METHOD FOR FABRICATING A SEMICONDUCTOR DEVICE HAVING AN
EPITAXIAL CHANNEL AND TRANSISTOR HAVING SAME RELATED
APPLICATION [0001] Related subject matter is disclosed in co-pending,
commonly-assigned Patent Application Serial No. 11/844,074, filed August
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improved device current can be obtained by increasing the carrier mobility. A widely-used

technique to enhance carrier mobility includes inducing strain in the active regions of the
MOS transistors. Strain or stress in the crystalline lattice of the transistor substrate can
enhance bulk electron and hole mobility through the crystalline lattice.

[0004] A common practice used to create strain, or stress, in a crystalline substrate is to
form a layer of material in the substrate that has a lattice constant that differs from the
substrate material. For example, strain can be induced in devices formed in a single crystal
silicon substrate by forming regions of silicon germanium (SiGe) or silicon carbide (SiC).
Since the lattice constant of SiGe is larger than that of silicon, the lattice mismatch puts the
silicon under tension and the charge carrier mobility increases through the strained silicon
lattice. Similarly, the lattice constant of SiC differs from silicon, however, the type of strain
created by SiC differs from that created by SiGe. Alloys such as SiGe create compressive

strain in silicon, while SiC creates tensile strain in silicon. A bi-axial, in-plane tensile strain



1 field can improve performance in N-type MOS devices, and compressive
strain can improve performance in P-type MOS devices. Further, other
materials can be used to create strain in semiconductor substrates
depending upon the particular substrate material and its lattice constant. For
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SUMMARY

[0007]  In one embodiment, a method for fabricating a transistor characterized by a
channel length and a channel width includes forming a hardmask overlying a substrate, and
forming an opening in the hardmask. An epitaxial region is formed in the opening. A gate
dielectric layer is formed overlying the epitaxial region and a gate electrode is formed
overlying the gate electrode.

[0008] In another embodiment, a method for fabricating a semiconductor device includes
forming a gate structure having sidewall spacers on a substrate. The gate structure is
removed, exposing a channel region of the substrate that is defined by the sidewall spacers.

An epitaxial region is selectively formed on the channel region. A gate dielectric layer is



removed, exposing a channel region of the substrate that is defined by the
sidewall spacers. An epitaxial region is selectively formed on the channel
region. A gate dielectric layer is 2 formed overlying the epitaxial region and a
gate electrode is formed overlying the gate dielectric layer. [0009] In yet
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~includes forming a hardmask overlying a substrate. An opening is formed in
dieleqtic fefimask that has a long dimension and a short dimension. An epitaxial
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eneath the gate electrode. The transistor channel region has a channel

[0010} o fp sLBG e LeSREgEiBIRInAd AR HAhE IBRYARE AR gie having a
epita:@Rit@iAhahaBRSh, BRIERAESGRIRT IQbhOFiFe BRAW NG IRQkHARGEN. An

1-3illustrate, in cross-section, processing steps in accordance with one

epitaxdph tirtiahtest dpe imvemetiatod chprns! and mgntslistenwistiurenyerlies the
epitar|HSEAGTEN AlGai @5&?0“59'3%@%%9'Edt\é'ﬂi\{éle@%?ﬂlﬂ/:égaéﬁiﬁéfiﬁgtﬁ%ﬁg&tor

diagram illustrating an arrangement of epitaxial channel$ and gate .
channglagguienithacobrite danithththerapieditaetiods thehintensiraghdupool migion has

e e B R e i

chann€lG. 1 illustrates a cross-sectional view of a substrate 10 having already

BRIEF DESCRIPTION OF THE DRAWING

[0011]  FIGs. 1-3 illustrate, in cross-section, processing steps in accordance with one
embodiment of the invention;

[0012] FIG. 4 is a view of the structure illustrated in FIG. 3 taken from view angle IV-1V;
[0013] FIG. 5 is a schematic diagram illustrating an arrangement of epitaxial channels
and gate electrodes in accordance with an embodiment of the invention; and

[0014]  FIGs. 6-9 illustrate, in cross-section, processing steps in accordance with an

alternative embodiment of the invention.

