GATE ELECTRODE FOR A SEMICONDUCTOR FIN DEVICE RELATED APPLICATION [00011This
application is a divisional application of U.S. Patent Application  No. 10/825,872, filed on April 16,
2004, the contents of which are hereby incorporated 5by reference as if set forth in their entirety.
FIELD OF THE INVENTION 100021The present invention relates, most generally, to semiconductor
devices and methods for forming the same. More particularly, the present invention relates to multiple
gate transistor devices and is directed to methods for forming gate electrodes in 10such devices,
BACKGROUND OF THE INVENTION [0003]The dominant semiconductor technology used for the
manufacture of ultra-large scale integrated (ULSI) circuits is the metal-oxide-semiconductor field effect
transistor (MOSFET) technology. The reduction in the size of MOSFETSs has provided 15 continued

improvement in Speedﬁg}‘erformance circuit densit ?é§ %dgwgggmper unit function over the past decades.
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[O001] This application is a divisional appiicaiion of .S, Patent Application

No. 10/825,872, fited on April 16, 2004, the contents of which are hereby incorporated

5 by reference as if set forth in their entirety.

FIELD OF THE INVENTION

{0002} The present invention relates, most generally, to semiconductor devices
and ‘methods for forming the same. More particﬁiariy, the present invention relates to
muitiple gate transistor devices and s directed to methods for forming gate electrodes in

10 such devices.

BACKGROUND OF THE INVENTION
{0003} The dominant semiconductor technology used for the manufaciure of .
ultra-large scale integrated (ULSI) circuits is the metal-oxide-semiconductor field effect
transistor (MOSFET) technology. The reduction in the size of MOSFETSs has provided
15 continued improvement in speed, performance, circuit density, and cost per unit function
over the past decades. As the'gate fength of the conventional MOSFET is reduced, the
source and drain areas increasingly interact with the channel and influence the channel
potential. Consequently, transistors with short gate lengths suffer from probiemé related
~ to the inability of the gate electrode to substantially ebntmi the "on" and "off" states of
.20 the channel. Phenomena such as reduced gaté control associated with transistors with
short channel lengths are termed short-channel effects. increased body doping
concentration, reduced gate oxide thickness, and ultra-shallow source-drain junctions
are ways to suppress shori-channel efiects. For device scaling well into the sub-50
, nanometer regime, however, the requirements for hody-doprng concentration, gate
‘25 oxide thickness and source/drain {S/D) doping profiles has become increasingly difficult
to meet with conventional device structures based on bulk silicon substrates.



source and drain areas increasingly interact with the channel and influence the channel potential.
Consequently, transistors with short gate lengths suffer from problems related to the inability of the
gate electrode to substantially control the "on" and "off states of 20 the channel. Phenomena such as
reduced gate control associated with transistors with short channel lengths are termed short-channel
effects. Increased body doping concentration, reduced gate oxide thickness, and ultra-shallow
source-drain junctions are ways to suppress short-channel effects. For device scaling well into the
sub-50 nanometer regime, however, the requirements for body-doping concentration, gate 25 oxide
~ thickness and source/drain (S/D) doping profiles has become increasingly difficult to meet with
conventional device st,rugtures based on bulk silicon substrates. Innovations in front-end process
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with more than one gate, i.e., multiple gate transistors. An exemplary multiple gate transistdr is shown

