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STRESS OPTIMIZATION IN DUAL EMBEDDED EPITAXIALLY GROWN
SEMICONDUCTOR PROCESSING BACKGROUND OF THE INVENTION 5
The present disclosure generally relates to semiconductor integrated circuits.
More particularly, the present disclosure relates to the optimization of stress
in dual embedded epitaxially grown semiconductor structures. SUMMARY
OF THE INVENTION 10 These and other issues are addressed by methods
foP 3RE3 SR IMIFATION, INUAL FMBERRER ERSTAX ALY ¥HARNNf
semiconductor devices. Exemplary embodiments are provided. An exemplary
embodiment method %W%ﬁ&tﬁﬁﬁ@&%ﬁ&%ﬁ Gt:pitaxially grown
semiconductor transistors includes depositing a first elongated 15 oxide
spacer over first and second transistors of different types, depositing a first
elongated nitride spacer on the first oxide spacer, depositing a first
=% si2dDIE b e IMENIRERer above the first transistor, etching the
first nitride spacer above the second transistor, implanting a first halo around
the seESRIGIRRISISCIRR MG Fralhetelaiss T&rﬁ@ﬁﬂ&%@rﬂ%‘i‘?bm@&fﬁ@d
halg, 20 stripping the first photoresist above the first transistor, forming a first
Cgﬁﬂa%ah@m@rm%'e@m% bERErsRattistPsie firdetetdednannintizgtion et
extension in a top portion of the first material, depositing an elongated
sgmmgdgﬁb%%%é)dfd epitaxially grown semiconductor structures.

SUMMARY OF THE INVENTION

These and other issues are addressed by methods for stress
optimization in dual embedded epitaxially grown (EPI) structures of
semiconductor devices. Exemplary embodiments are provided.

An exemplary embodiment method for manufacturing dual embedded
epitaxially grown semiconductor transistors includes depositing a first elongated
oxide spacer over first and second transistors of different types, depositing a
first elongated nitride spacer on the first oxide spacer, depositing a first
photoresist block on the nitride spacer above the first transistor, etching the first
nitride spacer above the second transistor, implanting a first halo around the
second transistor, etching a first recess in an outer portion of the first halo,
stripping the first photoresist above the first transistor, forming a first epitaxially
grown semiconductor material in the first recess, implanting a first extension in

a top portion of the first material, depositing an elongated blocking oxide over
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the first and second transistors and first extension, depositing a second
photoresist block on the blocking oxide above the second transistor and first
extension, etching the blocking oxide and first nitride spacer above the first
transistor, implanting a second halo around the first transistor, etching a
second 5 recess in an outer portion of the second halo, stripping the second
photoresist above the second transistor, forming a second epitaxially grown
the FRloRR SRFORIERRS I AR ARG HiFRt ﬁ?@@%!qmd}iﬁm'ﬁ%@c‘%ﬁﬁpéﬁwnsion
in a top portion of the second material, etching the blocking oxide above the
PhetRnss iFhRStoPN diehiMg it @@Qﬁ@#@#ﬁﬁ?@fﬁ%aﬂ@l HapSHIQrAgslisss,
depositing a second 10 elongated oxide spacer on the first and second
efiens 0 £takinsiiRPloskicthexigR Rgstéishiiiie e sRESEHARRN S E fiFst
oxide spacer, etching the second nitride spacer to leave nitride sidewalls
tréﬂﬁi%‘@rgé‘ﬂé@%‘i“ﬂﬁs firsesRAG B @rauE i ArsidR thisies Rt big2 second
sources and drains in the first and second transistors. 15 The present )
refeSHIURNANIGE PATIRY QhigsieeaNTIRR heStERRINAShBSSSRIbRtOresist
exemplary embodiments, which is to be read in connection with the
aRevsrRG RN HRNRIRIOB RAEPIDE 8 CRIPIYCIRIBI A Y D ISR RERISE I Clor
The present disclosure provides methods for stress optimization in dual

MRl R ANSOREGRAIR) GieRms (AL A SS AL FIBRRIAET AdoREgTHON of

accordance with the followin% exemplary figures, in which: ,
the second material, etching the blocking oxide above the second transistor,

etching nitride caps from the first and second transistors, depositing a second
elongated oxide spacer on the first and second transistors, depositing a second
elongated nitride spacer on the second oxide spacer, etching the second nitride
spacer to leave nitride sidewalls around gates of the first and second
transistors, and implanting deep sources and drains in the first and second
transistors.

The present disclosure will be further understood from the following
description of exemplary embodiments, which is to be read in connection with

the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure provides methods for stress optimization in dual
embedded epitaxially grown (EPI) structures of semiconductor devices in

accordance with the following exemplary figures, in which:
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2 Figure 1 shows a schematic vertical side view of a semiconductor structure
after re-oxidation of spacer zero in accordance with an exemplary
embodiment of the present disclosure; Figure 2 shows a schematic vertical
side view of a semiconductor 5 structure after nitride deposition of spacer one
in accordance with an exemplary embodiment of the present disclosure;
Figure 3 shows a schematic vertical side view of a semiconductor structure
havin& '8 LH?E‘T%%HW%%@HB@H %Wi&%ﬁiﬁ!@?%%lﬂ@ é‘ft%?ral@;%gﬂ@??rof
hotoresist by inductive plasma source (IPS) to block the negative channel
SEQ FlElE eftetra-MeialPhAESPAGRAGS RIENRESRIFRAR YAt RA g xemplary
embodiment of the present disclosure; Figure 4 shows a schematic vertical
egipedidRHef RRReBRenLIPCIARYERIre after a reactive ion etch (RIE) of the
nitride_spacer one on the positive channel field effect transistor (pFET) in
accorGiHE Wit AW RPRPRINATS ¥prbiedlisigRt e the REKIRICREEbEre
Figure 5 shows a schematic vertical side view of a semiconductor structure
SHURRY S AIPMTIRAEBRSHARPIRPBRRONPAERFAArIRNGRIVER AXEXTTRRIRTY
embodiment of the present disclosure; Figure 6 shows a schematic vertical

eapohme o] e REeRaltiiPdeSHBcture after RIE to recess the silicon (Si)

about the pFET in accordance with ) ) )
Figure 3 shows a schematic vertical side view of a semiconductor

structure having a pFET halo/extension implantation layer (PH) after deposition
of photoresist by inductive plasma source (IPS) to block the negative channel
field effect transistor (nFET) in accordance with an exemplary embodiment of
the present disclosure;