DETAILED DESCRIPTION
[0015]  FIG. 1 illustrates a cross-sectional view of a substrate 10 having already
undergone several processing steps in accordance with the invention. In the illustrative

embodiment, substrate 10 includes shallow trench isolation regions 12 in which an insulating



undergone several processing steps in accordance with the invention. In the
illustrative embodiment, substrate 10 includes shallow trench isolation
regions 12 in which an insulating 3 material, such as silicon oxide, is formed
in trenches etched into substrate 10. The trench isolation regions define
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layers 18 and 20 are formed overlying a principle surface 22 of substrate 10.
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epitaxial material 28, hardmask layers 18 and 20 are removed and a
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epitaxial material to predefined channels in the substrate limits plastics strain
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device fabrication steps. As will subsequently be described, fabrication of
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. and etching for the formation ?f, , o .
fabricated to extremely small channel links, while avoiding the problems of bulk epitaxial
regions encountered in the prior art.
[0018] Those skilled in the art will appreciate that the materials constituting substrate 10,
hardmask layers 18 and 20, and epitaxial material 28 can vary depending upon the particular
type of semiconductor device under fabrication. For example, substrate 10 can be a single-
crystalline substrate composed of silicon, germanium, III-V materials, and the like. Further,
hardmask layers 18 and 20 can be a variety of materials having differential etching
characteristics sufficient to enable lithographic patterning and etching for the formation of
openings in the hardmask layers and channels in substrate 10. For example, hardmask layers
18 and 20 can be dielectric materials, such as silicon oxide, silicon nitride, silicon oxy
nitride, and the like. Further, epitaxial material 28 can vary depending upon the crystalline

composition of substrate 10. For example, where substrate 10 is single crystal silicon,

epitaxial material 28 is preferably silicon germanium (SiGe), or silicon carbide (SiC)
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openings in the hardmask layers and channels in substrate 10. For example,
hardmask layers 18 and 20 can be dielectric materials, such as silicon oxide,
silicon nitride, silicon oxy nitride, and the like. Further, epitaxial material 28
can vary depending upon the crystalline composition of substrate 10. For
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preferably silicon germanium (SiGe), or silicon carbide (SiC) 4 depending
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conventional etching processes are readily available to selectively etch
chambgiisstrate 10, while not appreciably etching hardmask layers 18 and 20.
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in FIGs. 3 and 4. In the illustrated embodiment, rather than planarize the substrate as
illustrated in FIG. 2, once openings 24 and 26 are filled with epitaxial material, hardmask
layers 18 and 20 are removed, leaving epitaxial pillars 34 protruding above principal surface
22. Epitaxial pillars 34 are formed by selectively etching away hardmask layers 18 and 20
while not substantially etching epitaxial material 28.

[0022]  Once hardmask layers 18 and 20 are removed, a gate dielectric layer 36 is formed
on principal surface 22 and on the exposed surfaces of epitaxial pillars 34. Then, a gate
electrode 38 is formed on gate dielectric layer 36. The view illustrated in FIG. 4 is taken at a
right angle to the view illustrated in FIG. 3 along direction IV-IV. A second gate electrode
40 is shown in FIG. 4 that is formed in an adjacent active region 42 of substrate 10. Gate

electrodes 30 and 40 span across epitaxial regions 34 in a direction generally orthogonal to

the direction of epitaxial channels 28 and 30.



while not substantially etching epitaxial material 28. [0022] Once hardmask
layers 18 and 20 are removed, a gate dielectric layer 36 is formed on
principal surface 22 and on the exposed surfaces of epitaxial pillars 34. Then,
a gate electrode 38 is formed on gate dielectric layer 36. The view illustrated
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direction IV-1V. A second gate electrode 40 is shown in FIG. 4 that is formed
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of the gate electrode to the epitaxial channel. In the embodiment illustrated .
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transistors having extréemely small gate Iéngths, while not requiring hig
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.region is confined tg a channel having a Ionngimension in the transistor . .
trans1§tﬁ5§1rfg| Ygﬁgﬁﬁlly oriented transistors, Such as FINFETS, and the like. The epitaxial
region is confined to a channel having a long dimension in the transistor channel length
direction and a short dimension in the transistor channel width direction.
[0026]  An alternative process embodiment in which an epitaxial channel is self-aligned
with an overlying gate electrode is illustrated in FIG.s 6-9. FIG. 6 illustrates two adjacent
device structures having already undergone several processing steps in accordance with the
alternative embodiment. A substrate 50 includes a shallow trench isolation region 52
separating adjacent active regions 54 and 56. A gate structure 58 is formed over active
region 54 and a second gate structure 60 is formed over active region 56. Source and drain
regions 62 and 64 are formed in substrate 50 on either side of gate structure 58. Similarly,
source and drain regions 66 and 68 are formed in substrate 50 on either side of gate structure