in the plan AREPRHEIE ORI SPREsERtETRESHREIS AR IoTYRe AT e transiste BEie1 includes
a semigonekigtondire Zfermees @ste insu|atardbirhichisrtoriecravesa subsitale. Aatpielesiwde 8
;t;ddd;e; SEERGORAUEORENF Aha BRI ISP EISCY SHRIR) S HRRARS SRepiP A 2eRgnauctor fin
miultiple gate transistor of FIG. 1 includes a semiconductor fin 2 formed over insulator 4
- which is formed over a substrate. Gale electrode 8 straddies semiéanductar fin 2 and a
gate dielectric {not shown) is disposed between semiconductor fin 2 and gate electrode
10 8. The tfaaséstor active areas (source, drain and channel) are formed in the
semiconductor fin. Examples of multipie-gate transistors include double-gate transistors,
triple-gate transistors, omega field-effect transistors, and a surround-gate or wrap-
around gate transistor. Multiple-gate transistor structures are expected to extend the -
~ scalability of CMOS technology beyond the limitations of conventional bulk MOSFET
15 and realize the ultimate limit of silicon MOSFETs. The introduction of additional gates in
the mulliple-gate . transistors improves capacitive coupling between gates and the
channel, increases the control of the channel potential by the gate, helps suppress
shori-channel effects, and extends the scalability of the MOS-transistor.
-{0005] The simplest example of a multiple-gate transisfor is the double-gate
20 transistor such as described in U.S. Patent No. 6,413,802 B1 issued to Hu et al., the‘
contents of which are hereby incorporated by reference. FIG. 2A is a prior art cross-
sectional view of a double-gate fransistar and fHlustrates gate electrode 8 that siraddies
the channel formed in the semiconductor fin structure 2, thus forming a double-gate
~ structure.  Semiconductor fin 2 includes. fin height 18 and fin width 6. There are two
25 gates, one on each sidewall 12 of semiconductor fin 2, along which gate dielectric 14
extends. U.S. Patent No. 6,413,802 B2 provides that the semiconductor fin that forms
the transistor channel, is a thin silicon fin defined using an etching mask and formed on
an insulating layer such as insulator 4, which is a silicon oxide layer formed over silicon
subsirate 10. A gate oxidation process is performed prior to the removal of etching
30 mask 16 and -the oxidation process is followed by gate material deposition and



10 8. The transistor active areas (source, drain and channel) are formed in the semiconductor fin.
Examples of multiple-gate transistors include double-gate transistors, triple-gate transistors, omega
field-effect transistors, and a surround-gate or wraparound gate transistor. Multiple-gate transistor
structures are expected to extend the scalability of CMOS technology beyond the limitations of
conventional bulk MOSFET 15 and realize the ultimate limit of silicon MOSFETSs. The introduction of
additional gates in the multiple-gate transistors improves capacitive coupling between gates and the
channel, increases the control of the channel potential by the gate, helps suppress short-channel
effects, and extends the scalability of the MOS transistor. [0005]The simplest example of a .
multiple-gate transistor is the double-gate 20 transistor such as described in U.S. Patent No.

6,413,802 BRI ibaliu gaie elsatee Brdidk v aresrydby-intendinarcanipratemncBn FIG. 2A
is a prior artrtegsreestinaivienotadanblewaieiyansisipr@nshitysikaes gpiaelaatnde 8 that

straddles the.c ormed inth iconductar fin strycture 2, thus formjng a douhle-gate
structure. Sgﬁnﬁ%%ggl%%]’é%&%%%’cl%g?sr{hﬁ ﬁ%{fé?ﬁg% aha ﬁﬁeﬁ%ﬂ %r.ﬁéﬁ?eergaa{?g%ﬁ?% ‘ é%é‘{' one on
each sidew@fe12@Tsbmriena v ibefibsianguifatsh gate dielectric 14 extends. U.S. Patent No.
6,413,892 Baqumvides thabthersamisprasiciorfimithat iesnsiha transisier sharngh is 2 thiesilicon fin
defined usir%{;\ntetchirggrmask and formed orkaré@ulaﬁ'n%layer_su ~h as insulator 4, which is a silicon
oxide layer B &G SUePsiftb R STBRAHTH. OA WaRD JXitHT 8RB s s TRro MR FBHYEY the _
removal of etetHingn3exeraplans Enk: thetoXidatistoprocesslissolitadent Fji@ate materialigepasition and

- patterning thahsns mRieclpaliode Sruduch anere HHlse siaddies)semicandugionfip 2dofprm a
- double-gate structure ov%%}g% the to (etchlné%fmask 1(6# and sidewalls 12 of semiconductor fin 2.

Both the sotirCe S AvEIR" PG TR END- B i SRRV 18Rt s Wteadebstrate
surfacéd 5[Ca08 Ao tiemexamiplé of.a. mitisledigidetiansisirickdevertcimythtiandtisa thiad gate
transistor, ag,gxemyplary one of which is illustrated in FIG. 28. The plan_view of such an exemplary

- triple-gate transistor is as illustrated in FIG. 1. The triple-gate transistor has a gate electrode that forms

~ three gates! ¥ lover top'SurfieSBYSr 2R e deidraficet EarsiHeoREmvRS slbty iPrsgewalls 12

