THRESHOLD VOLTAGE IMPROVEMENT EMPLOYING FLUORINE
IMPLANTATION AND ADJUSTMENT OXIDE LAYER Field of the Invention
[0001] The present invention generally relates to semiconductor devices, and
particularly to field effect transistors having different threshold voltages
through a combination of fluorine implantation and an adjustment oxide
layer, and methods of manufacturln%Me same. Bac ground of the Invention
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off-current per unit length. Field effect transistors having a high threshold
voltage are typically called "low power" devices, which have a low on-current

Field 8P & pifscurrent. Field effect transistors having a low threshold voltage
are called "high performance" devices, which has a high on-current and a
high off- current. By employing a mixture of low power devices and high
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high performance device employs a doped semlconductor well having a low

ntration, while a low power device employs another doped
BaCk%@M(?ffgbé%mveff%avmg a high dopant concentration. Conventionally, for

each setting of well doping, a dedicated implantation mask is employed
during a corresponding ion . implantation step for formation of a doped

(0002} chiicByiat SR I YRt ARG eRBLY hY H@%é’%ﬂf‘éﬁft’ﬁ%ﬂd@@ﬁtﬁﬁ having

differéReihEaREMING1t Q004 IN-_RAEioN i Wedeasad PROERSSHIPEOSHIRMARWETeld
devices employing a dciﬁed semiconductor well having a high dopant

effectéa%éﬁtﬁréﬂ?&ﬁla%@ah wrehalthiplage drihdieHeakade 1°F‘§/be‘éiﬂ flsices, which
have PRV fieldeffestdransistars distlaymyalbe-of rarsrasiunatiap éqalaaaeeshold

voltage are called “high performance” devices, which has a high on-current and a high off-
current. By employing a mixture of low power devices and high performance devices, a

semiconductor chip may provide optimal performance at an optimal power consumption level.

[0003] Devices having different threshold voltages may be obtained by varying dopant
concentration of a doped semiconductor well in which the body of a field effect transistor is
formed for each value of the threshold voltages. Thus, a high performance device employs a
doped semiconductor well having a low dopant concentration, while a low power device employs
another doped semiconductor well having a high dopant concentration. Conventionally, for each
setting of well doping, a dedicated implantation mask is employed during a corresponding ion
implantation step for formation of a doped semiconductor well, which increases processing

complexity and cost of manufacturing.



current over forward junction leakage current ratio that is many orders of
magnitude higher than a corresponding value for high performance devices.
Thus, low power field effect transistors require a high threshold voltage.
Because complementary metal-oxide-semiconductor (CMOS) circuits
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circuits. [0005] N-type field effect transistors having a high threshold voltage
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semicundortoityC ) eindetlying high-k gate dielectric layer has proven to be
difficult for manufacturing purposes. Summary of the Invention [0007] The
present invention provides a complementary metal-oxide-semiconductor
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selective patterning of the adjustment oxide. [0008] In the present invention,

thresholdvighages E mibdSditbr kb AR I98 formed in a first area reserved for

p-type field effect transistors. An ion implantation mask layer is formed and

[0006] Selective removal of the adjustment oxide layer only from areas of p-type field effect
transistors while maintaining the adjustment oxide in areas of n-type field effect transistors has
been proposed to increase threshold voltages in p-type field effect transistors. Because the
adjustment oxide layer is typically less than 1 nm thick, however, such selective removal of the
adjustment oxide while maintaining uniformity of the underlying high-k gate dielectric layer has

proven to be difficult for manufacturing purposes.
Summary of the Invention
[0007] The present invention provides a complementary metal-oxide-semiconductor (CMOS)

structure having high threshold voltages for both p-type field effect transistors and n-type field

effect transistors having the same composite gate stack of a high-k gate dielectric layer and an



patterned to provide an opening in the first area, while blocking at least a
second area reserved for n-type field effect transistors. Fluorine is implanted
into the opening to form a fluorine- doped epitaxial semiconductor layer and
an underlying fluorine-doped semiconductor layer in the first area. A
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adjustment oxide layer is formed in the first area and the second area. Gate
emplostigiasieeAits RRiGENHY & ighterdiratdtor dHe a stack of a high-k gate
dielectric and an adjustment oxide portion, are formed in the first and second

areas to form at least one p-type field effect transistor in the first area and at
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4.0, a second adjustment oxide portion, and a second conductive gate
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aspect of the present invention, a method of forming a semiconductor
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semiconductor layer on a top surface of a semiconductor substrate in a first

area, wherein a
[0009] According to an aspect of the present invention, a semiconductor structure is provided,

which includes: a p-type field effect transistor including a first gate stack and located on a
semiconductor substrate, the first gate stack including, from bottom to top, a first high dielectric
constant (high-k) gate dielectric having a dielectric constant greater than 4.0, a first adjustment
oxide portion, and a first conductive gate material portion, wherein the first high-k gate dielectric
abuts a fluorine-doped semiconductor layer; and an n-type field effect transistor including a
second gate stack and located on the semiconductor substrate, the second gate stack including,
from bottom to top, a second high-k gate dielectric having a dielectric constant greater than 4.0, a
second adjustment oxide portion, and a second conductive gate material portion, wherein the

second high-k gate dielectric abuts a substantially fluorine-free semiconductor layer.



second area of the semiconductor substrate includes a substantially
fluorine-free semiconductor layer; forming an unpatterned stack of a high
dielectric constant (high-k) gate dielectric layer, an adjustment oxide layer,
and a conductive gate material layer over an entirety of a top surface of a
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a first adjustment oxide portion, and a first conductive gate material portion.
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formation of an epitaxial semiconductor layer. [0014] FIG. 3 is a vertical
cross-sectional view of the first exemplary semiconductor structure after
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cross-sectional view of the first exemplary semiconductor structure

Brief Description of the Drawings

[0012] FIG. 1 is a vertical cross-sectional view of a first exemplary semiconductor structure after

formation of an n-doped semiconductor region 12A and a p-doped semiconductor region 12B.

[0013] FIG. 2 is a vertical cross-sectional view of the first exemplary semiconductor structure

after formation of an epitaxial semiconductor layer.

[0014] FIG. 3 is a vertical cross-sectional view of the first exemplary semiconductor structure

after formation of a semiconductor oxide layer on the semiconductor substrate.



after formation of an unpatterned stack of a high dielectric constant (high-k)
gate dielectric layer, an adjustment oxide layer, and a conductive gate
material layer over the entirety of a top surface of the semiconductor
substrate. [0018] FIG. 7 is a vertical cross-sectional view of the first
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second gate stack. [0019] FIG. 8 is a vertical cross-sectional view of the first
after remayi | ahyhseipieisRBdees tridedrenuiér Torraansr Beassaygareld effect
transistor in the first area and an n-type field effect transistor in the second

area. [0020] FIG. 9 is a vertical cross-sectional view of a second exemplary
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. 10 1s a vertical cross-sectional view of a third exemplary semiconductor
and arstrodttipenat fla@tiop-dopeskponidivTyltothtGiysr. Detailed Description of the
Invention 5 [0022] As stated above, the present invention relates to field
effect transistors having different threshold voltages through gate dielectric
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fth Referring to FIG, 1, a first exemplary semiconductor structure according to a
of the gexpiconfucinnarh ke present invention includes a prototype

semiconductor substrate 6. The prototype semiconductor substrate 6 is a
semiconductor substrate, i.e., a substrate including a semiconductor portion,
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after (RERIEPRAIGII R yafelentosRIaddBadisiateri 00, a second semiconductor
layer 12B located in a second area 200, and a shallow trench isolation

structure 20. The semiconductor
[0019] FIG. 8 is a vertical cross-sectional view of the first exemplary semiconductor structure

after formation of a p-type field effect transistor in the first area and an n-type field effect

transistor in the second area.
[0020] FIG. 9 is a vertical cross-sectional view of a second exemplary semiconductor structure
that may be formed concurrently with the first exemplary semiconductor structure at a step

corresponding to FIG. 8.

[0021] FIG. 10 is a vertical cross-sectional view of a third exemplary semiconductor structure at

a step corresponding to FIG. 8.