Figure 4 shows a schematic vertical side view of a semiconductor
structure after a reactive ion etch (RIE) of the nitride spacer one on the positive
channel field effect transistor (pFET) in accordance with an exemplary
embodiment of the present disclosure;

Figure 5 shows a schematic vertical side view of a semiconductor
structure during halo implantation around the pFET in accordance with an
exemplary embodiment of the present disclosure;

Figure 6 shows a schematic vertical side view of a semiconductor
structure after RIE to recess the silicon (Si) about the pFET in accordance with

an exemplary embodiment of the present disclosure;
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an exemplary embodiment of the present disclosure; 3 Figure 7 shows a
schematic vertical side view of a semiconductor structure after stripping the
photoresist (PR) in accordance with an exemplary embodiment of the
present disclosure; Figure 8 shows a schematic vertical side view of a
semiconductor 5 structure after formation of epitaxially grown
silicon-germanium (eSiGe) in accordance with an exemplary embodiment of
the pre$BREseoWiRe BIGHRTECRISTRENIRI QBAIBEMNRRAHNTF a
semiconductor structure during implantation of a pFET extension in
sHecHIER ARSNRHRRING:IBM PRATEAIS RN AGRE PR Wi @B<eremiary
Figure 10 shows a schematic vertical side view of a semiconductor structure
eﬁfgé?%%gi%m@fQﬂ%%ﬁmgjlﬁﬁlﬂ’é‘i‘rﬁedccordance with an exemplary
embodiment of the present disclosure; Figure 11 shows a schematic vertical
side idQHER & §8%ﬁ&ﬁ6m§i%¥ﬁfﬂl§ﬁg§ﬁ% WRWIOE R AEMBIERRHLGEN
implantation layer (BH) after 15 deposition of photoresist by IPS to block the
SHHEH® %fé%bfaé{ﬂé@%tﬂf&P'%&IQW‘%%EBB%QWH@H&‘HM@@H@G) In
disclosure;giiﬂ]ure 12 shows a schematic vertical side view of a

G AMERIVER fHEERPHY MROURENRAE BERIFRe RhAESI DN the

nFET in accordance with an exemplary embodiment of the present
discloglﬂ%r;e 9 shows a schematic vertical side view of a semiconductor

structure during implantation of a pFET extension in accordance with an
exemplary embodiment of the present disclosure;

Figure 10 shows a schematic vertical side view of a semiconductor
structure after deposition of blocking oxide in accordance with an exemplary
embodiment of the present disclosure;

Figure 11 shows a schematic vertical side view of a semiconductor
structure having an nFET halo/extension implantation layer (BH) after
deposition of photoresist by IPS to block the pFET in accordance with an
exemplary embodiment of the present disclosure;

Figure 12 shows a schematic vertical side view of a semiconductor
structure after a two-step RIE of nitride spacer one on the nFET in accordance
with an exemplary embodiment of the present disclosure;

Figure 13 shows a schematic vertical side view of a semiconductor
structure during halo implantation about the nFET in accordance with an

exemplary embodiment of the present disclosure;
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20 Figure 13 shows a schematic vertical side view of a semiconductor
structure during halo implantation about the nFET in accordance with an
exemplary embodiment of the present disclosure; 4 Figure 14 shows a
schematic vertical side view of a semiconductor structure after RIE of a
recess in the Si in accordance with an exemplary embodiment of the present
disclosure; Figure 15 shows a schematic vertical side view of a
semicoiReR b SReNvetarechesn %Tﬂﬁd‘pﬂﬁ&é\‘ sigeiNigutcafdapeRiFRRGHEtor
exemplary embodiment of the present disclosure; Figure 16 shows a

spclRAIE RtaIcfiad seRsINIRR MidBRfsasiaRee MRt X$aRIatoN of
epitaxially grown silicon-carbon (eSiC) in accordance with an exemplary

epiRBdimaBhPbINBPHRESBRASIABLREe; 10 Figure 17 shows a schematic
vertical side view of a semiconductor structure during implantation of an
nFET d&RsionSHoe & §5heaqith rrtieabrigmaKeanti IRREHER S e sent
disclosure; Figure 18 shows a schematic vertical side view of a

sibRiitEnatigtor RRiRePE BRINBRIOVARBFEMER iATAEXEFARIFEY Rika@ment of

exemplary embodiment 15 of the present disclosure; Figure 19 shows a
the REGSSITE JISEOSUERIe view of a semiconductor structure after removal of

nitride_in accordance with an exemplary embodiment ,
Figure 16 shows a schematic vertical side view of a semiconductor

structure after formation of epitaxially grown silicon-carbon (eSiC) in
accordance with an exemplary embodiment of the present disclosure;

Figure 17 shows a schematic vertical side view of a semiconductor
structure during implantation of an nFET extension in accordance with an
exemplary embodiment of the present disclosure;

Figure 18 shows a schematic vertical side view of a semiconductor
structure after removal of oxide in accordance with an exemplary embodiment
of the present disclosure;

Figure 19 shows a schematic vertical side view of a semiconductor
structure after removal of nitride in accordance with an exemplary embodiment
of the present disclosure;

Figure 20 shows a schematic vertical side view of a semiconductor
structure after oxide deposition of an etch stop layer for spacer two in

accordance with an exemplary embodiment of the present disclosure;
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of the present disclosure; Figure 20 shows a schematic vertical side view of a
semiconductor 20 structure after oxide deposition of an etch stop layer for
spacer two in accordance with an exemplary embodiment of the present
disclosure; 5 Figure 21 shows a schematic vertical side view of a
semiconductor structure after nitride deposition of spacer two in accordance
with an exemplary embodiment of the present disclosure; Figure 22 shows a
scherﬁé@ié@e%c%%%%@%@%%#ﬁé (RIS VLK Ot R RSB MRICRT
spacer two nitride in accordance with an exemplary embodiment of the