. as in the dotible-gateall8dstractureesthengais Elecidbe Gate slieleabie kfrexangs aloagsideyalls 12 and
- top surface 20, (QOPTEIS. 2hshopaaareqa fiedieliset JanRisiop EEILOL SRl OmEda; FET. so
. called because the gate electrode has an omega type shape in the Cross- sectional view. The
-omegaFEPIEICYaNHRdH B ffoansrie dielestictdordemisrriesdridanads 18 Bro.over derydle dielectric
14 extends ainegisictewalls dacenstive stonahdGate MeTiEnda GRrMasaNRTsNICopdRIGs fin 2 at
encroachm i t 24 that extends beneath semiconductor fin 2 due to the
recession oﬁ%ﬁ‘f L%%p%%il% g‘%ﬁ%@%ﬁoﬁ‘ l?%%&é?h%rg%ql%gur%%%m 5I€€ %eag?g-a{jﬁ%& el ?EAA)
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_ -provides excelient scalability and is manufactured using a very manufacturabie process

'2_0 similar fo that of the double or triple-gate transistor. Due to the gate extension or

encroachment beneath the semiconductor fin, the omega-FET is an FET with a gate
_that almost wraps around the fin body. The encroachment 28 of gate electrode 8 under

semiconductor fin 2 helps to shield the channel from electric field-iines from the drain

‘and improves gate-fo-channel controllability, thus alleviating the drain-induced barrier

25 fowering effect and improving shori-channet performance.

{0008] The described muitiple-gate transistor stmctures, i.e., the double-gate

. transistor, the triple~gate transistor and the omega-FET, have a common feature in that

the sidewall surfaces of the semiconductor fins are used for a significant amount of

source-to=drain current conduction. Essentially, the effective gaté width of the mulfiple-

30 gate transistor is a function of the fin height. In a double-gate transistor, the gate width



20 similar to that of the double or triple-gate transistor. Due to the gate extension or encroachment
beneath the semiconductor fin, the omega-FET is an FET with a gate that almost wraps around the fin
body. The encroachment 28 of gate.electrode 8 under semiconductor fin 2 helps to shield the channel
from electric field lines from the drain and improves gate-to-channel controllability, thus alleviating the
drainTinduced barrier 25 lowering effect and improving short-channel performance. [0008]The
described multiple-gate transistor structures, i.e., the double-gate transistor, the triple-gate transistor
and the omega-FET, have a common feature in that the sidewall surfaces of the semiconductor fins
are used for a significant amount of source-to-drain current conduction. Essentially, the effective gate
width of the multiple- 30 gate transistor is a function of the fin height. In a double-gate transistor, the

" gate width 'iifRA M ETREHEIBRRD AL R igreRigy HeatietAsidier gaie wittd iiduics Wede theidht height

plus the fmpmglme(ﬁhrm@ﬁght(ﬁa apdihin \widiiGiareishow e &iewn 2Arane 28:) Arrsueh, As fin height
increases, ount, rrent deliverable by the eV|ce |m IarI jnerea es To deliver maximum
current, theértllglt Esdﬂglra elétg’(rpn%%#m% é&% f %’?(l si%o%cgv%r %é%%ﬁgg'grgyhn height
increases, 'ﬂ%@é@ﬁﬁesﬁhé@&ﬁn@Wm%R%%fmﬁ% {ﬁa%edémhfﬁj@b}ﬁmwﬁg i fatésmaterial

that is formegiesdae fiowdhis, u@d@%@@ﬁ@%&ﬁé%@l@@m&%ﬂ pidRagfgiementigned gate

transistors c[QOOQ] acgtgfé %{E It| e transgitors mcludes?g %emlconduct in that forms the
active region SR 15%1 B6sed ove %Qfﬁ?( S MR R RS e rRes Py Et e Mdirode that

straddles tﬁé!%éﬁﬁ@&ﬁ%h!@mﬁw m@mgqm@eﬁgaﬁ@m ibe Eubstentzisdaatoraadigate.electrode

material owoﬁbp Semlmueﬁorhfén&mm@géw Fsedigifan ﬁ?ﬁ@d\é%'% é‘é&h@é%ﬁétéy%m Ifa
photolitho and n etching s such as plasma etching, to form the ate electrode. The
formatlon% {fﬁg Stgcgi‘@eci?gﬁ)é’ ("5\7'@? TUSRPGELEAg YR Bﬁﬁ#ﬁ%@ﬁ%@ﬂ’fﬂ?ﬂw SefREBateR B in presents

a ver?%haﬂét@glﬁgﬁrpﬁ@blém sisaddpssite, seenubsianitial incanfolvaal iatedelpstitste Bfaterial has a
non-planaipRisHiGe Wil slgalcanLeler Anlbiaversa b eaRRIAaNdUrial fllolRis s shown n