Detailed Description of the Invention



material for the first semiconductor layer 12A and the second semiconductor
layer 12B may be selected from, but is not limited to, silicon, germanium,
silicon-germanium alloy, silicon carbon alloy, silicon-germanium-carbon
alloy, gallium arsenide, indium arsenide, indium phosphide, IlI- V compound
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semiconductor materials, and other compound semiconductor materials.
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rises a dielectric material such as silicon oxide, silicon nitride, silicon
oxynitride, or a combination thereof. The prototype semiconductor substrate

be a.b bstrate, a semiconductor-pn-insulator (SOI) substrate,.or a
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non-overlapping portions of a top semiconductor layer of an SOI substrate or
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12B is single crystalline, i.e., have the same set of crystallographic orientations, or “epitaxial.”
For example, the first semiconductor layer 12A and the second semiconductor layer 12B may be

single crystalline silicon layers.

[0024] The shallow trench isolation structure 20 comprises a dielectric material such as silicon
oxide, silicon nitride, silicon oxynitride, or a combination thereof. The prototype semiconductor
substrate 6 may be a bulk substrate, a semiconductor-on-insulator (SOI) substrate, or a hybrid
substrate having a bulk portion and an SOI portion. The prototype semiconductor substrate 6
may further included a buried insulator layer 11, and a handle substrate 9. The buried insulator
layer 11 comprises a dielectric material such as dielectric semiconductor oxide or dielectric

semiconductor nitride. The handle substrate 9 may comprise a semiconductor material, an



layer 12A and the second semiconductor layer 12B may be substantially
coplanar. The first semiconductor layer 12A may be an n-type well, and the
second semiconductor layer 12B may be a p-type well. Typically, the dopant
concentration in the first and second semiconductor layers (12A, 12B) may
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fluorine does not exceed a trace level, which is less than 1.0 x 1014/cm3.

[0026] A third semiconductor layer (not shown) having an n-type doping may
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the epitaxial semiconductor layer 30 may be effected, for example, b
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does not exceed a trace level, which is less than 1.0 x 10"%/cm’.

[0026] A third semiconductor layer (not shown) having an n-type doping may be formed in a
third region (not shown) of the prototype semiconductor substrate 6 and a fourth semiconductor
layer (not shown) having a p-type doping may be formed in a fourth region (not shown) of the
prototype semiconductor substrate 6 to form additional devices. Additional areas such as a third

area (not shown) and a fourth area may be provided in the semiconductor substrate.

[0027] Referring to FIG. 2, an epitaxial semiconductor layer 30 is formed selectively on the top
surface of the first semiconductor layer 12A. The epitaxial semiconductor layer 30 may

comprise a different semiconductor material than the first semiconductor layer 12A. For



the first semiconductor layer 12A is exposed, while the top surface of the
second semiconductor layer 12B is covered by the dielectric masking layer.
A selective epitaxy process deposits a semiconductor material only on
exposed semiconductor surfaces, while nucleation or deposition of the

examSeMIGARGLGIQEMatatal @ digleetic Suriaces IS uRRIRSSBELAEGENEe epitaxial
selective epitaxy, the remaining portion of the dielectric masking layer is
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and greater thicknesses are also contemplated herein. The epitaxial
semiconductor layer 30 may comprise the same material as, or a different
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the refhBmB@Mise0AUT teaxilectaan Skindoipred etnalhesposed semiconductor
surfaces including the top surface of the first semiconductor layer 12A and

the top surface of the second semiconductor layer 12B. The semiconductor
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silicon oxide, or may comprise a dielectric stack including a semiconductor
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material from, the first semiconductor layer 12A. A different material may be preferable in some

cases to enhance the mobility of carriers in the channel of a field effect transistor to be
subsequently formed in the first area 100. The epitaxial semiconductor layer 30 may be formed
with in-situ n-type doping, or without doping. Alternately, the epitaxial semiconductor layer 30
may be autodoped with n-type dopants as the n-type dopants diffuse up from the underlying first
semiconductor layer 12A during the deposition of the epitaxial semiconductor layer 30. For
example, the first semiconductor layer 12A may be an n-doped single-crystalline silicon layer
and the epitaxial semiconductor layer 30 may be an n-doped single-crystalline silicon-germanium
alloy layer. The prototype semiconductor layer 6 and the epitaxial semiconductor layer 30

collectively form a semiconductor substrate 8.



lesser and greater thicknesses are also contemplated herein. The
semiconductor oxide layer 32 may be employed for devices other than field
effect transistors requiring the thinnest gate dielectric. For example, the
semiconductor oxide layer 32 may be employed in the third area (not shown)
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Referring to FIG. 4, the semiconductor oxide layer 32 is removed from first

surfacgred %@d@ﬁ@n@ﬁéagqq@bwz@dwﬁé 1 XPonT hesepposudaeies ofided et 32 may be a
smgleﬁﬁ?&kc&"&’ LGIRE SRUGE AP OAANG §§§ﬁ[&%n§SHHEO&%8§P fsgf%%léféctnc stack

general, the semiconductor oxide layer 32 is removed reas in which
1nclum@mh§ﬁencmmgl®q@mmwhedqur aftednverld)@cﬁ@rthmgg)(@@ﬂy §ENO

stack)foﬁqllg an %m& dé’%*i:c&% Qrgqu %%i% ﬁ%h%ﬁ Hﬂ?t urt%m although

semiconductor oxide layer may e mantalne rd and
lesser ragi @nsa{eothstiovesse mavehito add&mp%@tlygmﬁelﬂf@fmﬁmmds@tmemddlayer 32

n-t field effect Irans tors ar ntl rmed Selec ive.removal
may B B S R ) S S R R e R RN 3
dieleceflch Hm&kim{ﬂe (et sshdssn) andreaidéngyan ﬂahaﬁbecmtp]mymlyrthlee third area (not

o R A U T R St S Shae e
additiSRINiSoyUtEd mta&amammwwmmmm@pmeamam

be, for exa ple, patterned photoresi er. The patterned etch mask
emplaydesaie il el ‘Eer%b%%f% Ytﬁ%%’% é%‘ﬁ%ﬂ%%ﬁ%&@e Tefyepig3ler

than 15[8832] Referrlng to FIG. 5, an ion implantation mask layer 37 is formed on a
top surface of the semiconductor substrate 8. The ion implantation mask
layer 37 may be, for example, a photoresist layer. The ion implantation mask

[0031|aK8fRdnS RAtRINEAHE Jarm-aaPeRInA R RYIeaN iihenisstaiesn 8%iAnd second

ose the top surface of the epitaxial semiconductor layer 30 ﬁSee FIG. 4),

areas (/J/Fﬁe?&svmmfm@éb%m sarbac o0, thaditisaaieandwel ahkstid ared firotecond
semicSHAVHBIMA%PO®B. In general, the semiconductor oxide layer 32 is removed from areas in

which field effect transistors requiring the least effective oxide thickness (EOT) are formed or
semiconductor surfaces are desired. For example, the semiconductor oxide layer 32 may be
maintained in the third and fourth regions (not shown) in which additional p-type field effect
transistors and n-type field effect transistors are subsequently formed. Selective removal of the
semiconductor oxide layer 32 may be effected by forming a patterned etch mask layer (not
shown) and causing an etchant to etch only the exposed portions of the semiconductor oxide
layer 32 through openings in the patterned etch mask layer, while the unexposed portions of the
semiconductor oxide 32 are not etched. The patterned etch mask layer may be, for example, a
patterned photoresist layer. The patterned etch mask layer is subsequently removed selective to

the semiconductor oxide layer 32.



covered at this step. [0033] Fluorine-containing ions are implanted through

the at least one opening in the ion implantation mask layer 37 into the

exposed portions of the semiconductor substrate 8 within the first area 100.

