSETces 3B
2. Alternatively, Sj:C can be used to form tensilely stressed

and undergrouiy e A RRIGRR SRS 4o (0P ENITRFTERRD ARAYSs e dfgniconductor
strucngBannehdregivni2danfcthepo Sirfade 2r{ Q46 MdRer theiBernidanaocior the stress

al s.tru@ures 14 and 1 omé:rise ase iconduct:tor. ateriat Q]av&qgstpéags me
profilq 1p g QO AL TS SANIEBHANEIOF SOBETLISIOYNS Shdss S erdalet in

the semiconductor structures.14 and 16, due to the perfect lattice
rooss1RmaLc hetween the, semiconductpr styusiires 14 and. 16, IS eYeRh ;.o
13348 app?iedlfo the channe region 5 bya su sequent?y dﬁeposnedl T

duringsthe spifaxiat g wile lfoircskayiso 80y der shoamies FIGng lingtebd isfidgniagon after
the gggmﬁgp&ggﬁgggﬁéygwgﬁﬁ 14 and 16. 12 [0047] The growth rate of a

semiconductor material can be significantly different along different
crystallographic directions. For example, SiGe grows significantly faster

100499 Y818 4H00 1 Alanes. pi-sHinithanqualthe {-HLAE BlrRes R&SHic8Mayer 25 can

herefore, when the bottom surfaces 3A of the surface recesses 3 are

be remppfgdtEQTRIBYG BEUEFRGURIeN It oRtaRALIH WA G faREs 3Ry arel 5 17,

and 26 can then be formed over the source region 25, the drain region 2D, and the gate conductor

24, as shown in FIG. 8.

[0050] Subsequently, a stress-inducing dielectric capping layer 30 is deposited over the entire
structure, including the slanted vpper surfaces 14A and 16A of the semiconductor structures 14
and 16, to form a complete MOSFET 2 as shown in FIG. 2. The stress-inducing dielectric layer
30 preferably comprises tensilely or compressively stressed silicon nitride, which can be readily
formed by any suitable dielectric deposition method. Specifically, a compressively or tensilely
stressed silicon nitride layer can be formed by, for example, a low pressure chemical vapor
deposition (LPCVD) process, a plasma enhanced chemical vapor deposition (PECVD) process,
or a high density plasma (HDP) deposition process. Preferably, the compressively or tensilely

stressed silicon nitride layer 30 has a thickness ranging from about 10 nm to about 500 nm, more
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oriented along the { 100) planes, semiconductor materials (such as SiGe,
Si, etc.) that are epitaxially grown in such surface recesses 3 will have
upper surfaces that are slanted in relation with the upper surface 10A of
the substrate 10, due to overgrowth over the sidewall surfaces 3B and
undergrowth over the bottom surfaces 3A. As mentioned hereinabove, the
prefcrgg&ﬁgﬁd?%%ﬁrzﬁ tﬂyncpél I %&t‘b&? g 1?&%?1@13&". n}g e[r‘éBE:eﬁré un;l %ﬁt%r(?nm to about
particularly efféctive in iImproving thie stress profile n-the channel region
100 n@C and reducing the contact resistance of the MOSFET 2. [0048] Doping
of the source and drain regions 2S and 2D can be carried out either in
situ, i.e., during the epitaxial growth of the semiconductor structures 14
[0051 hddldig onal SRS arnegiom afiepstiaigrowthliofnhe s inibr pes sieh andarg:xample,

inteﬂ%gg%%léﬁﬁﬁ mﬁﬁgﬂ dhese @Hﬁﬁ@gﬂﬁ]&ﬂﬁﬁw & %Af‘b@qgaa&y U&ﬁized out to

ielectric cap layer 25 can be removed from over the gate conductor 24,
Compléﬁmtw@%ﬁ% eV ighcidSedneary tajershGMOS riecsBrefieptacwt described

in detf@ReOYEbIRS %@u{;@ﬁir@&j&ﬁiﬁéﬁ@%@@@ #tRQAMED, and the gate
conductor 24, as shown in FIG. 8. [0050] Subsequently, a stress-inducing

dielectric capping layer 30 is deposited over the entire structure, including

[00525NeISl aNte PP SF S HIFRCES A AA B8 RTINS PRIGO RGO FICUTEEESthat
14 and 16, to form a complete MOSFET 2 as shown in FIG, 2. The

COMPE AT ARG U SRRRI LR S5 RBRSE eGP teRbRE pegrinabove.

compressively stressed silicon nitride, which can be readily formed by
sujtable dielectric deposition methqd. Specifically, a com | r.