FIG, 3A. Sur ce 34 of ate electrode material 8 Is clearly non-planar and therefore pres nts

patterning SFOBHSM S SBOFHR ECHULKRS FE T Ak RSP RInAY SrepighingnsierriEhawn in FIG.
20 3. |v|asmtmuermtmsgzwdwmawmmmetﬁmepmn@mtwamgaiw@ibamm over the
farge step height introduced by the semiconductor fin presents a very challenging
t5 problem. As deposited, the substantially conformal gate electrade material has a non-
planar top surface with a significant step as it fraverses the semiconductor fin, This is
shown in FIG. 3A. Surface 34 of gate electrode material 8 is cteariy nen-planar and
therefore presents patterning problems.
(00101 FIG. 3B shows mask material 38 formed over the structure shown in FiG.
20 3. Mask material 38 may be a phoforesist or other photosensitive material and is
commonly formed by spin-coating which praduces a planar top surface 40, 1 can
therefore be seen th?at the thickness of the mask material varies from greater thickness
44 {o fe_sser thickness 42 over step 52 infiuenced by semiconductor fin 2. This varying
thickness makes it difficult to accuratély fransfer the pattern on the lithographic mask 46
25 to mask material 38. The pattertn may be considered opaque region 48 within
transparent region 50 of the.exempiary'iithographic mask 48. Opaque region 48 has a
constant width. The thinner portions 42 of mask material 38 over step 52 are thinner
than other portions 44 of mask material 38 and are effectively exposed to a greater
-extent than other portions of the mask material. After exposure and develop, the
30 patterned mask material 54 may be formed with different widths as shown in FIG. 3C.



commonly formed by spin-coating which produces a planar top surface 40. It can therefore be seen
that the thickness of the mask material varies from greater thickness 44 to lesser thickness 42 over
step 52 influenced by semiconductor.fin 2. This varying thickness makes it difficult to accurately
transfer the pattern on the lithographic mask 46 25 to mask material 38. The pattern may be
considered opaque region 48 within transparent region 50 of the exemplary lithographic mask 46.
Opaque region 48 has a constant width. The thinner portions 42 of mask material 38 over step 52 are
thinner than other portions 44 of mask material 38 and are effectively exposed to a greater extent than
other portions of the mask material. After exposure and develop, the 30 patterned mask material 54
may be formed with different widths as shown in FIG. 30. FIG. 3C shows that narrow portion 56 of
patterned M3k HrabdRMSSITH e Ereprstios Sfhetaritarpethrreane MAiISér pEnisies S2pittern mask
‘material Sdsa&&temuwnass@ﬂup@rtm behef gﬁiﬂa@@cwp%ﬁ@eﬂﬁ@@rﬁﬁéhgewnﬂ!@ﬁi&hEd to

expose insy IG 3D, the e ate eI ctrode |s fprm dwitha 5
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electrode 62sipierg @IQ@“S%WWQH@ E@n Jlewihst Fﬂ@.egmxmeﬁesmm Fate fordegatdtielectrode 62

havingmarm Q@Fﬁiﬂﬂ %wiuervgiﬂth[@ rsﬂr@wma gatadengiiend ALerRAoR GBIt width 67. It
can be seef wuith 7S %re JtF,an. gat ven though formed from a mask feature (48)

65
having consta B(B‘i}t@ﬁ @?%l‘( Gh e SEHERE B nay be
anywhere bétt%’@qi W&iﬂ%ﬁﬁﬁa@atﬁlﬁ@'ﬁﬂmrwm@mﬁarﬁ# arith wridtn&o lapiteseritiaglaggseslength

dimension acgnii AR ARHERES 3 GRMBLTRABINGLLSON e g By kPledRie ransistor

technology (tOOHJ Roé'her shortcomin ‘%of the conventional technology used to form multipl
ength 65 even though formed from a mask feature (4 hawng constant wid h

10 The gate width of vertical portion 63 shown in FIGS. 3D and 3E, may be anywhere
between width 85 and wid';h 67. The non-uniform énd unéontroliéb!e critical gate length
dimension is undesirable and represents ocne shertcéming of conventional multiple-gate
transisior techholagy.
f0011] . Another shorfcoming of the conventional technotogy used to form multiple