The fluorine-containing ions may be, for example, F or BF2 ions. The ion
[0032iMRRREaloR sk ayeihs (hitakadbs HeKingGoManNingHansin 3 SEERRCLT the

area 200. The fluorine-containing ions convert the epitaxial semiconductor

semicpdicy SStEHUDpEPDHTOMRIPHRIIRIPIBHAREHAYERSY (BS-dPn ORaTRRe. 2
photofgé?srlj@@yﬂppﬁ% ?@ﬂﬁ%ﬁ?ﬂﬂﬁ%ﬁlﬂﬁ‘gﬁs}a Regific l))ft@tllﬁgdfﬁb'%iﬁﬁ'eﬁf’%@iﬁﬂggin at least

ions convert the epitaxial semiconducfor layer 30 into a first fluorine-doped

the firseprieoiiilicternaye theonp ikl bhoopiyiiy fupinedisadaemidhdadtss. 4).
while @& AN IR HRPGFROHON A ag %F%GAHEPH{%%EM AR AN Rmay be

second fluorine-doped semiconductor layer 40B, which is an underlying
coverétljatrihes dsped semiconductor layer. The first fluorine-doped semiconductor

layer 40A and the second fluorine-doped semiconductor layer 40B are herein

collectively referred to as at least one fluorine-doped semiconductor layer 40.
[0033T Riufirstefloariney gpped seniquaciedtortaysdrthe At dawd ttheesgemngg in the ion
. fluarine-doped semiconductor layer 40B incl fluorine at a dopant I
impla T D e T ST o B et e R e 8 within e
first aftaorite-dbpethseneicondiiciog laye nd@Adgridribeasgdent duBlinaanpathe ion

: semicondyctor layer 40B include fluorine at a dopant concentration t

mplagi0% 58 GO ATk HEALYRB AR ALK EOHb U AEORHHGR 2  he

fluoridOEAMeanBio ibd} ¥ok2i/ e Ipaltkiolghgeatkic rdaRssyy Auamapper portion of the
concentrations are also contemplated herein. The volume of the first

first s R RGN SR Rty ey RO YRR AR5 SEHFORTHESE e Se ctprg tically, the
fluoriftlebn@iHRRadBarvitRRdUstopitlayR 48Bicbaduoingyemeatdhatis mplaatbped

by the fluorine-containing ions. 10 [0034] The above steps produce a

semicgfiligigielaeitiing Whishit shevribitetiones-densd srairaplupige e oind the
upper BB EHfaEmOTRE ssamisRMestan i DstralRS ina Hrat misant0dprbilethconductor

second area 200 of the semiconductor substrate 8 includes a substantially

layer 4Brivbigfels 3BHSHIIG S tEsr RSt RaR IeRNIBEOR P RMIEBR AttiE RIS doped
semicoRrct3r5APae ARLAdiMmRNS e Beaond dbHRENemiconductor layer 40B are herein

collectively referred to as at least one fluorine-doped semiconductor layer 40. The first fluorine-
doped semiconductor layer 40A and the second fluorine-doped semiconductor layer 40B include
fluorine at a dopant concentration greater than a trace level concentration. Thus, the first
fluorine-doped semiconductor layer 40A and the second fluorine-doped semiconductor layer 40B
include fluorine at a dopant concentration greater than 1.0 x 10"/cm’, and preferably at a dopant
concentration from 1.0 x 10'"/cm’ to 1.0 x 10*!/cm’, although greater and lesser fluorine
concentrations are also contemplated herein. The volume of the first semiconductor layer 12A is
reduced by the volume of the second fluorine-doped semiconductor layer 40B, i.e., by the volume

that is implanted by the fluorine-containing ions.
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doped semiconductor layer 40B and the second semiconductor layer 12B
comprise the same semiconductor material, which is different from the
semiconductor material of the first fluorine- doped semiconductor layer 40A.
For example, the second fluorine-doped semiconductor layer 40B and the

[0034PEGR b SEIICHIPHSIAE LAY AR RN REnY RO IR LEYSHE KNS RICRIHED RS @Muctor

the first fluorine-doped semiconductor layer 40A may be a slliggrle crystalline
A

layer 4()iepA-tperivairmefainsy e ooms s SdRd SEtioHerf Bgsecond
area 280{GAPALGRLIRNRIS (G RRHARB) ihaR AL RiRE (ARt A & S8RARGhductor

semiconductor layer 12B, which is a substantially fludrine-free

layer, sdnvibonthecterdngsennaendsigplexssgitg. Theowa amprditagien. thasrdayeéfluorine-
doped%%ﬁﬁ&ﬂﬁﬁl%%ﬁ or A6B'ANE %JQQ&ﬁlﬁgfﬁng}ﬂiﬁQtEﬂﬁy@ ?2@%8}2%@8%% same

constant (high-k) gate dielectric layer 50 is deposited “on the entirety of the
semictmdwiriaratofithevduohicoddiatot Sus tizte BniThrdhitbr kngteaad e datrforsiceerine-
Q15 49K ‘??ﬁ‘;ﬁ? oged sy S RL e first ﬁ“-e'cdi i tor 1
dop edssgﬁggn Uctor [t ye?fq‘gA §n§ t?:ﬁgéebor%c%%%)m?coﬁ%?gc%o? %’cﬁrg«: fﬁﬁ%“f vetor fayet
40B amktiosisone sknovendodtoe aseintidingy fersiegbnpyetatiersidaiondpyers, and the
. e os[t'on VD), physical.vapor deposition (EPV ?) moalecular. eam )
s G AR (AE) RO 1A0a) ACh v DS e SO rggrmaniom llo
layer. chemical deposition (LSMCD), atomic layer deposition (ALD), etc. The
high-k gate dielectric layer 50 includes a dielectric metal oxide having a
dielectric constant that is greater than the dielectric constant of silicon oxide

[0035p T8O idypicdlycdhe Mighnkegiipedisdaditrin thivesrI0yBas @0dieBmnie sengiantype
greater than 4.0. Preferably, the hi(lgh-k gate dielectric Ia%/,er 5Q has a

doping; apchthe $E5ARIRG IR H05 8 TS dish AS RS Rl RoH HigFek

semicOMIRial RRBEaHING B tjRiAbPNRE OAYRE 0N 3R lisn kRN MR KNG @rBasshighskquently
gate dielectric materials. Exemplary high-k dielectric material include Hf02,

removefn2 | a203, A1203, TiO2, SrTiO3, LaA103, Y203, HfOxNy, ZrOxNy,
La20xNy, AI20xNy, TiOxNy, 11 SrTiO,Ny, LaAIONy, Y20xNy, a silicate
thereof, and an alloy thereof. Each value of x is independently from 0.5 to 3

[00364 RelssinevaIlidComty idhighepelaeeisirnomiohish-kyrataiigsesic dpyer S0 is deposited

on the entirety of the top surface of the semiconductor substrate 8. The high-k gate dielectric
layer 50 is formed on the exposed surfaces of the first fluorine-doped semiconductor layer 40A
and the second semiconductor layer 12B by methods well known in the art including, for
example, chemical vapor deposition (CVD), physical vapor deposition (PVD), molecular beam
deposition (MBD), pulsed laser deposition (PLD), liquid source misted chemical deposition
(LSMCD), atomic layer deposition (ALD), etc. The high-k gate dielectric layer 50 includes a
dielectric metal oxide having a dielectric constant that is greater than the dielectric constant of
silicon oxide of 3.9. Typically, the high-k gate dielectric layer 50 has a dielectric constant greater
than 4.0. Preferably, the high-k gate dielectric layer 50 has a dielectric constant greater than 8.0.
The dielectric metal oxide is a high-k material containing a metal and oxygen, and is known in
the art as high-k gate dielectric materials. Exemplary high-k dielectric material include HfO,,

ZI'Oz, L21203, A1203, TiOZ, SI‘TiO3, LaAlO3, Y203, HfOXNy, ZI'OXNy, LaszNy, AIZOXNy, TiOXNy,
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the high-k gate dielectric layer 50 may be from 0.9 nm to 6 nm, and
preferably from 1.2 nm to 3 nm. The high-k gate dielectric layer 50 may have
an effective oxide thickness on the order of or less than 1 nm. [0037] Without
patterning the high-k gate dielectric layer 50, an adjustment oxide layer 60 is

SiTiOIRPOsHgINeCHy@Nthe grpasaasesfacks af e isddotaiadislericieiayer

50 by methods well Known in the art |nclud|ng for example, CVD, PVD,

mdepwé@ﬂp from GRieB aAﬂBaCéltaairﬁé)fafdywﬁ?@ﬁ@@ﬁa&é fag)@rﬂa@ 80%%@%@ of
the hlgﬁ iheareundihielenens And 8888 un B &IRMENtSndSReCiEMI¥rdhe1 2 nm to 3

adjustment oxide layer 60 may comprise Be, Mg, Ca, Sr, Ba, Ra, Sc, Y, La,
nm. khe high- Naatpmelsmlelaywmamaww@ﬁmvw% thicknessapithstioer of or
less tHheienf, Typically, the adjustment oxide layer 60 consists of an oxide of Be,

Mg, Ca, Sr, Ba, Ra, Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er,

Tm, Yb, Lu, or a combination thereof The thickness of the adjustment oxide

oo R eI A YRR

depospedteirticigythe mdjasmwdthﬁa@mwﬁdh@dog\ﬂachvbcgatelmatéﬂdi}lalyeh(‘ms well

for ? d|r tl the a lﬁfﬂ% %ﬁr h
know%é?t%glaé ac a#ﬁé%gﬁf} QLD éctrlc fayer € adjus m’en gtm C The

adjustiayer (ﬁﬁdameh60:omdpﬁtwe(g&tefmm%rtaiﬂamremnam torirtee @sugidiiiBetlements.

s T PG S AT, o corchctus s sl [ e e, .