SBHEdRR liRIculide HRPRRIPE OBIIRAAE WVScKeRFEAERAIER AV LB RXPBIRRATY
semiconductor structure during deep source/drain implantation of nFET and

eptefliment &5 iRt SiseasiMifary embodiment of the present
disclosure. 10 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
Exemplaif§retriitiivere prirmalifoyetieat dpanisutisharsamtisandpei@tied
epitaxially grown (EPI) structures of complementary metal-oxide

sugRiERliRIdR e RGBT RV NG I eSRSR SR VER AR @Mal ¥tress.
15 Silicon-Germanium (SiGe) exhibits compressive stress when on Silicon

empedinRBLGHPRPISSS P SIREIRS WBicANY used up to six masks for

processing dual , , , ) ,
Figure 23 shows a schematic vertical side view of a semiconductor

structure during deep source/drain implantation of nFET and pFET in

accordance with an exemplary embodiment of the present disclosure.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Exemplary methods are provided for stress optimization in dual
embedded epitaxially grown (EPI) structures of complementary metal-oxide
semiconductor (CMOS) devices. Silicon-Carbide (SiC) exhibits tensile stress.
Silicon-Germanium (SiGe) exhibits compressive stress when on Silicon (Si).
Although previous methods typically used up to six masks for processing dual
embedded EPI structures, embodiments of the present disclosure use just two
masks.

In an exemplary embodiment, halo implantation is performed early,
before Si recessing. Just one mask is used for negative channel field effect
transistors (nFET), and just one mask is used for positive channel field effect

transistors (pFET). Dual halo implantations may be performed instead of quad



10

15

20

embedded EPI structures, embodiments of the present disclosure use just
two masks. In an exemplary embodiment, halo implantation is performed
early, 20 before Si recessing. Just one mask is used for negative channel
field effect transistors (nFET), and just one mask is used for positive channel
field effect transistors (pFET). Dual halo implantations may be performed

instead of quad 6 halo implantations, and stress relaxation uses the two
haladrpleRtatiensh arpriRasdRaxaEIsRREDRtNEUT A8 B dBXERSIFRask.
This is possible since the same dopants are used for nNFET and for pFET,

ippiRjodssDa bisrteiamtiieytApr BddiieRalcass- Mdybis passiRie siece
halo, and boron and/or 5 boron difluoride (B/BF2) may be used for the

theRAHSRHOPSN TR EPeB AE P FiaAyAHE [RieRTEr 1R L AEPAS RRy be
used for the extension. A thick oxide may be used, such as about 500

rOGRFSPImME a0 56 hoPasRMeRARRSY e rdspit e, herBaipeand drrenyAnd/or

energy, such as about 50 KEV, and the extension js low energy, such as
QB8 KRB BERTRAUBRS00 (R hRR BRI oS FRBB)F T BHER

channel, tension helps mobility. As shown in Figure 1, a semiconductor .
MANLRIHS GRSk fRIf0 AT S FRAYRR HSS! RN iRNgIerdihiskraide

reference numeral 100. The_structure 100 includes a substrate 110, first

MBHBEHSPY15USRAANHRRASNEEH ARG Hhiff 3P ARSIHIRN &l FRFo s d

in the substrate, a doped p-well region
required. Here, the halo is high energy, such as about 50 KEV, and the

extension is low energy, such as about 8 KEV. In a pFET channel,
compression helps mobility. In an nFET channel, tension helps mobility.

As shown in Figure 1, a semiconductor structure with re-oxidation for a
zeroth spacer is indicated generally by the reference numeral 100. The
structure 100 includes a substrate 110, first conductor 112, second conductor
114 and third conductor 116 all disposed in the substrate, a doped p-well region
118 in the substrate, and a doped n-well region 120 in the substrate.
Polyconductor (Poly) gate portions 122 are disposed on each of the n-well and
p-well regions, and nitride cap portions 124 are disposed on each of the Poly
gate portions. The Poly gate and nitride cap on the p-well region form an nFET,
and the Poly gate and nitride cap on the n-well region form a pFET. An oxide
layer 126 is disposed on top of the p-well, nFET, n-well and pFET.

Turning to Figure 2, a semiconductor structure with nitride deposition for

first spacer is indicated generally by the reference numeral 200. The structure
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15 118 in the substrate, and a doped n-well region 120 in the substrate.

Polyconductor (Poly) gate portions 122 are disposed on each of the n-well

and p-well regions, and nitride cap portions 124 are disposed on each of the

Poly gate portions. The Poly gate and nitride cap on the p-well region form

an nFET, and the Poly gate and nitride cap on the n-well region form a

FET. An oxide 20 layer 126 is disposed on top of the p-well, nFET, n-well

zgﬂdﬁo@@ﬂaﬂﬂﬁhﬁg FHUSHIR OO se AR icaiR B PEERIRYGR: Math PRufiaitted.

deposition for first spacer is indicated generally by the reference numeral

ThecttHaWR =GB E 4iian Riike daRiERE198PesafBlicRrR Of the

description may be omitted. The structure 200 further includes a nitride layer
oxisie Iyss=ePon top of the oxide layer 226. Turning now to Figure 3, a

semiconductor structure having a pFET 5 halo/extension implantation layer

(PH) WHARDOSHOR & PG chediSEBYCHIANGIOE PirisivaesBariad BY Folblock

the nFET is indicated ghenerally by the reference numeral 300. The structure
#

halaxtemsien ig1mand '%Hﬂ%yﬁéé'y',’&ﬁ Withh FeRe IR HRIIPHRESSEY Bihitted.