15 gate transistors is that the gate electrode is usuaiiy doped in the same process
operation used to dope the source and drain regions, in conventional transistors, the
gate elecirode is substantially planar, as are the source and drain regions. In a
multiple-gate transistor or semiconductor fin device, however, both. the géi:e electrode
and the source and drain regions are essentially three dimensional structures. Because

20  the sourceldrain, and gate efectrode materials have different doping requirements, both
spatially and concentration-wise, it would be desirable to introduce dopant impurities in
the source/drain region and the gate electrode material in different processing
operations. - : |

‘.[0012] U.S. Patent No. 6,413,802 B1 {Hu et al.) and U.S. Patent No. 6,432,829 to

25 Mulier et al., hereby incorporated by reference as if set forth in ité entirety, provide
processes for manufacturing multiple-gate transistors. Neither of these references
teach the planarization of the géte electrode material prior to photolithographic
patierning of the gate electrode, however. - U.S. Pateni No. 6,492,212 issued to leong et
al., hereby incorporated by reference as if set forth in its entirety, provides a method for

‘30 forming a double-gate transistor using several planarization steps to form the gate



15 gate transistors is that the gate electrode is usually doped in the same process Operation used to
dope the source and drain regions. In conventional transistors, the gate electrode is substantially
planar, as are the source and drain regions. In a multiple-gate transistor or semiconductor fin device,
however, both the gate electrode and the source and drain regions are essentially three dimensional
structures. Because 20 the source/drain, and gate electrode materials have different doping
requirements, both spatially and concentration-wise, it would be desirable to introduce dopant
impurities in the source/drain region and the gate electrode material in different processing operations.
[0012]U.S. Patent No, 6,413,802 B1 (Hu et al.) and U.S. Patent No. 6,432,829 to 25 Muller et al.,
hereby incorporated by reference as if set forth in its entirety, provide processes for manufacturing
multiple-gagegtpdistd s MNEitieg ot ifessisiierditces tinth theplanaciz atars ot goeghty ééctrode
material prigidp-REOLQNNRgERP hieRALerAIRA. A5 NRIBF IR RIRCTORR oMY LTy Y. SpRRIRNIYO-

6,492,212 iss (%O%%r: ong et al., hereby incarporated by reference as if set forth in its entirety, provides
a method f§r4l§§' ?15’ ggdgmlg‘?g‘é'ﬁétﬁ?gﬁJ%&&pggiﬁﬂ‘gé@@rﬁf’ﬁmé‘ﬁi'?;ﬁi@ﬁ@t@ffs‘:ﬁ??@rﬁf‘ﬂwe gate
electrode _dha mum:pferg?uteag‘a_nsistcbhé fﬁhéip@gimetﬁlmimation steps required by this reference,
however, ingeape mangfac ?Qn?oﬁkﬁerﬁgﬁ'HQ”&U&@Q@%&%‘&%}EQL%Gﬁ%ﬁ%&&v&%&é?{%%"de

methods for optimizing the doping of the gate electrode and the source/drain regions o

multiple-gatBI AT 59 R b prdéaisranie Hrorsoamerstash derite fHesabove-described

shortcomings associated with multiple-gate transistor manufacturinglechnologies. SUMMARY OF THE

INVENTION: [RidrRo@ddiessnheserand other needs and in view of its purposes, the present

" invention ﬁg%{%es a mit%h% or .f%[lmin%aa(a% te electrode for a multiple gate transistor in 10 a

semicond evice. f&tHod el VIGHH U BsYiaGF R BHIPRERTy & BIRARSSHductor fin

disposed oveer{ivinsvitag fayetimider fmeinticapttcadertheledonisomgticto glie anchdatmiig a gate
electisle aarrlAReIeRAIEd IRl SREIGRs dilala LN aiERiRE EafipmAlg Al having a

non-planar top, surface. The method further provides introducing dopant impurities. into the gate
electrode AT IRHSRaREIRE o AL HISHAHY dayehariparigateirisleddte ¥edifode
material. Téreninetitoditurineamt doitkdsplanatiziagdhede pravcitdesiefdtm gaquadiizaddomsurface.