Pr, NdOPaQShA, clagecai,r%tabya [AyeFisThaglodedin dha e@mduﬁum gadecofateyisically, the
layer 70, the mr$§lllc layer may contaip a metal conductl e metallic

adJ“Stngd‘} Nitls- et 00 sshbied 8F thedn gt Mea Fh S/e% foi-thé Pr Nd,

Pm, SmeRlliclayes, iDglude, W, Tan, T, Zdhbrldfbbﬂyﬂ}hdﬂbhlth%fMe thiditNest @ the
TaMgC, TaCN, another conductive refractory metal nitride, or a combination

adJustHreah oxifls, ek 88maY R HombRam Byt iR ABRUd  SiPpd tioushdarsra g greater

thickrdeRASIHON(CMPBciRh¥IsRYFR)IIdeposition (PVD), atomic layer deposition
(ALD), vacuum evaporation, etc. The 12 metallic layer may comprise a metal

from Group IVB or VB of the Periodic Table of Elements or
[0038] Without patterning the adjustment oxide layer 60, a conductive gate material layer 70 is

formed directly on the adjustment oxide layer 60. In other words, the vertical stack of the high-k
gate dielectric layer 50, the adjustment oxide layer 60, and the conductive gate material layer 70
are formed as blanket layers without any patterning. The conductive gate material layer 70 may

be a metallic layer, a conductive semiconductor layer, or a combination thereof.

[0039] In case a metallic layer is included in the conductive gate material layer 70, the metallic
layer may contain a metal or a conductive metallic alloy. Non-limiting examples of the material
that may be employed for the metallic layer include W, Ta, TiN, ZrN, HfN, VN, NbN, TaN, WN,
TiAIN, TaC, TaMgC, TaCN, another conductive refractory metal nitride, or a combination or an
alloy thereof. Such a metallic layer may be formed by chemical vapor deposition (CVD),

physical vapor deposition (PVD), atomic layer deposition (ALD), vacuum evaporation, etc. The
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other transition metals. The thickness of the metal layer may be from 5 nm to
100 nm, and typically from 10 nm 50 nm, although lesser and greater
thicknesses are also contemplated herein. [0040] In case a semiconductor
layer is included in the conductive gate material layer 70, the semiconductor

metal lRYBYEPAL G RBRPESa RRlyaHsialtne g BBasPRaIsSEReR[UC ORI EHRIments or
which includes at least one of silicon, germanium, silicon-germanium alloy,

other gpRoHEERSH AIIGYC SirtssSirRmFHCENsEMANGF, HamumiarieHi@em, and
typical D iOmAre Gidsy ind] léﬂhgg‘é?m&? Al YreRPRANAE SREUFORRB G templated

~materials, 11-VI compound semiconductor materials, organic semiconductor
hereinmaterials, and other compound semiconductor materials. The semiconductor
layer may be deposited with in-situ doping as a doped semiconductor
material layer, or may be deposited as an undoped semiconductor material
[0040]alyecaand stbseadeny doped hyelodedmplbatatidnciyegticknessabldme 70, the

. icon or | ) I £10 0 t It .
semic B L P AR s AR
whichTihclsdas angatteneed stackogthadngimhigheckyatendieleotridligyerlisOptbwebon alloy,
adjustment oxige Iaﬁer 60 lﬁlnd the conductive gdate ] ateri(gllgl{?geﬁ 70.is

silicon-gertignium-carpon & B ATSeRme. Hhdiim asenide, e%SprSSf’ZHH_V

med over an erﬁ]tlre%’pgsurlflace of the SEmiconductor su
comp&ekesndctm FlG o natirstlgdie\dtackpowhd sananddaterstackradie, formed by

. lithographically patterning the stack of the high-k gate dielectric layer.50, the
semicgRRRATRAS 5K CORPENE LB ARl LR R P Cr
layer fikst Batkséaickd svidined in dogifigsisardapd O randiiecsacoat gaten géack isay be

formed in the second area 200. The first gate stack includes, from bottom to
deposiisd a3 AP RGRCH SRR RN BHOERR(FIGh R JAR dipaeqHE ARGy Ton

implaRAISAMERE BILEROBIANCRMA @itliacislcenaustive faatepaieli@npotiaBout 120
70A. The second gate stack includes, from bottom to top, a second high-k

nm, alihpuehdestqriensopcyLdbiskassradinalio sxrlc gy resttash d9d_eond

conductive gate material portion 70B. The patterning of the stack of the

high-k gate dielectric layer 50, the adjustment oxide layer 60, and the
[0041&3(?(%&@@%1@(1 stack of the high high-k gate dielectric layer 50, the adjustment

oxide layer 60, and the conductive gate material layer 70 is formed over an entire top surface of

the semiconductor substrate 8.

[0042] Referring to FIG. 7, a first gate stack and a second gate stack are formed by
lithographically patterning the stack of the high-k gate dielectric layer 50, the adjustment oxide
layer 60, and the conductive gate material layer 70. The first gate stack is formed in the first area
100, and the second gate stack is formed in the second area 200. The first gate stack includes,
from bottom to top, a first high dielectric constant (high-k) gate dielectric 50A, a first adjustment
oxide portion 60A, and a first conductive gate material portion 70A. The second gate stack
includes, from bottom to top, a second high-k gate dielectric 50B, a second adjustment oxide
portion 60B, and a second conductive gate material portion 70B. The patterning of the stack of

the high-k gate dielectric layer 50, the adjustment oxide layer 60, and the conductive gate
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material layer 70 may be performed in a same step, or may be performed in
multiple consecutive steps. In either case, the sidewalls of each of the first
and second gate stack are substantially vertically coincident. [0043] The first
high-k gate dielectric 50A and the second high-k gate dielectric 50B are
materfQITREG RYrRAISEHEGMhERIGNK SatesfisesthiayaepcrforRa fil shadpeiBoRticutive
oxide portion 60A and the second adjustment oxide portion 60B are formed
steps. g sEther g the sdfstHient eielidifelisd ?nﬁrﬁ@qﬂafﬁ) gafsdiglargabstantially
verticAMGEsiaLRRtion 70A and the second conductive gate material portion 70B
are formed by patterning the conductive gate material layer 70. The same
pattern is transferred through the stack of the high-k gate dielectric layer 50,

[0043@“%@‘11&’&‘1%?@9&0 eV S5 R0 QRANET F‘%(l?%tﬁd{%a&f‘eﬁi@éd’?é/ 858 AiOformed

orm the first and second gate stacks. Thus, the sidewalls of the first high-k
by patggrrengi¢hedirgh30gamrdislgbisiamiedhyd0erlibalfiir soidsisiorenivitki da osidandlls afd the
e fi justment oxide parti i Is_of the first conducti
second S B O A IR Al L IR SR Y o
The fidieteoidic608gate nsibswphaiyn/édtcally dwineided tomitfuthe sigitovaliscofitiportion
second adjustment oxjde portion.60B and the sidew the seco .
708 o B e B e SRS AR AT SRR ern

transfelielé chriculgy ercs@aiskfof nhechidhek ibytorlidiectoip bydase, dfdhejfitsient oxide layer 60,
fluorine-doped semicanductor_Jayer.40A, the first high-k gate dielectric, 50A
and g S TR B AT L0 P g SEFRTE Rl A e LRk
sidewhiglokigater dialebtkie e Bialedts cthessecondsentisonaueiolgyei dzdnuwich the
.. is.a substantially fluorine-free semiconductor layer. The first high-k gate .
Sldew&i’é@ffﬁ& gb%aﬁ’i‘ésfﬁ?‘&a%@%&?%%iﬁg# aRd @ﬁ&ﬂ%‘&ﬁé@?ﬁ eﬁ@éﬁaﬁw&e gate
materB@{Rislectic S0Rew e, fistsagiusimentiexidedartinm &0/ b adbe sases are
osition and thickness as the second adjustment oxide portion 60B.