_ The structure 300 further includes a photoresist (PR) block 330 disgzsed on
indyciveelasmaseripe HRRIdaR/erk dheahikdiis '5\92&%‘?%&%%@ kydhe
p-well 318, but not above the n-well 320, As shown in Figure 4, a

relehAREAAIERS &rdlire RAIFTRELR 30 ST IPfrsirushus: 2PdRFor

pFET is indicated generally by the reference .
duplicate description may be omitted. The structure 300 further includes a

photoresist (PR) block 330 disposed on top of the portion of the nitride layer
328 that is substantially above the p-well 318, but not above the n-well 320.

As shown in Figure 4, a semiconductor structure with reactive ion etch
(RIE) of first spacer nitride for pFET is indicated generally by the reference
numeral 400. The structure 400 is similar to the structure 300, so duplicate
description may be omitted. In the structure 400, the portion of the nitride layer
428 that was above the n-well 420 has been substantially reduced such that
only nitride side walls 429 remain around the pFET.

Turning to Figure 5, a semiconductor structure with halo implantation for
pFET is indicated generally by the reference numeral 500. In this example, the
halo implantation is a quad implantation with both horizontal and vertical
components for both vertical and horizontal transistors. The structure 500 is
similar to the structure 400, so duplicate description may be omitted. The

structure 500 shows first and second halo implantation angles 532 and 534,
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numeral 400. The structure 400 is similar to the structure 300, so duplicate
description may be omitted. In the structure 400, the portion of the nitride
layer 15 428 that was above the n-well 420 has been substantially reduced
such that only nitride side walls 429 remain around the pFET. Turning to
Figure 5, a semiconductor structure with halo implantation for pFET is
indicated generally by the reference numeral 500. In this example, the halo
Wﬁ'ﬁbﬁﬁﬁk&ftﬁ% ??ED(RSH %ﬁ)@ﬁé&% Sith RtRasdivedntdrarfl tgtfaloeortion
components for both vertical and horizontal transistors. The structure 500 is
S3fnrigpafedtitchae 208! 38QiagireRE ORI RaYBICKMRIR) . artcbthe
structure 500 shows first and second halo implantation angles 532 and 534,

hglQRRTRNIBRG iSHiSpoRRHISEE ArmeskarPApacmmIp Hersearndagnductor

portion 536 is disposed in the n-well 520 adjacent to the third conductor 516,
fid the halo portion 538 is disposed in the n-well 520 adjacent to the second
conductor 514. 5 Turning now to Figure 6, a semiconductor structure with Si

recess WG NAYIEDYER Er AP BN FRNEHEIRhERYRIHIEMITE0D! Rgess RIE is
_structure 600 is similar to the structure 500, so duplicate description. may be
indficaied aehesalvRidhe svf6reice et £98nd BaSHUGR BRBRGdseiRilRr

from the halo portions 636 and 638, respectively. 10 As shown in Figure 7, a

t%é*ﬂﬁié@h’&&‘&%r@%&ﬁ%“ﬁ%ﬁ&%?@@@ﬂ?ﬁlﬁ}ay be omitted. In the structure

600, Si recesses 640 and 642 have been removed from the halo portions 636
and 638, respectively.

As shown in Figure 7, a semiconductor structure with photoresist (PR)
strip is indicated generally by the reference numeral 700. The structure 700 is
similar to the structure 600, so duplicate description may be omitted. In the
structure 700, the photoresist has been stripped away, uncovering the nitride
layer 728.

Turning to Figure 8, a semiconductor structure with epitaxially grown
Silicon-Germanium (eSiGe) is indicated generally by the reference numeral
800. The structure 800 is similar to the structure 700, so duplicate description
may be omitted. The structure 800 further includes silicon-germanium (SiGe)
EPI portions 844 and 846 filling the Si recesses 840 and 842, respectively.

Turning now to Figure 9, a semiconductor structure with pFET extension
implantation is indicated generally by the reference numeral 900. The structure

900 is similar to the structure 800, so duplicate description may be omitted.
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strip is indicated generally by the reference numeral 700. The structure 700 is
similar to the structure 600, so duplicate description may be omitted. In the
structure 700, the photoresist has been stripped away, uncovering the nitride
layer 728. 15 Turning to Figure 8, a semiconductor structure with epitaxially
grown Silicon-Germanium (eSiGe) is indicated generally by the reference
numeral 800. The structure 800 is similar to the structure 700, so duplicate
TH@sﬂﬁbﬁ%erﬂQQ Beidaecmatatation dieavdity nafitbexiengies portions 948
silicon-germanium (SiGe) EPI portions 844 and 846 filling the Si recesses.
apdPaldsifie FiRheetirny. Hrandinghehths mpEb scersstiiedhdliasdition,
structure with pFET extension implantation is indicated generally by the
th@féVé’r%BrﬁLﬂqur'é\@dﬁﬁsrﬁ@'%{?&hi@@@@@'@fﬂrﬁ!ﬁﬁ%@%@r@% 400,166
duplicate description may be omitted. 9 The structure 900 includes
Nffdlantation flow 947, and extension portions 948 and 950 in the EPI

portions 944 and 946 of the pFET, respectively. In addition, the structure 900

includ®8 HGUEhHRIFHPIENT Qi hSSEMRATIOS R S WU R ¥ith Rieeking gxide

shown in Figure 10, a semiconductor structure with blocking oxide deposition
drppsiiandd Hitierlng B9NREAI N HIR TRiRreRseLBon efdle! HP0ctiRe BobGtre

similar to the structure 900, so duplicate description may be omitted. The

1000 AMIRIIIHEB RS RIXRO Iy BHERIGHF SCHRI b FiGY etTHier-

The structure 1000 includes a thick oxide layer having a first portion 1056 over
the pFET and a second portion 1058 over the nFET.

Turning to Figure 11, a semiconductor structure having an nFET
halo/extension implantation layer (BH) with deposition of photoresist by
inductive plasma source (IPS) to block the pFET is indicated generally by the
reference numeral 1100. The structure 1100 is similar to the structure 1000, so
duplicate description may be omitted. The structure 1100 includes PR 1160
disposed on the oxide 1156.