60. A dielectric layer 70 separates a gate body 72 from active region 54 of substrate 50, and

a dielectric layer 74 separates a gate body 76 from active region 56 of substrate 50.
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direction and a short dimension in the transistor channel width direction.
[0026] An alternative process embodiment in which an epitaxial channel is
self-aligned with an overlying gate electrode is illustrated in FIG.s 6-9. FIG. 6
illustrates two adjacent device structures having already undergone several
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50 includes a shallow trench isolation region 52 separating adjacent active
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regions 62 and 64 are formed in Substrate 50 on either side of gate structure
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027] Those skilled in the art will recognize the device structure illustrated in
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lithographic patter 96. In one embodiment, the etching process forms a channel 98 defined
by sidewall spacers 80 and a surface portion 100 of substrate 50. Preferably, an etching
process is carried out that does not substantially etch sidewall spacers 80 or planarization
layer 94. Where gate bodies 72 and 76 are a semiconductor material, the etching parameters
are chosen to selectively react with semiconductor material, while not appreciably reacting
with the materials forming substrate 50, sidewall spacers 80, or planarization layer 94.
[0029] In an alternative process method illustrated in FIG. 7B, the etching process is
carried out to form a channel 102. Channel 102 is defined by sidewall spacers 80 and also
includes a recess 104 etched into substrate 50. In accordance with the alternative method, an

etching process is used that reacts with the material of gate body 76, dielectric layer 74, and

the material substrate 50.



layer 84 and gate body 76 from gate structure 20. An optional antireflective
layer 97 can be formed on planarization layer 94 before depositing the
lithographic material used to form lithographic patter 96. In one embodiment,
the etching process forms a channel 98 defined by sidewall spacers 80 and
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confolpETIAIS I adlion.to siien e, siigen pitide, siigengynitide. andifi og i
: particular method, ofce gate body 70 IS removed dnd either
deposifednoe)\8lienidzl isdermadriihDgsapiici fakarm 0. remaeedk ARd anhighalk will
composite djelectric Iage . %04 is conformably deposited to overlie

appregai AR BAR 4 o1 B Nkl SUHEY B Ui ramic materials, and the like.

can be conformably deposited to form a high-K dielectric layer. Further, various metals,

]? PI‘OCGSS hS used that

such as refractory metals, refractory metal silicides, and the like, can be conformably
deposited to form metal gate material 106.

[0032]  Once the high-K dielectric material and metal gate material is deposited, a
planarization process is carried out to complete the formation of a gate electrode 108. For
example, a CMP process can be used to remove fill material 108 and form the upper surface
of gate electrode 108 in planar alignment with planarization layer 94.

[0033] In accordance with one aspect of the invention, the process steps described above
and illustrated in FIG.s 6 through 9 can be carried out to remove gate body 72 and form a
gate electrode having an epitaxial material in proximity to the channel region. For example,
in the fabrication of complimentary-MOS devices (CMOS) P-channel and N-channel

transistors are formed on the same substrate. Accordingly, the inventive process steps can be
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spacers 80, and substrate surface portion 100. Then, a metal gate material
106 is conformably deposited to overlie the high-K dielectric layer 104. Then,
a fill material 108 is deposited to overlie metal gate material 106 and fill
channel 98. Those skilled in the art will appreciate that various high-K

carrieﬁiSlﬁ‘%ifomﬁtﬁ{iNsbyﬁk!‘%?aﬁﬁﬁ%@ﬁipd‘lﬁ?ﬂ@k%ﬁ‘ﬂﬁw@ﬂi!ﬁ@ adjabeR®active region.
conformably deposited to form a high-K dielectric Iager. Further, various