com ; ) s C ¢ .
Substa[@fe@l%] yeahsAli g eaneidsng with, R draaliserd dhe SFReab Ao iRrmg Qi ikigRgrtion 60B
and tH3tAStank (P &M d @hdisHosned indhadirsbarea ), and an n-type field

effect transistor including the second gate stack (50B, 60B, 70B) is formed in
the second area 200. Source and drain extension regions (not shown

[0044F 2RI V) ARG NRIQFE UM LT /20 W iSERAFRIEMIA K HAORS D urface of the
first fluorine-doped semiconductor layer 40A, the first high-k gate dielectric 50A abuts the first
fluorine-doped semiconductor layer 40A. Likewise, the second high-k gate dielectric 5S0B abuts
the second semiconductor layer 12B, which is a substantially fluorine-free semiconductor layer.
The first high-k gate dielectric 50A has the same composition and thickness as the second high-k
gate dielectric 50B. The first adjustment oxide portion 60A has the same composition and

thickness as the second adjustment oxide portion 60B.

[0045] Referring to FIG. 8, a p-type field effect transistor including the first gate stack (50A,
60A, 70A) is formed in the first area 100, and an n-type field effect transistor including the
second gate stack (50B, 60B, 70B) is formed in the second area 200. Source and drain extension

regions (not shown separately) and halo regions (not shown separately) in the n-doped
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14 semiconductor region 12A and the p-doped semiconductor region 12B are
formed by ion implantation. Thereafter, first and second dielectric gate
spacers (80A, 80B) are formed by methods known in the art, i.e., deposition
of a conformal dielectric material layer followed by an anisotropic etch that

semictRINRYSSROZOMA! fRItIRNS. dvpeIebmihsnrainiigorertisahrRavians el tha
conformal dielectric material layer becomes the first and second gate spacers

implapggengdhyredinsstiiantlycovepdsisréacasicdrareion Sl dARrivisd ¢raed by
methdd€ERERAIHeHORR the, S SRS e e aiRB ISt A aiR A1 flowed by an

~second source region 95, and a second drain region 96. [0046] The p-type
anisotfieir effdcthrbrsivesheniseyd fpstienslerhsechx b sprapainspacativalrssipgs of the

confoffrd ?dle?@ctﬁ@ kRl ‘i’e[fé? BEAAR e FACRE %%Jﬁéltg%?é%ﬁgcé‘?ﬂgﬁzﬁfsgﬁ‘j’.

the first drain region 94 has a p-type doping and including a portion of the

Subsefinsmilyoderp dopesd sedrisundoreionibapsatiaonasnpes prontid toofore the domdsource
. flgorine- em| ctar r . Specifigall e fi rce regi
o o S s e s el b BT ER S

second fluorine-doped semiconductor source portion 92B. The first

lyorine-do gl emiconductor source poption 92A is a portion of I'% fir
0048 G e anAL T DA FA Ok H LB e U RRE R St oure
regiorfl9Dyinetd dpedisemieginauBtoFschretipofiionsb2iBd seipardid amf tiefiectdrdh region

94 h quorine-d(PPped serai.coigd ctor I%\éer 40B on the fZour.ce 'de#ikewisedthe )
AiPR QYR T RSB 1S ‘ﬁﬂlé-’saap PR SR S L R RSB ctor Tayer
40A aporiipor@dA@Entesssesentliiuivrrépapadnisenicond lofer 40BN $yRiticioad4 Bthe first
Thei'gi]glf)%F luorjine-doped semiconductor drain portion 94A is a portjon of the
SOUrcqireg &daﬁ%&é&%ﬂsﬂaﬂ&a& PREGSF AR UH Y GPAHT SRS S nda second

fluoriS€deped Heiaitedierad seriGRIRHuR QT BIr M PEFIOMSABCSI GO idm @& tor
second fluorine-doped semiconductor layer 40B on the drain side. [0047]

sourceROHIPR it dsaPeripbybtha e duosaasiorRadAEHRug ik ieielinOm g source

side, 2 BBRIRBNAIANJBMPESBEArESni@ndBERRYRIHED HOHD BRG; G- paHEIBhe second
temperature processes induce diffusion of some fluorine atoms into the

fluoripgsArps bR G e diefie o e epusectiisler - #igWtitee 1B e drain region 94
includRS MERNAUGION AP CAREHURSLY YRHeHIPAM S48 alPTS MBI $iHHBINGsped

semiconductor drain portion 94B. The first fluorine-doped semiconductor drain portion 94A is a
portion of the first fluorine-doped semiconductor layer 40A on the drain side, and the second
fluorine-doped semiconductor drain portion 94B is a portion of the second fluorine-doped

semiconductor layer 40B on the drain side.

[0047] Some processes employed after deposition of the high-k gate dielectric layer 50 employ
high temperatures, i.e., temperatures above 800 °C. Such high temperature processes induce
diffusion of some fluorine atoms into the portion of the high-k gate dielectric layer 50 from a
fluorine-doped semiconductor layer located directly underneath, e.g., from the first fluorine-
doped semiconductor layer 40A. Such high temperature processes include an activation anneal

in which implanted dopants are activated, i.e., moves from interstitial sites into substitutional
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doped semiconductor layer 40A. Such high temperature processes include
an activation anneal in which implanted dopants are activated, i.e., moves
from interstitial sites into substitutional 15 sites, within the first source region
92, the first drain region 94, a second source region 95, and a second drain

sites, VREHANROHFQEARVRIBIANDACTNAAR BANERID PO NRARE SIRFBREEAHISS, and a
from 900 C to 1050 C after formation of various source and drain regions

secongiraiguregipnod); difkSegRPIEs3B RGP HPSBREhpRFHRIFcIAeadrBperature from
900 ﬁ%\fﬁm@ Iied Hers R[S he diffusier gidhe.flvrrinendiemdopslie iitiugh

igh-k gate dielectric 50A with fluorine, while the second high-k gate
lesser gdetigiécs OBNRSEEIRGS SUbatsh e mpbrpéieeani e the concentration of
fluorine in the second high-k gate dielectric 50B remains at trace level (1.0 x

1014/cm3) or below. The atomic concentration of fluorine atoms in the first
[0048highekl gatel dlieté tardlE0Mmaeyniredfrpen thaplpsnhighaktggiedmitiong fA0wsh

. ref rom . P.m. 9 .lesser tomic, .
fuori L LA R SRR R B IRy AR SR PRI TR PG 1. e
concetraatsistof iuthenfinst hreseddol inghidesie date distediBoaomprisinga stack(df0 x

14, a sfluorine-doped hjgh-k gate dielectric (the first high-k gate dielectric 50A) .. .
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50A nnylie Seconcdarea gRotineiudediamgatel @klectd pedmprigifrgra stgqek.of.ao 1 %,

tantially fluorine-free high-k gate dielectric (th d. high-k gat
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field difgbrkageiteodiglebérfir&iQiichas@invhiasah campledision dbatipriliffigre vttt a
.the first high-k gate dielectric 50A only by the presence of fluorine atoms.
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oxide Périnay dunhamnclyge Aesdbiantinlyilupinentr ee-pndaped spmicandyciehte
region located directly beneath the second fluorine-doped semiconductor

dielecfricqommisingristadsal hsandlbedyetnsniss Mehbeatadelsstdnithgsecond
high-1{lUREnE:{ERqR-$IAPLLh8AHECR RRIIaN PRGJACSHH AR Abasdl dmneath R sRCRRA -k

quorine-doged semiconductor source portion 92B, and the first drain region

gate deglefrigieia88 Rasapauaitn ISP mMpssition e sl Hser o Sinp Shadiso hehde sede
dielecHieSHX RARERINHDSRESRRDF fluorine atoms.