Turning now to Figure 12, a semiconductor structure with RIE of the first
nitride spacer on the nFET is indicated generally by the reference numeral
1200. Here, the RIE is a two-step RIE, including a first step of isotropically
(ISO) dry etching for oxide removal and a second step RIE of the first nitride
spacer. The structure 1200 is similar to the structure 1100, so duplicate

description may be omitted. In the structure 1200, the portion of the nitride

10
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the pFET and a second portion 1058 over the nFET. 10 Turning to Figure 11,
a semiconductor structure having an nFET halo/extension implantation layer
(BH) with deposition of photoresist by inductive plasma source (IPS) to block
the pFET is indicated generally by the reference numeral 1100. The
structure 1100 is similar to the structure 1000, so duplicate description may

be omitted. The structure 1100 includes PR 1160 15 disposed on the oxide
layesd 2P Aed Waw W RigURe 2 e idRi® haalispatavksiantialyradiesedesuch
first nitride spacer on the nFET is indicated generally by the reference
thalRBRaNHEdR sigerwalie t@@ié%@)ﬂ-@f@b‘ﬁ@%éﬁg a first step of
isotropically (ISO) dry etching for oxide removal and a second step RIE of
the firBEriiRIEDI SHaLER. T siRkieredudonsiiaiideny ihenalodmpenidinn

so duplicate description may be omitted. In the structure 1200, the portion of
fenaffride Indicajed oerginlk Rathsusierance-Nemars 4 BeQ piethis example,
substantially reduced such that only nitride side walls 1262 remain around
et RiRNAIh I arae TP Igrialinrontl Retshataastaliandaisrtical
implantation for nFET is indicated generally by the reference numeral 1300.
CRIRRNERIRIRIEP A e TSR] AR AREEeRR %%%F%I%?ﬁt%ﬁkﬁ%%&ﬁ?o IS
horizontal and vertical components for both vertical and horizontal transistors.
sifpiiEiQ g stiutio R 19Rfrs AtRlICRiGHRRCTiPEON B B iR cridton

may be omitted. The . .
structure 1300 shows first and second halo implantation angles 1364 and 1366,

with resulting halo portions 1368 and 1370, respectively. Here, the halo portion
1368 is disposed in the p-well 1318 adjacent to the first conductor 1312, and
the halo portion 1370 is disposed in the p-well 1318 adjacent to the second
conductor 1314.

Turning to Figure 14, a semiconductor structure with Si recess RIE is
indicated generally by the reference numeral 1400. The structure 1400 is
similar to the structure 1300, so duplicate description may be omitted. In the
structure 1400, Si recesses 1472 and 1474 have been removed from the halo
portions 1468 and 1470, respectively. Thus, the incidental implantations 1452
and 1454 have also been removed.

Turning now to Figure 15, a semiconductor structure with photoresist
(PR) strip is indicated generally by the reference numeral 1500. The structure

1500 is similar to the structure 1400, so duplicate description may be omitted.

11
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structure 1300 shows first and second halo implantation angles 1364 and
1366, with resulting halo portions 1368 and 1370, respectively. Here, the
halo portion 10 1368 is disposed in the p-well 1318 adjacent to the first
conductor 1312, and the halo portion 1370 is disposed in the p-well 1318
adjacent to the second conductor 1314. Turning to Figure 14, a
semiconductor structure with Si recess RIE is indicated generally by the

Indha SHuCitérd0408. AR 3GD RarebeancsisinBed ANt oURecypti@ iBe

1300, so duplicate description may be omitted. In the structure 1400, Si
oxddadanarib@band 1474 have been removed from the halo portions 1468
and 1470, respectively. Thus, the incidental implantations 1452 and 1454
have ARSMRWA iR higkE. HurRiRgMGANEUEN RIS e Mt SRitgedaHly grown
structure with photoresist 20 (PR) strip is indicated generally by the

sHiensAREPAOMRPIP o ditried-denrer sey et pRS tnaustedlieqod he
so duplicate description may be omitted. 11 In the structure 1500, the PR

SHE FRd R 15 SR QNS STHEBYE e eSO St iRter desmintioR iRRNRA

Figure 16, a semiconductor structure with epitaxially grown silicon-carbon
o -isﬂh%li%%l&&“@@rﬂé%ﬂj%%%'?@?@?&?t%"n‘ﬁﬂﬂ'e%‘i%b@*ﬁiéf@'QREHRG%
00 is similar to the structure 1500, so duplicate_description may be omitted.

1678 BH /D SIS [RRRRRS I A ST foSPBRNBltons

Turning to Figure 17, a semiconductor structure with nFET extension
implantation is indicated generally by the reference numeral 1700. The
structure 1700 is similar to the structure 1600, so duplicate description may be
omitted. The structure 1700 includes implantation flow 1776, and resulting
extension portions 1778 and 1780 in the EPI portions 1773 and 1775 of the
nFET, respectively. Here, there are no new incidental extension portions in the
pFET because it is still protected by the oxide layer 1756.

Turning now to Figure 18, a semiconductor structure with oxide removal
is indicated generally by the reference numeral 1800. The structure 1800 is
similar to the structure 1700, so duplicate description may be omitted. In the
structure 1800, the oxide layer above the pFET has been removed.