Thosqyskilrd i8,1bp a8 retlznprocmtadhat ibe dahsigatierpiiicives apd & the fikensasiors
requir%g ERNIeBRAp ARPASIER B gaisiRalgial %Qﬁtﬂ%(?%ﬁé Oheedhe

high-K dielectric material and metal gate material’is deposited, a _
materjibnagéatifofipricassthisasaeridecootis campleyeothelfornsiichy ot andmtdoped with
. lectr JFor example, MP pr can be used to remoye fill
it e BB B S Y o
[00344/lignfnenfurthiepidieanizatoendpel B4n 0@ 8] sinnaccesxddf aed\vth anebagpectssed

.__.of the invention,.the process steps described above _and illustrated in FIG.
sl A i L R SURLE TRy e By Bt Bogbies of the
particalecpasie aitshamepitaxialodaialialdr mprendinitytocdse tliannal ggiaxiaFasgion in

example, in the fabrication of complimentary-MOS devices (CMOS)

a chagnelhiahig sl aistechwah thinchane! AR b I Aransi siom e Idtip iationship is in

contrAEEPHINGYb SRV MY RIS ESFRIEPS SARDR 18 GRFRE AV RN AT the
N-type transistor and a P-type transistor in an adjacent active region. Those

channgkiiretprimaseiam Wams fehenath rdbrcaanred hey ot dimeiien of the
epitafANSISINS FEBHIRS TS & SRR AR R RRRERILg GRNduCtivity types.

Further, the particular materials used to fabricate the gate electrodes can
[0035}ary dhusiériatppiyciahdidlvsp ddspieendlfferehed ornuedmdtpltjguidapage
. [ n G clivi i . 10034] | I
e L AT 0 ORI o o aove
Thoseshll¢dneahs|yrtordbaicptecgatea lele otrodesus wringoregiod st Hnch b6Gns can be

Regardless of.the . particular.process embodiment carried qut, the jnventive
made g R L e B e el e SR AR or
procestiapnettiggjoesofibr iapisisier ehhiscetbbipnsidplis apocaleisasitionthshysical-vapor-
embodiment jllustrated in FIG.s 1-5, in which the long dimension of the )
depostan BRI SBKE QM 4 RANIAB 14N ﬁ’éﬁl%{@m&ifg@ﬂi’oﬂ,\’ahﬁ“ﬂ%é rand the like

can b&8BENSIRBRLHEs1y, all such variations and modifications are included within the

appended claims and equivalents thereof.



epitaxial channel is formed in the transistor channel width direction. [0035]
Thus, it is apparent that there has been described a method of fabricating a
semiconductor having an epitaxial channel that fully provides the advantages
set forth above. Those skilled in the art will appreciate that numerous
variations and modifications can be made without departing from the spirit of
CLAIMES invention. For example, a wide variety of processing techniques, such as
plasma enhanced chemical-vapor-deposition, ph_ysical-vapor-_deEosition,

mbleBurathrd AHEPESIHORS - FEAPRHEEHSHa RS L ATRSeAB AR Yah Bhtienel
lengtHI§Rd CAhRENP S afCEREdiNahs Al HER Mapations and modifications are

included within the appended claims and equivalents thereof. 9 CLAIMS 1.
Afprebiegif batdbrichtinng dytrag sistdistate raddigtorch araepstizeglipyilze hard mask,

cl%gé}ﬁﬁlglﬁa%%éegril r)'c(ila?r I%%S}Pﬁl Yﬁléjr% tﬁ‘% ethod comprising: forming a

hardma ying a substrate a Sor ing an opening in the hard mask,
foiningan gpitakideegvhyeitioeapenntidfemingah gatedieteltric layer

overlying the epitaxial region; and. forming a gate electrode in overlying the
R Co R S n P A AR I hing o opening in
the hard mask comprises forming an opening having a long dimension in the
channel width direction and a short dimension in the channel length

ditectih BV T ImKRE Y hle iR AR ORI DG bt rgask comprises
formiREMMCOPCHBIORRAdY INBIE APSRNGoBin IR RIRiRd QfigiRimrécMdiesaina short

forming a hardmask comprises forming a gate structure on a substrate, the

dimengiga srthaghanegliiepsbcliraripacard Waresn farninmasae eeringespmprises
formiRPENBSILIRG BRI RSk GARBpISGR 4emoving the gate structure and

exposing a portion of the substrate, the portion defined by the sidewall
spacers. 4. The method of claim 3 further comprising forming a recess in the