10053 AR Y (B RS IO  evice
structiowapressunglehepnicaksiap sierddpoiitionngd RV D) qpiocesscanplasnwading to
specif?cp Qx%gg d C%%rg%c t%leglla%gs%gx{j %Qgr‘f’tlltcl)%‘ig:{s!z CCE%\)%IDI)IEE{ %C%%Edn %§ n%%%ﬂ%%n the art

plasma ZIEHS eposition process. Preferably, the compressively or
can readikilslpddiressed ddiconstritdgiee]aye pBRdram g thipkfesel apmginytérepacific

HERBH A N9 DO ORI o 0L Gt PERIGEARIX, IO, AR 0 WRLIQ ¢

4Pt about %cgjo nm, and m?)st prefe&r{;‘]ll)ﬁy #gm g%oﬁérgm%t]% aggé%ﬁ %’O rlﬁr%t ©
semiconductor substrates shown in Figures 2-7 represent bulk semiconductor substrates, it

should be appreciated that semiconductor-on-insulator (SOI) substrates can also be used for
practice of the present application. Further, while the {110} and {100} crystal planes of single
crystal silicon are primarily illustrated by Figures 2-7, other suitable crystal planes, such as the
{111}, {211}, {311}, {511}, and {711} planes of single crystal silicon, can also be used in any
suitable combination in the present invention, consistent with the spirit and principles described

hereinabove.

[0054] It is noted that the drawings of the present invention are provided for illustrative purposes

and are not drawn to scale.

[0055] While the invention has been described herein with reference to specific embodiments,
features and aspects, it will be recognized that the invention is not thus limited, but rather

extends in utility to other modifications, variations, applications, and embodiments, and
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[0051] Additional CMOS processing steps that are well known in the art,
such as, for example, interlevel dielectric deposition and metal contact
formation steps, can be readily carried out to complete the MOSFET
device 2. Such conventional CMOS processing steps are not described in
detail herein, in order to avoid obscurlng the present invention. [0052] FIG.

canning electron mlcro M OSFETs

accor%gwg%%ﬁﬁscgﬂs%ﬁggﬁ%n flasirYsa?ggloné \%ﬁﬁcalé &i%%%?%éﬁ?@é%ﬂfg fo be

regardgé gehipig Mevidm tiscapirit [0E58PME tiraitnmnléoRigures 2-9 illustratively
demonstrate an exemplary MOSFET device structure and exemplary
processing steps for forming such a device structure, according to
specific embodiments of the present invention, it is clear that a person
ordinarily skilled in the art can readily modify such a device structure and
processing steps for adaptation to specific application requirements,
consistent with the above descriptions. For example, while the
semiconductor substrates shown in Figures 2-7 represent bulk
semiconductor substrates, it should be appreciated that
semiconductor-on-insulator (SOI) substrates can also be used for
practice of the present application. Further, while the { 110) and { 100)
crystal planes of single crystal silicon are primarily illustrated by Figures
2-7, other suitable crystal planes, such as the { 111), (2111, [3111, (5111,
and (7111 planes of single crystal silicon, can also be used in any
suitable combination in the present invention, consistent with the spirit and
principles described hereinabove. [0054] It is noted that the drawings of
the present invention are provided for illustrative purposes and are not
drawn to scale. [0055] While the invention has been described herein with
reference to specific embodiments, features and aspects, it will be
recognized that the invention is not thus limited, but rather extends in
utility to other modifications, variations, applications, and embodiments,
and 14 accordingly all such other modlflcatlons variations, applications,
and embodiments are to be
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regarded as being within the spirit and scope of the invention. 15 CLAIMS
What is Claimed is: 1 A method for forming a semiconductor device,
comprising: crystallographically etching a semiconductor substrate at
C%&cted source and drain regions of a MOSFET to form surface recesses
ein, wherein the semiconductor substrate has an upper surface
oriented along one of a first set of equivalent crystal planes, and wherein
Wheac urface recess has a bottom surface that is parallel to the upper
gLi¥a 3‘5‘!"“’&1§Semiconductor substrate and one or more sidewall
surfaces that are oriented along a second, different set of equivalent
1 crys}grlﬁ‘%%ngi, wtherein the u Eer §urtfarcge 9{3 thgosngnglj&onductor substrate
" is ofl % %rg %rﬁgn&?hseeﬁ 8? ptfgr?es of s{':ilicon,panci'%Vherein the one
or moyetsidgvepthisuliiacesiof thesuifacduteressesrate aritettalongdhend
{100} planes of silicon. | semiconductor material having a
ST (REE BB o the TSN St SaR At In e e
recessegatdhetavicstiand dmin tegensittatarorisetedaindycioe of a first