As shown in Figure 19, a semiconductor structure with nitride removal is
indicated generally by the reference numeral 1900. The structure 1900 is

similar to the structure 1800, so duplicate description may be omitted. In the

12
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1673 and 1675 filling the Si recesses 1672 and 1674, respectively. Turning to
Figure 17, a semiconductor structure with nFET extension implantation is
indicated generally by the reference numeral 1700. The 10 structure 1700 is
similar to the structure 1600, so duplicate description may be omitted. The
structure 1700 includes implantation flow 1776, and resulting extension
ortions 1778 and 1780 in the EPI portions 1773 and 1775 of the nFET,

ShHRERVE00HER NiHide aAPHa M RIdeNAdRBRYRIBRSIDAGFBATERSTTRThEOtN the

FET because it is still protected by the oxide layer 1756. 15 Turning now to

”E%ﬁr@”ﬁ%?gl:s-gmiconductor structure with oxide removal is indicated
generally by the reference numeral 1800. The structure 1800 is similar to the
structdNINGFOJ M8 RIBIGRIVAIAY BEISHIRWithSpeore soRfer etch
1800, the oxide layer above the pFET has been removed. As shown in Figure

stap Ryehaitridertir iSRRIk RRNRAINAY Do rivdrage D HER Al

by the reference numeral 1900. The structure 1900 is_similar to the structure
29%@0,E&e&}fﬂﬂ@&t@d’@%‘?iﬂftiéW\%&tBéftﬁrﬁHéewﬁtF@% $84Blea800, the

nitride caps and sidewalls have been removed from both the nFET and
deRerPIANARY REMAUHES0, '8 DaTESHIG S0P AT MR 3ke0AAGD icer

etch stop layer oxide deposition is indicated generally by the reference
dishozed OPHRUERGBtUre 2000 is similar to the structure 1900, so

duplicate . , . .
Turning now to Figure 21, a semiconductor structure with second spacer

nitride deposition is indicated generally by the reference numeral 2100. The
structure 2100 is similar to the structure 2000, so duplicate description may be
omitted. In the structure 2100, a thick nitride layer 2186 is disposed on the
oxide layer 2184.

As shown in Figure 22, a semiconductor structure with second spacer
nitride RIE is indicated generally by the reference numeral 2200. The structure
2200 is similar to the structure 2100, so duplicate description may be omitted.
In the structure 2200, the nitride layer 2186 has been substantially removed,
with only nitride sidewalls 2288 remaining about the nFET and pFET.

Turning to Figure 23, a semiconductor structure with nFET and pFET
deep source/drain (S/D) implantation is indicated generally by the reference
numeral 2300. The structure 2300 is similar to the structure 2200, so duplicate
description may be omitted. In the structure 2300, an nFET implantation flow

2390 implants S/D regions 2396 and 2398 adjacent to the first conductor 2312
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description may be omitted. In the structure 2000, an oxide layer 2084 is
disposed on the top surface. Turning now to Figure 21, a semiconductor
structure with second spacer nitride deposition is indicated generally by the
reference numeral 2100. The 10 structure 2100 is similar to the structure
2000, so duplicate description may be omitted. In the structure 2100, a thick
nitride layer 2186 is disposed on the oxide layer 2184. As shown in Figure
aQQ,tH%éﬁﬁ@BH(ﬁfHﬂQ%ﬁﬂf&@%‘M%B@@BYﬁhépétEF%ﬁﬂﬁ@'ﬁﬁ@i&qﬂ(ﬁﬁ%‘t@@g1
_generally by the reference numeral 2200. The structure 15 2200 is similar to
TG (R A0S ABS 22 BRI ey e SRRRRAICADHS R
2200, the nitride layer 2186 has been substantially removed, with only nitride

agR deiRirsbeHAIAR #1318 SBERSEIMET and pFET. Turning to Figure 23, a

semiconductor structure with nFET and pFET deep source/drain (S/D)
implafRRer AiRTi SO YEMIEIP i e RSt AIRCINS WisRERY 98 6 €phe
structure 2300 s similar to the structure 2200, so duplicate description may
OBHBiERHON. dyHne Shdruiretsng, ArineEambpdad fRitavia!ly 6o HRhts
S/D regions 2396 and 2398 adjacent tq the first conductor 2312 13 and the
SERUGANKKTIAL I SRS e BIRRP HMRIES s ikistdNeh MaRkssydich is a

imEIants S/D regions 2394 and 2392 adjacent to the second conductor 2314
CQf etﬁﬁqm‘?j'WW@W?@%?F&EB&M?'X masks. The halo implantations

are performed early in the process, and prior to recessing the silicon. Further, a
blanket extension implantation is possible since the same dopants are used,
and one of the nFET or pFET is to be recessed after extension implantation of
the other.

Typically, embedded epitaxial uniaxial channel stress engineering may
use complicated processing to prevent stress relaxation following halo
implantation. Such processing may separate one quad halo step into two dual
tr54halo steps for vertical and horizontal transistors. Unfortunately, such typical
methods can add additional lithography process steps and increase costs.

Embodiments of the present disclosure use an optimized integration
scheme that can save four lithography process steps and related masks.
Typical processing uses a total of six (6) masks, such as nFET and pFET open
for embedded epitaxial using SiC and SiGe, and separated halo implantation
masks for both horizontal and vertical PC. In contrast, embodiments of the

present disclosure merge these steps together into nFET and pFET open mask
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In operation, embodiments of the present disclosure provide stress 5
optimization during manufacturing of dual embedded epitaxially grown (EPI)
semiconductor structures. Such embodiments use just two masks, which is a
cost-effective improvement over the typical six masks. The halo implantations
are performed early in the process, and prior to recessing the silicon. Further,
a blanket extension implantation is possible since the same dopants are
fiserbesided pitasiahed ISthd?rBb@ﬁﬁ&t%é’rﬂ@c@%@d‘ﬂﬁé?bﬂéﬁgﬁ)mr
implantation of the other. Typically, embedded epitaxial uniaxial channel
n séré‘ﬁ@i'ﬁggring may use complicated processing to prevent stress
relaxation following halo implantation. Such processing may separate one
quad RaICXRPRie Rforaask 5594 UN- 3o 56858 ricHI BRI HERSHthR PFET
transistors. Unfortunately, such typical methods can add additional
OpSGRasHKy (IR ssizesial afdhhdralasEnpiatiation FrfheRs Y BlGsIiERT
disclosure use an optimized integration scheme that can save four
hiiRdgtalsRyaierR saastie(ft) ANdYerateRPriaskaskT{plAINNEahg st da/otal
_of six (6) masks, such as nFET and pFET open 20 for embedded epitaxial
'mglﬁatéi@rhmﬁélf@%f‘%r(@)éf{ﬁ@?@é afoliMpla RRIGH RRRMBRIN0lA Contrast,
horizontal and vertical PC. In contrast, embodiments of the present

eHLAeLTRN IR SIOFHISS SR USEIgaHEr AR hFEFraBRl WHETUS W ATRERKS4

_for embedded epitaxial, so such embodiments only need two (2) masks for
including (1) a pFET open mask and (2) an nFET open mask.