semiconductor fin, the gate electrode material having a non-planar fop surface. The
method further provides intmduﬁing dopant impurities into the gate electrode material
15 and then annealing to activate the dopant impuriiies in the gate electrode material. The
mathod further provides planarizing the top surface to form a planarized top surface.
J0G15] in one embodiment, the method includes introducing the dopant impurities
‘and annealing prior to pianarizing the top surface of the gate electrode material. In
anather exemplary embodiment, the invention provides for pianariiing the top surface of
20 - the gate electrode material prior to introducing and annealing the dopant impurities.
j0o186] According to either of the exemplary 'émbodiments, a method is provided
~ that produces a doped, planar gate electrode material formed over a semiconductor fin.
The planarized doped gate electrode materiat s advantageously formed such that
subsequent paﬁerning methods can be used to produce a gate'eleg:tmde of constant
25 width that straddles the semiconductor fin, thereby providing a multiple gate transistor
with a uniform gate length. After the gate electrode is formed, source and drain regions
may be formed in the semiconductor fin and are doped independently of the gate
electrode. | |



f00151In one embodiment, the method includes introducing the dopant impurities and annealing prior
to planarizing the top surface of the gate electrode material., In another exemplary embodiment, the
invention provides for pianarizing the top surface of 20the gate electrode material prior to introducing
and annealing the dopant impurities. [0016] According to either of the exemplary embodiments, a
method is provided that produces a doped, planar gate electrode material formed over a
semiconductor fin. The planarized doped gate electrode material is advantageously formed such that
subsequent patterning methods can be used to produce a gate electrode of constant 25 width that
straddles the semiconductor fin, thereby providing a multiple gate transistor with a uniform gate length.
After the gate electrode is formed, source and drain regions may be formed in the semiconductor fin

and are doBEdEhEpEntEnti ot fe Hatkeltféstydle. BRIEF DESCRIPTION OF THE DRAWING

[0017]This fyention is baserwariarsioeddeanthefedqwingriglaitethdasrHrtipavhanfeashin
‘conjunction with the accom dra ing. It is emphasized that, according to common practlce the
various fea\fm\{ &8 Grhe Hra R'r\’é‘ﬁvg‘ng’f ﬁ?s?gﬁﬂlm%afg’%lgmﬁﬁ“%e GolraRPaeHithdhions of the

- various feaaaresiingcbecarbitraniseelipmitie daroes femdréer ofahigydtdknpumeraisidenetarike features
throughoutghe specifization and-ArAwing dreded.are the @W@%&%&%Sn@%%] A GikdR, P'a”

view of a multg %[ate transistor according to PRIOR he muIUP e-gate transistor may be a
s t

double-gate™f & e e 9atnsidtt: BP‘Qﬁ%mé&I‘ﬁ@d“ﬁf&ﬁ Hestbierepeh 16019)FIGS.
2A-2C are spesficsdctiamel diewmgakeniatedgtinthd idiokie RBIER

[0018] FIG. 1 is a plan view of a multiple-gate fransistor according to PRIOR
ART. The mulfiple-gate transistor may be a double-gate transistor, a triple-gate
10 transisior or an omega field-effect transistor (FET);
{0019] FIGS. ZA-2C are cross-sectional views taken along line A-A of the PRIOR
ART generic multiple-gate transistor of FIG. 1 and iilustrate a double-gate transistor, a
tripte-gate transistor and an omega-FET, respactively;
f0020] - FIGS. 3A-3D are three-dimensional isometric views and FIG. 3E is a plan
15  view showing a process sequence used to form a patterned gate electrode over, 2
' semiconductor fin according fo the PRIOR ART:
fa021) FIG. 4 Is a flowchart showing an exemplary first method for forming a
patterned gate electrode according to the invention;
[0022] FIGS. BA-5G are cross-sectional views showing the first part of the
20 éequence of processing operations used to form a pattered gate electrode according to
the first exempiaky method of the invention as provided in FIG. 4, .
100231 FIGS. BA-6F are three-dimensional isometric views showing the second
pait of the sequence of processing operations used to form a patterned gate electrode
according fo the first exempiary method of the invention as provided in FIG. 4. FIGS.
25 5A-8G and FIGS. 6A-6F combine fo Mustrate the first sequence of processmg
operattons used to form the patiterned gate electrode aocorcémg to the first exemplary
“method of the invention; ‘
[0024]  FiG. 7 is a flowchart showing an exemplary second method for forming a
patierned gate electrode according to the invention; and