[0049] Optionally, each of the first source region 92 and the first drain region 94 may further
include a substantially fluorine-free p-doped semiconductor region located directly beneath the
second fluorine-doped semiconductor layer 40B. In this case, the first source region 92 includes
a substantially fluorine-free p-doped source portion 92C located directly beneath the second
fluorine-doped semiconductor source portion 92B, and the first drain region 94 includes a
substantially fluorine-free p-doped drain portion 94C located directly beneath the second

fluorine-doped semiconductor drain portion 94B.

[0050] The body of the p-type field effect transistor includes a first n-doped fluorine-doped body
portion 42U and a second n-doped fluorine-doped body portion 42L. The first n-doped fluorine-
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fluorine-doped semiconductor drain portion 94B. [0050] The body of the
p-type field effect transistor includes a first n-doped fluorine-doped body
portion 42U and a second n-doped fluorine-doped body portion 42L. The first
n-doped fluorine- 16 doped body portion 42U has the same dopant

dopedORBERIAANL2S the firstivering:ae Eﬁfi’ceﬁﬁfﬁﬂmttﬁ@fi@ﬁﬁé%ﬂﬁﬁé&o
e

formation of the first source region 92 and the first drain re%:on 4. T

semicgpdurareaeh et HnEAnE dopedipe Y Hertisn srRassee Saimrddbpastt drain region
94, T]ge@es‘(sﬁaaﬁl%&ﬁﬂﬁ%&&&faeﬂeﬁ%' SORRELSEIRICOREUGHRE %ﬁé@(ﬁl@ﬁ?&{ﬁ)n as

ormation of the first source region 92 and the first drain region 94. [0051 .
the sequpsl fleppadidrpedraemicandistin ikorRidEBas0E dh foaiertetriel ghedispaearce region

92 an@%,ﬁ&gﬁg&%@gﬂ@g'region 95, and a second drain region 96. Each of the
second source region 95 and the second drain region 96 has an n-type

doping. Each of the second source region 95 and the second drain region 96

: ‘ i : . 5
o0 SO ARRERILNE S MU AEE, on
sourc¢hegmtyPe fiettla effectdtidinsistion 96.sEoondisbarce segiom @8, rtwgosctomadl the

rain region 96, .and the body of.the n- type. field effect transistor g\évggchi he
secon g g S SRR o RN B B S SR Sy
seconfldnsinaefgam POQAS2prhel byrohinatitr af iheise cdnbkhighvkdgatei coaldettic BOBEr 12B.

and the second adjustment, oxide pqrtion 60B prayides high threshold .
The rGEAE Y I St BENISET P T A SEIng e b el
effecttiignprdype Tatdseftett itansisiarn coonensatesHhdriawesiignafehandhresiuddof the n-
voltage of the p-type field effect transjstor by the presence of the firs
type f‘égﬁ‘tf‘s%ﬁ?éﬁ‘ialﬁ%‘é?r DEPHTHIBER KT THAREROAHOR 1??%%{%%3&?“76&588%’5&@“
12B) iresiirasheld yoltagaotihe p-type field effect transistor is sufficiently raised,
I.e., the p-type field effect transistor has a sufficiently high threshold voltage

due to the fluorine-doped body of the p-type field effect transistor. [0053] FIG.

[00529 The dsHicAl AT aRCQBAL VIRN-RfA s eroRA:SXS MDA 8RMMEBRAYAIa ment
structure that may be formed concurrently with the first exemplary

oxide Hopticn RABREY dtechigh g)[r(asg% voltage to the n-type field effect transistor. The

fluorine doping in the body of the p-type field effect transistor compensates the lowering of the
threshold voltage of the p-type field effect transistor by the presence of the first adjustment oxide
portion 60A in the first gate stack (50A, 60A, 70A) so that the threshold voltage of the p-type
field effect transistor is sufficiently raised, i.e., the p-type field effect transistor has a sufficiently

high threshold voltage due to the fluorine-doped body of the p-type field effect transistor.

[0053] FIG. 9 is a vertical cross-sectional view of a second exemplary semiconductor structure
that may be formed concurrently with the first exemplary semiconductor structure at a step
corresponding to FIG. 8. The second exemplary semiconductor structure includes a second p-
type field effect transistor and a second n-type field effect transistor that are located on the
semiconductor substrate 8. The second p-type field effect transistor includes a third gate stack,

which includes, from bottom to top, a first semiconductor oxide portion 32C, a third high
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corresponding to FIG. 8. The second exemplary semiconductor structure
includes a second p- type field effect transistor and a second n-type field
effect transistor that are located on the semiconductor substrate 8. The
second p-type field effect transistor includes a third gate stack, which

dielectitelWRsa FQM RRIPRAIOIRR i SHEHRISAR A UREN DA RAHIRR BAEs dARIED), a
high 17 dielectric constant (high-k) gate dielectric 50C having a dielectric

third adipsiapr peite PARAPNLOCa2RMird o cARsisH Bk g pBiBHb Dertisnd ACthilde
secon&%%BEW&Q@%JP&B%Q%&BQH&%BZQ%&% _QQ%E'Wgﬁiﬁgl?J&%?from bottom to

transistor includes a fourth gate stack, which includes, from bottom to top, a

top, a§msgmm@qu@qﬁ@m6%@zﬁ9mbmgmwg@ialecaﬁélé@_méwsd@g a
dielecHAVINR Ga A SIRGHHIC AN BN AEALEL RN A TQUHR AU S HLX WG rth

portion 60D; and a fourth ‘conductive gate material portion 70D. [0054] The
conduging gate maekakpoiimad #Pthe third area 300 from which the semiconductor
oxide layer 32 (See FIG. 3) is not removed. Likewise, the fourth gate stack is
formed in the fourth area 400 from which the semiconductor oxide layer 32
[0054{Sée BiEd S)tisstamtkreniovect] Fhbditstrdaen Gdfducto mdnadia lpostion-8@dicndoxide
e miconductor oxi artion 32D have the same composition as
aver L S L e R e SRR B v
400 frohrevthicd kighRemjateddiatacisolb G an? titeddliGhHighakt gabeos el e dthic HGD

. _haye the same caompgsition as, and sybstantially the same thickn s, th
senic Rl SRR TIGHA Gt R SEOHRL YA ROk B L. BORHE i v e
same achysspnesi oxidedneitivmGaIG andstiref e tihaad s tiiestroxisiel pediask RidDayer 32.

have.the same composition as, and, substantially the same, thickness as, the
The U R S SER T B2 SR UL SO s b PSS
comp&anehclvengaiehaleiidy aeriond iy havadia sameseesnaasiior aadhe

first gate material ﬁ[iortion 70A, and the fourth gate material portion 70D ma

dieleciigd 34 saM ebRlbodtidhathirbadiusbrenyatidsasstian 59 iaH%B.fTeéésy]
adjusthd@s8GaRd iR iieldLifert tansistai R the.seaanspstipgafig chelissk

transistor have a greater effective oxide thickness than the p-tﬁ)e field effect
thickngssyistBe fﬁét@qgﬁgo@@@ apetment oxide portions (60A, 60B) of FIG. 8. The third

conductive gate material portion 70C may have the same composition as the first gate material
portion 70A, and the fourth gate material portion 70D may have the same composition as the

second gate material portion 70B.