In exemplary embodiments, quad halo implantation is accomplished by
using the open masks. In addition, halo implantation and cavity recessing is
merged into one lithography process.

Although illustrative embodiments have been described herein with
reference to the accompanying drawings, it is to be understood that the present
disclosure is not limited to those precise embodiments, and that various other
changes and modifications may be effected therein by those of ordinary skill in
the pertinent art without departing from the scope or spirit of the present
disclosure. such changes and modifications are intended to be included within

the scope of the present disclosure as set forth in the appended claims.
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NFET and pFET. For example, the mask set for typical processes might
include (1) a pFET open mask, (2) a horizontal pFET halo implantation
mask, (3) a vertical pFET 5 halo implantation mask, (4) an nFET open mask,
(5) a horizontal nFET halo implantation mask, and (6) a vertical nFET halo
implantation mask. In contrast, embodiments of the present disclosure use a
mask set with just two masks, including (1) a pFET open mask and (2) an
pen mask. In exemplary embodiments, quad halo implantation is
accomplished by 10 using the open masks. In addition, halo implantation
and c¥{gtrisc@admgddSimerged into one lithography process. Although
illustrative embodiments have been described herein with reference to the
accompanying drawings, it is to be understood that the present disclosure is
not limited to those precise embodiments, and that various other 15 changes

and modificalidRERE Herearatirei YRR BY RHRRAGIES §RIkRY3JHI GROYHR

pertinent art without departing from the scope or spirit of the present
5 SHBigesGcten HRBRBRYSs Bt MRaRt 486MY §fBIhtended to be included
within the scope of the E{esent disclosure as set forth in the appended

claim&eROINgNIdIrs RIaNg/ahRitAs: SPARSh ORI i trARAFSERIThHRRIBLOrS

embedded epitaxially grown
of different types;

depositing a first elongated nitride spacer on the first oxide spacer;
depositing a first photoresist block on the nitride spacer above the first
10 transistor;
etching the first nitride spacer above the second transistor;
implanting a first halo around the second transistor;
etching a first recess in an outer portion of the first halo;
stripping the first photoresist above the first transistor;
15 forming a first epitaxially grown semiconductor material in the first
recess;
implanting a first extension in a top portion of the first material;
depositing an elongated blocking oxide over the first and second
transistors and first extension;
20 depositing a second photoresist block on the blocking oxide above the

second transistor and first extension;
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5 semiconductor transistors, the method comprising: depositing a first
elongated oxide spacer over first and second transistors of different types;
depositing a first elongated nitride spacer on the first oxide spacer;
depositing a first photoresist block on the nitride spacer above the first 10
transistor; etching the first nitride spacer above the second transistor;
implanting a first halo around the second transistor; etching a first recess in
an ouBlFNPAITERIARKING XS, 20 piswt PiHE ¢S apRItGRAYS WisoliSthe first
transistor; 15 forming a first epitaxially grown semiconductor material in the
e8I ess; implanting a first extension in a top portion of the first material;
depositing an elongated blocking oxide over the first and second transistors
and filStRIRfEING ch Seeamehalarmy eLasiriihsotEraeiRilock on the blocking
oxide above the second transistor and first extension; 16 etchingﬁthe

blockiB§RAE KGN 1REES EpaLeP dB6POTHRMRTPPREABE fAlRanting a

second halo around the first transistor; )
stripping the second photoresist above the second transistor;

forming a second epitaxially grown semiconductor material in the second
recess;

implanting a second extension in a top portion of the second material;

etching the blocking oxide above the second transistor;

etching nitride caps from the first and second transistors;

depositing a second elongated oxide spacer on the first and second
transistors;

depositing a second elongated nitride spacer on the second oxide
spacer;

etching the second nitride spacer to leave nitride sidewalls around gates
of the first and second transistors; and

implanting deep sources and drains in the first and second transistors.

2. The method of Claim 1 wherein the first and second transistors

are complementary metal-oxide semiconductor (CMOS) devices.
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etching a second recess in an outer portion of the second halo; 5 stripping
the second photoresist above the second transistor; forming a second
epitaxially grown semiconductor material in the second recess; implanting a
second extension in a top portion of the second material; etching the
blocking oxide above the second transistor; 10 etching nitride caps from the
first and second transistors; depositing a second elongated oxide spacer on

the firdt and $860mEthemhskidriMd p¥aRIS IR SssidiaBRigiRe i HRRISspacer

on the second oxide sgacer; 15 etchin%tthe second nitride spacer to leave
nRRAHES AR Hetd g EansiTis fnsiahsRstibve haseps figlheffect
implanting deep sources and drains in the first and second transistors. 2.

treRgistinBa B Cpe, BOshHieinasR G SiaIRIStRICS & aHpster B Taps PFET

complementary metal-oxide semiconductor (CMOS) devices. 17 3. The

Y¥R8thod of Claim 1 wherein the first transistor is one of negative channel field
effect transistor (nFET) or positive channel field effect transistor (pFET) type,
and the second transistor is the other of nFET or pFET type.

4. The method of Claim 1 wherein the first epitaxially grown
semiconductor material is one of silicon-germanium (SiGe) or silicon-carbon
(SiC), and the second epitaxially grown semiconductor material is the other of

SiGe or SiC.

5. The method of Claim 1 wherein no more than a first open mask is
used for the first transistor, and no more than a second open mask is used for

the second transistor.

6. The method of Claim 1 wherein the first extension implanted in the
top portion of the first material around the second transistor is incidentally
implanted around the first transistor and removed during etching of the second

recess around the first transistor.