ART generic multiple-gate transistor of FIG. 1 and illustrate a double-gate transistor, a triple-gate
transistor and an omega-FET, respectively; [0020]FIGS. 3A-3D are three-dimensional isometric views
and FIG.. 3E is a plan 15 view showing a process sequence used to form a patterned gate electrode
over, a semiconductor fin according to the PRIOR ART; [0021]FIG. 4 is a flowchart showing an
exemplary first method for forming a patterned gate electrode according to the invention; [0022]FIGS.
5A-5G are cross-sectional views showing the first part of the 20 sequence of processing operations
used to form a pattered gate electrode according-to the first exemplary method of the invention as
provided in FIG. 4; [0023]FIGS. 6A-6F are three-dimensional isometric views showing the second part
of the sequence of processing operations used to form a patterned gate electrode according to the first
exemplary i¥é2hbd of thid e StoPaprovigeetiadtisald vRI@S spaBm SicafisF I8, 6ABE combine

to illuzt_rates@%@w@ae%mg%gﬁﬁ%ﬁﬂg r@%im}m @gﬁ%&%&g&@_@s@%@d@ﬁ@&ﬁ%@@twde
according to the first. exemplary metho the invention; G.7isa art showing an
exemplary gc%%%’%e%%‘&%ﬁ%%ﬁé’%ﬁ%ﬁ%m‘é@ SR ‘&F&%@i g&é)édi?‘lg fg&%eﬁﬁi’/%ﬁtw and
[0025]FIGSi8A-8B-8fe rossnbationaliienasiuniagudrchiref pertefsthe operations used to

5 form a patierned gate electrode material according to the second method of the

invention as provided in FIG. 7.

DETAILED DESCRIPTION OF THE INVENTION
fooze] The present invenfion provides methods for forming a patterned gate
electrode over a semiconductor fin that provides the active area in multiple-gate
10 transistors. The methods of the present invention are applicable to double-gate
transistors, friple-gate transistors and omega-FET's, each of which has been previously
described. Therefore, while the methods of the present invention, e.g., the process
sequences outlined in the flowcharts of FIGS. 4 and 7, will be shown in subsequent
ﬁgures with respect to an ekempiary friple-gate transistor, it shouid be understood that
15 the triple-gate transistor is exemplary only and the methods of the present invention
| may be equally used to form patterned gate electrodes over double-gafe transistors,
omega-FETs and other multiple gate transistors.
. {00271 FIG. 4 is a flowchart llustrating a first exemplary method of the invention.
FiG. 4 shows that, among other things, the doping of the gate eléctrode material 409
20  and the annealing 411 take piacé before the planarization of the gate electrade material
413. FIGS. 5A-5G (in cross-section) and BA-6F (in three-dimensional isometric views)
combine to Hllustrate the sequence of processing operations shown in FIG. 4.
{0028} - Now turning to FIG. 5A, semiconductor layer 102 is formed over insulating
layer 104 which is formed over substrate 106. Semiconductor layer 102 may be an
25 elemental semiconductor such as siicon, an alloy semiconductor such as silicon-
.germanium or a compound semiconductor such as gallium arsenide or indium
phosphide. Other suitable semiconductor materiais may be used in other embodiments.
Semiconductor fayer 102 will be formed into a semiconductor fin which will provide the
aclive areas, ie., sourceldrain and channel, of the muliiple-gate fransistor.



sequence of processing operations used to form a pattered gate electrode according to the second
exemplary method of the invention as provided in FIG. 7. FIGS, 8A-8G and FIGS. 6A-6F, in

. combination, illustrate the sequence of processing operations used to 5 form a patterned gate
electrode material according to the second method of the invention as provided in FIG. 7. DETAILED
DESCRIPTION OF THE INVENTION [00261The present invention provides methods for forming a
patterned gate electrode over a semiconductor fin that provides the active area in multiple-gate 10
transistors. The methods of the present invention are applicable to double-gate transistors, triple-gate
transistors and omega-FET's, each of which has been previously described. Therefore, while the
methods of the present invention, e.g., the process sequences outlined in the flowcharts of FIGS. 4

and 7, will Beshmvducteulasequidrit figryasalvitie resihdintes andkemiplaryatriplesg 2@0tian§10r, it should
D U orstand e e AR GRS R0 R BRI BN LI A AR Sl e present

invention may be equally used to form patterne ate electrodes over double- igate transistors,