S‘s‘t.’si’ﬁ‘é‘%n%‘?ﬂ{?&%fB}’amf%?%’i‘épe%%ﬂﬁi’ﬁg I RRRL B FRIABHSHDT Phee
the opening comprises filling the recess.

structure on a substrate, the gate structure having sidewall spacers thereon, and wherein
forming an opening in the hard mask comprises removing the gate structure and exposing a

portion of the substrate, the portion defined by the sidewall spacers.

4. The method of claim 3 further comprising forming a recess in the substrate defined
by the opening, and wherein forming an epitaxial region in the opening comprises filling the

IrcCess.

5. The method of claim 1, wherein forming an opening in the hard mask comprises
forming an opening having a long dimension in the channel length direction and a short
dimension in the width length direction, and wherein forming a gate electrode comprises
forming a body having a long dimension substantially orthogonal to long dimension of the

opening.
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5. The method of claim 1, wherein forming an opening in the hard mask
comprises forming an opening having a long dimension in the channel length
direction and a short dimension in the width length direction, and wherein
forming a gate electrode comprises forming a body having a long dimension

sypstalialyRidIanah 9 WWRerSimeRaANof Hird ARG RINAHRs Thednethod

_of claim 5, wherein forming a hardmask comprises forming a dielectric layer
dielecgrje Agisy enerbyipsttheeSuPstREE method of claim 6 further comprising forming
a recess in the substrate defined by the opening, wherein forming an
epitaxial region in the opening comprises at least filling the recess. 8. The
mbthbee shethnd ot felethe ochmibeishogamingrigunensr desaskipribe tobeiraipgefined

by thet%ga%}he 9@%‘%&'&'& f%‘}’r%{ng-a% er%?t%‘x%fl%r faRrgafn n&%‘?n”%"&%d RO YT filling
the methiod comprising: forming a gate Structure on a substrate, the gate

the restscture having sidewall spacers thereon; removing the gate structure and
exposing a channel region of the substrate defined by the sidewall spacers;
selectively forming an epitaxial region on the channel region; forming a gate

diglethicnryesdvedling thenapiaxiahfetion; @ntbaiging lkghi lgaiade forming
overlying the gate dielectric. 10. The method of claim 9 further comprising

the gﬁ!‘@rmﬁ%ﬁc%‘l“e@é'g'in the channel region, wherein the trench is defined by the
sidewall spacers, and wherein selectively forming an epitaxial region
comprises filling the recess. 11. The method of claim 9 forming a gate

stPucturactindns dabriertiiB g aaRieradir 19y de Bisthde b atecoBrRTinE &
Pedered LIChalR M Al PRINESICTHRIQRIYET AR IITNOstRegealers
spacers on side surfaces of the patterned etchable material.
thereon;
removing the gate structure and exposing a channel region of the substrate defined by
the sidewall spacers;
selectively forming an epitaxial region on the channel region;

forming a gate dielectric layer overlying the epitaxial region; and

forming a gate electrode overlying the gate dielectric.

10. The method of claim 9 further comprising forming a recess in the channel region,
wherein the trench is defined by the sidewall spacers, and wherein selectively forming an

epitaxial region comprises filling the recess.

11. The method of claim 9 forming a gate structure comprises:
forming a etch stop layer on the substrate;
forming a patterned etchable material on the etch stop layer; and

forming the sidewall spacers on side surfaces of the patterned etchable material.