struct res having Rper surfaces or portions of upper surfaces that are
%8 or e L'H\lal n larstal pianes ]aﬂ W %Ihem cal surfgce feces, a5 d
slant&d in Telation to dn Upper surface of the semiconductor substrate,

saidbesioiicendactdt at s eriabics mptisingppseudemarpliiec SiGeorBLO;

e LR DR s S

16 MesSkE ETaei BR S NG SRURCEER RAENR BCERNSHY IFider surface

SLAOI\#-grlxzeDsgnI?ich)oErﬁuctor substrate is oriented along one of the {110} planes of
silicon, and wherein the one or more sidewall surfaces of the surface
recesses are oriented along the {100} pianes of silicon; growing a
semiconducior material having a different iattice constant from the
semiconductor substrate in said surface recesses at the source and drain
regions to form semiconductor structures having upper surfaces or portions of
upper surfaces that are sianted in reiation to an upper surface of the
semiconductor substrate, said semiconductor material comprising
pseudomorphic SiGe or Si:C; and forming a stress-inducing dielectric layer
over the slanted upper surfaces of the semiconductor structures at the source

and drain regions.
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SURFACES, AND METHOD FOR FABRICATING THE SAME
ABSTRACT The present invention relates to improved
metal-oxide-semiconductor field effect transistor (MOSFET) devices
comprising source and drain (S/D) regions having slanted upper surfaces
(14A, 16A) with respect to a substrate surface. Such S/D regions may
comprise semiconductor structures that are epitaxially grown in surface

: DM Wi

MEEESTSs HYMEBRIHA it OF SEAIHAN ce-fddEED UPPER

preferabRFAE S SREAMNEHECE TPR GATREHSHE $oMEBbstrate

surface (10A), which is oriented along one of a first set of equivalent
crystal planes, and one or mor@%%g%Tsurfaces (14A, 16A) that are

oriented along a second, different set of equijvalent crystal planes,. The
TR AtatPh PR I AtEes (PARPTRAS Bf%%%ﬁm@%%ﬁ% SiffBrove

trihsiSbiaBSQEPHE) it thechanpatirgionrasane iamt(S by tagooohtadhg
SRS R R M SRRl and v peces
regemsaoayl votgrisalsstnitendlo)er fstimecs tyae pitcotidbyiediv grofmin surface
re%gsrglég?ﬁl 9%%85&?83‘3&?'&%& 81%) Each surface recess preferably has a
bottom surface (14, 16) that is paralie! to the substrate surface (10A), which is
oriented along one of a first set of equivalent crystal planes, and one or more sidewall
surfaces (14A, 16A) that are oriented along a second, different set of equivalent
crystal planes. The slanted upper surfaces (14A, 16A) of the S/D regions function to
improve the stress profile in the channel region as well as to reduce contact resistance
of the MOSFET. Such S/D regions with slantéd upper surfaces (14A, 16A) can be
readily formed by crystallographic etching of the semiconductor substrate (10),

followed by epitaxial growth of a semiconductor material.

Fig. 2,
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