[0055] The second p-type field effect transistor and the second n-type field effect transistor have
a greater effective oxide thickness than the p-type field effect transistor the n-type field effect
transistor in the first exemplary semiconductor structure, and may be employed to provide a
circuit requiring lower power consumption (typically at the cost of slower performance) in
combination with the p-type field effect transistor the n-type field effect transistor in the first

exemplary semiconductor structure.
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transistor in the first exemplary semiconductor structure, and may be
employed to provide a circuit requiring lower power consumption (typically at
the cost of slower performance) in combination with the p-type field effect
transistor the n-type field effect transistor in the first exemplary

[0056?@@!:@& @I@tﬂ’@}ﬁ%ﬂh&l@%ﬁﬁh@%@ﬁﬁ%&ﬁ&é@s&ﬁﬁ@ré@gm@%p
semiconductor structure is shown at a step corresponding to FIG. 8 of the

correspstding ey Sehibe Hatisrramraet N FRBAN SKasipraryT ke HiEd atcBRIATY

semic§H&lﬁ;éfHIesl§ugﬁfli¥?§jJéﬁ%g‘ﬁ(ﬂﬁsﬁﬁmwﬂﬁﬁ%? CORAUHE SHUGIERRY by omitting

omitting the formation of the epitaxial semiconductor layer 30 at the step
the fopppteaspohdingridaxid sonmuanduates losisindlfis|the feptapaissppdioetieetiiénrd. Thus,
the p-@ﬁS%’HBiaréfﬂ%%miﬁHE}%?tSf YRR %&%‘?@d}y%}ﬁiv&%&@é{r RO ENRes not include
rresponds to the epitaxial semiconductor layer 30, i.e., the p-type field
any patieotthtaansistepwidhe tihic ¢ pixenap kepisendiednd livteor ¥ricturteedotpabeld effect
ransid A58 54 QTN lORS S ERIGPLH SR SOUISS RPN B2 ASRRAS dopea
uorine-doped semiconductor source portion , and afirst n-c]iope
semicfioduirierdoped padipp8Rivrns2tdnd 053iivehileptiles amvientidnchasdeen portion 92B,
escribed in terms of specific.embaodi S, itis evident in view of the
and a%ﬂ%&éﬁ? eé;éléﬂ%ﬂ%_r{i ?ﬁg nﬁ%&g&ogq%%ﬁatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, the invention is
' ed to.encompass all such alternatives, modifications and variatians . .
10057 B SARHTAVARD G BE BRSSP TS G JNORin  vident i
view cfali®nsorkduigidescNpkiahithalainneetdgs hlédrs@mMisoRbdetatthicinByariations will be
comprising: a p-type field effect transistar including a first gate stack and

appargifyRoss !5t 4 QsrAltomsGetdmelhtiaiey Saie s st tdeieTivatmag 2l such

alternfkQrBs RISAM dRHER anfirsiriniabrdiQiBRicaIcnSiaNihighbpk)aatepdielecihi€ invention

having a dielectric constant greater than 4.0, a first adjustment
and the following claims.
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oxide portion, and a first conductive gate material portion, wherein said first
high-k gate dielectric abuts a fluorine-doped semiconductor layer; and an
n-type field effect transistor including a second gate stack and being located
on said semiconductor substrate, said second gate stack including, from

ClaimRoOttom to top, a second high-k gate dielectric having a dielectric constant
greater than 4.0, a second adjustment oxide portion, and a second
conductive gate material portion, wherein said second high-k gate dielectric

What d0UtsAegibstantially fluorine-free semiconductor layer. 2. The
semiconductor structure of Claim 1, wherein said first high-k gate dielectric
has a same composition and thickness as said second high-k gate dielectric,

1. A sBhsuhersin mﬁﬁtc&%ﬁgm nt oxide portion has a same composition and
thickness as said second adjustment oxide portion. 3. The semiconductor
strgethipe HeldIeifec? trakreseiniseliadigtanibi-Ragatéadictedibiciagitbsaiiet! seeond

- - ctr rise 8

Semlcg@éﬁ%‘g‘ﬁ%@% E%(?%gg%?( '%29’& hﬁﬂ% %%&?%%%%61@@ dielectric

constBt THDztNY), A iDetdiyriy BOwNg aalsilicatie dheveof, geatdichiandréod, famdadjustment

st0|c tric vay |ants th reof wherein.each va ue of depend ntly

oxide P I B R S R W S T B

dleleca’m)albﬂs a?ﬂ@rfﬁlaeiepemeammmtdmcxmukanme ofdClaim 2, wherein said first
S Shearionand Saif fgeand adksiment @08 ROTion omprseg

semicExidffcnhr\ébbslxtat@rsald@mbmagam ihﬂeﬁfclﬁd'ﬂgefs@mmndmmwoptrwew&n@hlgh k
aim.1, wherein said fluorine-doped semiconductor layer has an n-typ

gate d Ts?%t

BIHEE BB Rt Sls Lo BRI B Sosaml RSB t?é’é“on

and a SeBobyPEoklaRING: Batd heraemigRRGbIComsitistilig edGlaimidh-lupthedielectric abuts a
rising another fluorine-doped semiconductor layer located directly

Sumt%‘é‘ﬁﬁﬁﬂ‘@éﬂﬁeﬂﬁ@?lﬁf’e‘rﬁﬁ(ﬁ@dl%ﬁ#@@ﬁductor layer and including a different

semiconductor material, wherein said another fluorine-doped semiconductor

2. The semiconductor structure of Claim 1, wherein said first high-k gate dielectric has a same
composition and thickness as said second high-k gate dielectric, and wherein said first
adjustment oxide portion has a same composition and thickness as said second adjustment oxide

portion.

3. The semiconductor structure of Claim 2, wherein said first high-k gate dielectric and said
second high-k gate dielectric comprises one of HfO,, ZrO,, La,03, Al,O3, TiO,, SrTiOs, LaAlOs3,
Y,03, HfONy, ZrOsNy, La,O,Ny, ALONy, TiOxNy, SrTiONy, LaAIONy, Y>O.Ny, a silicate
thereof, an alloy thereof, and non-stoichiometric variants thereof, wherein each value of x is

independently from about 0.5 to about 3 and each value of y is independently from 0 to about 2.
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layer and said substantially fluorine-free semiconductor layer have
substantially coplanar top surfaces. 7. The semiconductor structure of Claim
1, wherein said fluorine-doped semiconductor layer is a fluorine-doped single
crystalline silicon-germanium alloy layer, and wherein said another

4. ThdlUQHRERINBRA SEBIGRNILCIANIRYSK IR AU AHORE A BINGIEKIMSBYHIBN and said
silicon layer. 8. The semiconductor structure of Claim 7, wherein said -%aﬂep
Tel m,

seconfi @l HBERHAHSRRITAMIOMBER PR & first Yol dregiontahd -4 Fr

Sm, BIEERNT8AEN haying armipe #9PHia apsivinglidingefepprtion of said
fluorine-doped semiconductor layer and a portion of said another
fluorine-doped semiconductor layer, wherein each of said first source region

5. Th%?@dﬂ(marog @Hct{ﬁg i%d@ﬁlﬁ%‘?%vﬂe%%%é‘ﬂtﬁH%th@HEﬁé&@&ﬁé@HH&&or layer has

semiconductor region located beneath said fluorine-doped semiconductor
an n-tiggeto@nEhenderhisnusrttbrubtstiotintyof Clrir-freosrenedanshici dirktylignka p-type
doping.ate dielectric is fluorine- doped, and wherein said second high-k gate
lelectric is substantially fluorine-free. 10. The semiconductor structure of
Claim 1, further comprising: 21 another p-type field effect transistor located

6. ThD SRS SRMiSONdustor substrale, whereln, said anotherpitype feld effest
ransistor includes a third gate stack, said thifd gate stack including, from
semicbodianotdatep |achitsd demidp bdueitr exidéuoontindopethsantivghdlieiectuier and

: onst high-k) gate, dielectric having a dielectric constant greater than 4.0
melo SR e PR, e A S DAL kgt BOAucr
layer midesgihsabithficil Befhicanelficio ke onida qatio hahuisvenatheisiiistaoiBlir top
fluorine-free semiconductor layer; and another n-type field effect transistor
surfacgSated on said semiconductor substrate, wherein said another n-type field
effect transistor includes a fourth gate stack, said fourth gate stack including,

from bottom to top, a second semiconductor. oxide portion, a fourth high-k

7. ThessmicBIAOE ARy cChelatmb cdwseimsyrbtuarinsopss! serpigpductor layer is a
fluori ARLIUSBAESH QYIS AAMRNs BB SAHN GANAWSYOgaiedNaiakal PAtiIMbther

‘wherein said second semiconductor oxide portion abuts
fluorine-doped semiconductor layer is a fluorine-doped single-crystalline silicon layer.

8. The semiconductor structure of Claim 7, wherein said p-type field effect transistor further
comprises a first source region and a first drain region, each having a p-type doping and
including a portion of said fluorine-doped semiconductor layer and a portion of said another
fluorine-doped semiconductor layer, wherein each of said first source region and said first drain
region includes a substantially fluorine-free p-doped semiconductor region located beneath said

fluorine-doped semiconductor layer.

9. The semiconductor structure of Claim 1, wherein said first high-k gate dielectric is fluorine-

doped, and wherein said second high-k gate dielectric is substantially fluorine-free.