12. The method of claim 11 further comprising forming source and drain regions in

the substrate on either side of the gate structure.
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12. The method of claim 11 further comprising forming source and drain
regions in the substrate on either side of the gate structure. 11 13. The
method of claim 9, wherein removing the gate structure comprises forming a
gate pattern on the substrate defined by the sidewall spacers, and wherein
forming a gate electrode comprises depositing a gate material into the gate
pattern. 14. The method of claim 13 further comprising planarizing the gate

mbterigtednethad of ¢laighte Whaesia I EBE a8y e G EN IS SATIPHess forming a
gate pdAEBRIHOSHAENRISRACESy the-TRQMEUALPl ClAMhAISIBIMNS a cate

method is sequentially repeated for form both N-type and P-type
electrgderjonmpiissid deleastierconghie sutietrakentoaha gatsimetigor. fabricating a
semiconductor device, the method comprising: forming a hardmask overlying
a substrate and forming an opening in the hard mask, the opening having a
lohg diinensidrodnd & shodt3diménsionnfpriving @amapiraxgiire gise matkeal, such

opening; forming a gate dielectric layey overlying the epitaxial region; and
that g R G LS BB bl HETECH LR G e B s

having a long dimension substantially orthogonal to the long dimension of

the_opening. 17. The method of claim 16, wherein forming an opening having

a long! dfTBRYIBH CASRUTSRoM FREh G IESriSSS rHiAY Ygneigd for form
both NiReBSiAD NgrhanprisndibAifestien vanddhatsiadimension in a channel

width direction. 18. The method of claim 16 further comprising forming a
recess in the substrate defined by the opening, and wherein forming an

eniaxialedion 0 APSMINL MR R Aol R ML RR RGeS miptisINe
method of claim 16, whereinforming an epitaxial region comprises epitaxially
folleninig gifidomdanas k envedbioma awWilivere gadhiamuneaiibgpeniag mthe hard mask,
the o SHTHEIMINELTY FIRLEIialed3 30, Tie RSHRgrhRfElaiy 16 further comprising

removing t aramask and leaving a

forming an epitaxial region in the opening;

forming a gate dielectric layer overlying the epitaxial region; and

forming a gate electrode overlying the gate dielectric layer, the gate electrode having

a long dimension substantially orthogonal to the long dimension of the opening.

17. The method of claim 16, wherein forming an opening having a long dimension
and a short dimension comprises forming the long dimension in a channel length direction

and the short dimension in a channel width direction.

18. The method of claim 16 further comprising forming a recess in the substrate
defined by the opening, and wherein forming an epitaxial region in the opening comprises at

least filling the recess.

19. The method of claim 16, wherein forming an epitaxial region comprises
epitaxially forming silicon and germanium, a silicon germanium alloy, or a III-V

semiconductor material.
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portion of the epitaxial region projecting above the substrate. 21. A transistor
comprising: a crystalline substrate having a epitaxial channel therein, the
channel having a long dimension and a short dimension; an epitaxial
material in the epitaxial channel; a gate dielectric layer overlying the epitaxial
material; and a gate electrode overlying the gate dielectric layer and defining

a transistor channel region in the substrate beneath the géatetle electrode, the
traAsidten Brpabeoiedi M HERE Goanpias e gementtdpeihagdmask and leaving a

ot BB UpiRBddielatns i adhe long dimensiongl epitaxial channel, 22

The transistor of claim 21, wherein the short dimension of the epitaxial
channel is oriented in the same direction as the transistor channel length. 23.
The transistor.of claim 21.. wherein the gate electrode has a long dimension,
ang ' vﬁ?gflgllﬁs'[ﬁé %(gg‘}lnépéll%%sion of the gate electrode is oriented
substantdidihe srtbaigandihy toghepoag dictensiertlofthe, epétakial i dnanalg2dlong
di The trar}lsistgr (%f claim 21, wherein the long dimension of the epitaxial
TMERPAN ABE 8 0 n%laeélﬁb%?antially orthogonal to the transistor channel length.

13n epitaxial material in the epitaxial channel,
a gate dielectric layer overlying the epitaxial material; and
a gate electrode overlying the gate dielectric layer and defining a transistor channel
region in the substrate beneath the gate electrode, the transistor channel region having a
channel length oriented in a predetermined relationship to the long dimension of epitaxial

channel.

22. The transistor of claim 21, wherein the short dimension of the epitaxial channel is

oriented in the same direction as the transistor channel length.
23. The transistor of claim 21, wherein the gate electrode has a long dimension, and
wherein the long dimension of the gate electrode is oriented substantially orthogonally to the

long dimension of the epitaxial channel.

24. The transistor of claim 21, wherein the long dimension of the epitaxial channel is

oriented substantially orthogonal to the transistor channel length.
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