7. The method of Claim 1 wherein the first elongated oxide spacer is

formed by re-oxidation.
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5 4. The method of Claim 1 wherein the first epitaxially grown semiconductor
material is one of silicon-germanium (SiGe) or silicon-carbon (SiC), and the
second epitaxially grown semiconductor material is the other of SiGe or SiC.
10 5. The method of Claim 1 wherein no more than a first open mask is used
for the first transistor, and no more than a second open mask is used for the
second transistor. 15 6. The method of Claim 1 wherein the first extension
implanted in the top portion of the first material around the second transistor
is incidentalli implanted around the first transistor and removed durin

etchirfy of théRR SRR ddslaipuhwhessirsetpaingsiBe BSLIIde REasaY o

Claim 1 wherein the first elongated oxide spacer is formed by re-oxidation.
abgVe HeSPRANIIGNEIRiRT AR &heashinpast esuAthicRUBPRERY el biRe
the second transistor leaves at least one structurally supportive nitride

SiaURNIRERHOAPRD8:biRs8ELBAIRARSINbr. 5 9. The method of Claim 1

wherein the first photoresist block above

9. The method of Claim 1 wherein the first photoresist block above

the first transistor is deposited by an inductive plasma source (IPS).

10.  The method of Claim 1 wherein the etch of the first nitride spacer

comprises a reactive ion etch (RIE).

11.  The method of Claim 1 wherein implanting the first halo around

the second transistor is by a quad halo implantation.

12.  The method of Claim 1 wherein etching the first recess is by

reactive ion etch (RIE) of silicon (Si).

13.  The method of Claim 1 wherein the first epitaxially grown (EPI)

semiconductor material comprises EPI silicon-germanium (eSiGe).

14. The method of Claim 1 wherein the second photoresist block

above the second transistor is deposited by an inductive plasma source (IPS).
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the first transistor is deposited by an inductive plasma source (IPS). 10. The
method of Claim 1 wherein the etch of the first nitride spacer 10 comprises a
reactive ion etch (RIE). 11. The method of Claim 1 wherein implanting the
first halo around the second transistor is by a quad halo implantation. 15 12.
The method of Claim 1 wherein etching the first recess is by reactive ion
etch (RIE) of silicon (Si). 13. The method of Claim 1 wherein the first
epitaxially grown (EPI) semiconductor material comprises EPI

silicon-germanium (eSiGe). 20 14. The method of Claim 1 wherein the
seconbgphotg@%\eémoégdﬁmﬁe%@ﬁﬁ slehingthesRiepismeeriseand
Jinductive plasma source (IPS). 19 15. The method of Claim 1 wherein
figgk RiHiPm ERAEekRABVR BB iFaDAiiakCYPRREF 8D & VIS IR PIIRER Stor
_comprises a two-step process includin? isotropic (1ISO) etching of the .
N4 %'891@%%95&@569 etéhfmBlosiingPyide amtsiaagitie ipasdshing
The method of Claim 1 wherein implanting the second halo around the first
(RniHiadiny AiHidgisras8mplantation. 10 17. The method of Claim 1
wherein etching the second recess around the first transistor is by reactive
ion etch (RIE) of silicon (Si).
16.  The method of Claim 1 wherein implanting the second halo

around the first transistor is by a quad halo implantation.

17.  The method of Claim 1 wherein etching the second recess around

the first transistor is by reactive ion etch (RIE) of silicon (Si).

18.  The method of Claim 1 wherein the second epitaxially grown (EPI)

semiconductor material comprises EPI silicon-carbon (eSiC).

19.  The method of Claim 1 wherein the second elongated oxide

spacer on the first and second transistors comprises an etch stop layer.

20. The method of Claim 1 wherein the gate of at least one of the first

or second transistors comprises a polyconductor.
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18. The method of Claim 1 wherein the second epitaxially grown (EPI)
semiconductor material comprises EPI silicon-carbon (eSiC). 15 19. The
method of Claim 1 wherein the second elongated oxide spacer on the first
and second transistors comprises an etch stop layer. 20. The method of
Claim 1 wherein the gate of at least one of the first 20 or second transistors
comprises a polyconductor. 20 21. The method of Claim 1 wherein the gates

of theditst and"§eB6HOEah ST b SiiBdRRatase0s dhtelirsh apResecond

method of Claim 1 wherein the nitride sidewalls etched from 5 the second

traRsiRt A6 BRI IR HIe SBMBe first and second transistors are
structurally supportive and permanent. 23. The method of Claim 1 wherein
implanting deep sources and drains in the first and second transistors
comprises implanting a deep source 10 and drain in one of the first or
secorfPiransiSBrdelIAg afifrdaip dnvhaskip thrRindesidewalisrsich ecdéerm
source and drain in the other of the first or second transistors using a second

s aRGABLKBFARSRACEs AreHBGIBEBA!BE Cfdiie fitvhanssechid demaiiers
used for both the 15 first halo and the second extension, and a second

AR SHHCIY R FHRASTY eraN ¢ REERAMMN and the second halo.

23. The method of Claim 1 wherein implanting deep sources and
drains in the first and second transistors comprises implanting a deep source
and drain in one of the first or second transistors using a first open mask or
plasma, and implanting a deep source and drain in the other of the first or

second transistors using a second open mask or plasma.

24. The method of Claim 1 wherein a first dopant is used for both the
first halo and the second extension, and a second dopant is used for both the

first extension and the second halo.
25. The method of Claim 24 wherein the first dopant comprises

arsenic (As) and the second dopant comprises boron and/or boron difluoride

(B/BF2).
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25. The method of Claim 24 wherein the first dopant comprises arsenic (As)
and the second dopant comprises boron and/or boron difluoride 20 (B/BF2).
21 26. The method of Claim 1 wherein the blocking oxide is thicker than the
first or second oxide spacers. 27. The method of Claim 26 wherein the
blocking oxide is between 5 about 450 and about 550 Angstroms thick. 22

26. The method of Claim 1 wherein the blocking oxide is thicker than

the first or second oxide spacers.

27. The method of Claim 26 wherein the blocking oxide is between

5 about 450 and about 550 Angstroms thick.
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