10. The semiconductor structure of Claim 1, further comprising:
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yet another substantially fluorine-free semiconductor layer. 11. A method of
forming a semiconductor structure comprising: forming at least one
fluorine-doped semiconductor layer on a top surface of a semiconductor
substrate in a first area, wherein a second area of said semiconductor

suhstrRie-plider 2iptasiandialbr IRQHRECT G SSENCRSIRNEIOF [AYSiatelMitein

an unpatterned stack of a high dielectric constant (high-k) gate dielectric

said apgsber Rafy BRIfiRihFIRcH RIS OB INeHdea toMa entrestiste TRkEnad mafe sBGEr
incmdgl?tg,eﬂ%&ﬁtuﬂo%tﬁptéwgaﬁ?st_%ﬁi%miﬁ%? WRIAL BURRNAL HARAHQHNIRGArric

ype field effect transistor including a first gate stack on said semiconductor
constas\iBteAt& i saaidiflestaedw vinger disl eelidcrian ane SRtk iandds b ditshment

oxide 2190 Bn,aaﬁ'iﬁ Iﬂlxgtt& &Jﬁ!ﬁ%‘ﬁ'&e%%@éﬁ%gmgpéﬁ&ﬂt@ﬁéféﬁcggﬁi if‘fM_rggn‘?iconductor

ielectric constant greater than 4.0, a first adjustment oxide portion, and a
oxide fpasticorrhyctivecgate seiztenai b fionine2{iThsc mistrstigd Claen; 2adfurther
COMYhE %@E@f&% @He%fté{%ﬁs['s%ﬂ RIGRANSIRIQL g%ﬂﬁﬂl%? SARRAR 981R rein
stack on said semiconductor substrate in said second area, wherein said
said ageidend-ggte statkfinciudes) sranmbbdesm v toh, sawetarid fghfugditgate stack
. lelectric ing.a dielectric_22 constant greater.than 4.0, a second
el S R S R R ™, S8 Wt
dielectrivehmetizaddié laimcba s wdtereint satchfirsDhigfolridate) aietectricxaddpsaitbn, and a
f thsec%ﬁdthi?h-I§ grgt di Iecrttr.ic ar formed.HyéJatt rning sai htigrh-kﬁate ion abut
ourth GRS Taydl, TR W& E Laiti 1St "adjistrmeit SE POHICH Satfs&igrtion abuts
yet ansaeondadjugtine fuoxice foey iomiavadacmethit patterning said adjustment
oxide layer, and wherein said first conductive gate material portion and said
second conductive gate material portion are formed by patterning said

11. A cendbgbregaimmateniatdavacdrikurtioaroetingiffglaim 12, wherein said first
ir%h-k' gate dielectric_is fluorine-doped, and wherein said second high-k gate

h |
diERIRE 3 sananilRrnGslaRehrsdsenaHsLORaYsH AT RIS WhRrein
semicSaifist hisirkgate dirlesic ishiqrmeadsdiartiNrenstaifl @temiconductor substrate

includes a substantially fluorine-free semiconductor layer;

forming an unpatterned stack of a high dielectric constant (high-k) gate dielectric layer,
an adjustment oxide layer, and a conductive gate material layer over an entirety of a top surface
of a semiconductor substrate; and

forming a p-type field effect transistor including a first gate stack on said semiconductor
substrate in said first area, wherein said first gate stack includes, from bottom to top, a first high
dielectric constant (high-k) gate dielectric having a dielectric constant greater than 4.0, a first

adjustment oxide portion, and a first conductive gate material portion.
12. The method of Claim 11, further comprising forming an n-type field effect transistor

including a second gate stack on said semiconductor substrate in said second area, wherein said

second gate stack includes, from bottom to top, a second high-k gate dielectric having a dielectric
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least one fluorine-doped semiconductor layer, and wherein said second
high-k gate dielectric is formed directly on said substantially fluorine-free
semiconductor layer. 16. The method of Claim 11, wherein said at least one
fluorine-doped semiconductor layer includes a first fluorine-doped

const R ERBAHEION loyLEdosaiediditertiy %@i@@‘%&ﬁ@ﬂ?aﬁcﬁﬁ%@&%d lsgriniflenade
semiconductor layer, wherein said second fluorine-doped semiconductor

mater|ab RRTEMY said substantially fluorine-free semiconductor layer comprise a
same semiconductor material that is different from a semiconductor material
of said first fluorine-doped semiconductor layer. 17. The method of Claim 16,

13. Thotreseindsald-Seenha Msieie-uipéssaralubrianscibelsyae and ifrecond high-k gate
dielec OSBRIV HOHRREIRR,SCRISAIANCIAE IRGRLAEE FINGIeARYGIRUIg SliEoRy

~layers and saidfirst fluorine-doped semiconductor layer is a single crystalline
adjustsikod nxgée pationaadogithsenonBadihgimeatrurddsfrOrson Ak, formiest by patterning said

adjustﬁ%’éﬂp&fﬂﬁ‘e‘?l Quning NRINgK §£E‘i‘f&[‘8‘&ﬁ§5€ﬁz¥e af Ic;%%@é’rﬁgp&ﬁSH‘éﬁﬁ%gﬂﬂ%ond

ayer of said 'semiconductor substrate, wherein another semiconductor
condulgtyer gaormprises! pdifierent foatendd yhrattaaid semiconductore |gyermaratial layer.
wherein said at least one 23 fluorine-doped semiconductor layer is
subsequently formed in said semiconductor layer and said another
14. Tizemidontlot@iniaye?, $Dekhe sadtfiod bk lkigatd 3jdlether isdmprisedofodring
h an ian impla hatig_q(matslalalyetr onat tsutr.fa} e fsaid_femiconductor
Tl B atE 10 rhing & Spehimy withilt' Sait ish ImpRMSHOT mask layer in said
first area; and implanting fluorine-containing ions into said semiconductor
substrate within said first area, wherein. said ion implantation mask layer .
15, T R eGS0 U Pl said at
least Sheomineraentapeingeians sanerl aypodienvafesain semicasdligtes-1suhsttétectric is
intg said at least one fluorine-doped semiconductor layer. 20. The method of
formeg diferdy ,th?ﬂ“l%FEWBF@H@W&H%&%F%WEW&%&%e layer directly on
a semiconductor layer; and patterning said semiconductor oxide layer to

form at least one semiconductor oxide . '
16. The method of Claim 11, wherein said at least one fluorine-doped semiconductor layer

includes a first fluorine-doped semiconductor layer located directly on and above a second
fluorine-doped semiconductor layer, wherein said second fluorine-doped semiconductor layer
and said substantially fluorine-free semiconductor layer comprise a same semiconductor material

that is different from a semiconductor material of said first fluorine-doped semiconductor layer.

17. The method of Claim 16, wherein said second fluorine-doped semiconductor layer and said
substantially fluorine-free semiconductor layer are single crystalline silicon layers and said first

fluorine-doped semiconductor layer is a single crystalline silicon-germanium alloy layer.

18. The method of Claim 11, further comprising forming another semiconductor layer directly on
a semiconductor layer of said semiconductor substrate, wherein said another semiconductor layer

comprises a different material than said semiconductor layer, and wherein said at least one
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portion located outside said first area prior to forming said at least one
fluorine-doped semiconductor layer, wherein a top surface of said
semiconductor layer is exposed in said first area. 24

fluorine-doped semiconductor layer is subsequently formed in said semiconductor layer and said

another semiconductor layer.

19. The method of Claim 11, further comprising:
forming an ion implantation mask layer on a top surface of said semiconductor substrate;
forming an opening within said ion implantation mask layer in said first area; and
implanting fluorine-containing ions into said semiconductor substrate within said first
area, wherein said ion implantation mask layer blocks said fluorine-containing ions in said
second area, and wherein said fluorine-containing ions convert a portion of said semiconductor

substrate into said at least one fluorine-doped semiconductor layer.

20. The method of Claim 11, further comprising:

forming a semiconductor oxide layer directly on a semiconductor layer; and

patterning said semiconductor oxide layer to form at least one semiconductor oxide
portion located outside said first area prior to forming said at least one fluorine-doped
semiconductor layer, wherein a top surface of said semiconductor layer is exposed in said first

area.

24