omega- FEW&H&!’"&H@Y%Jﬁﬁ)lé‘@ét@?rmrgf RID‘Z?‘E[’FQ@G AiglgcfimvendretiaQrafing &rst
exemplary saetnecebiRey by entiosd bIGilkehoxiddhakinbenuaibaes hivgsidhe dapiageitse gate

electrogie m'%@%. gﬁﬂ%}%@@ the gé e(%aéllrgg%ﬁljl( tgke qug 2%% %? 1tﬁg;marlz{a},%n ?f t? O%ate

electrode In cross-sec on and ree-dimensional Isometric

views) confifeitudirhteting JbiflaRescst praicdusiHerdpdtatities shempiRNEpdoTELNow
turning to Fsta;s%feseml@a@u&mmsl&?elsgé@mm@\;@mautﬂmgrlw@é&mﬁwh&&éﬁ»ymed over

substrate 106 Semicanducto, Iayer 102 may be an
‘ uch as a stlicon wate

16029} Tuming to FiG. 5B, semiconductor fins 108 are formed by patierning
10 semiconductor fayer 102 shown in FiG. 8A. The patterning may be accomplished by
forming 2 commonly used mask material such as photoresist or silicon oxide over
semiconductor iayer 102, then forming a pattern in the mask material and etching
semiconductor layer 102 using conventional methods. in this manner, a plurality of
semiconductor fins 108 ‘may be simultaneously formed over an insufator such as
15  insulating layer 104. Semiconductor fins 108 extend in and out of the plane of the page
' of the drawing and include fin width 112, fin height 114, top surface 116 and sidewalls
110. Fin height 114 may be within the range of 200-5000 angstroms but will
advantageously be in the low end of the range, e.g. 500 angstroms, in an exempiary
‘emboediment. The exemplary embodiment shown in FIG. 5B is depicted after removal of
.2{) the mask material. In another exemplary embodiment such as used for a double-gate
“fransistor, an inorganic masking material may remain over top surface 116 during the
subsequent fonnatioé of the gate dislectric whiéh is shown in FiG. 5C. in an exemplary
. triple-gate transistor, current will travel along' top surface 116 and sidewalls 110 along

the direction oﬁhogénai to the piane of the ilustration of FIG. 5B.
25 [0030; Gate dielectric layer 120 is then formed on semiconductor fin 108,
| inciuding on fin éédewa!ts 110 and top surface 116 as in FIG. 5C. Gate dieisct—ric 120
may be formed using thermal oxidation, chemical vapor deposition, spultering or
. suitable techniques. In one exemplary embodiment, gate dielectric 120 may include a
thickness that'is substantially uniform. In an exemplary embodiment, the gate digleciric
30 120 may include a thickness -of less than 10 angstroms and in other exemplary



25 elemental semiconductor such as silicon, an alloy semiconductor such as silicon-germanium or a
compound semiconductor such as gallium arsenide or iridium phosphide. Other suitable
semiconductor materials may be used in other embodiments. Semiconductor layer 102 will be formed
into a semiconductor fin which will provide the active areas, i.e., source/drain and channel, of the
multiple-gate transistor. Semiconductor layer 102 may include a thickness within the range of 200 to
5000 angstroms but other thicknesses may be used in other exemplary embodiments. Insulating layer
104 may be formed of any suitable dielectric or insulator, and may advantageously be formed of silicon
oxide or silicon nitride in exemplary embodiments. 5 Insulating layer 104 may have a thickness in the
range of 100 angstroms to 2000 angstroms, but other thicknesses may be used in other exemplary
embodimemmbBtbstrate 196 isimisuitablezsubstatmcises in the-pemicandistaianangtaciaring industry,
such as a sili : ng to E Semiconductor fins 108 are formed hy patterning
semicondu%é%c:gr% E%?%é%%%%%%%ﬁ@ i?eé%pea%%gsﬁﬁg %@%%é%%%oﬁ?g |§%é§ rif f%ﬁ?g a
commonly {€eauTak MatefisPRieprdepnofsrddisivrsinesn axitifeovirtBiskieenandhiydr 102, then

forming a patterdidtethe: maskanateriahagideaishingisesnisandideiaidayaml 0gsusing Graysstional

methods. In thi r lurality of semiconductor, fins 108 may be simu|taneously formed over an
insulat%r 536%? 2&%@%@&%&5 I%‘f/%{?gféi. eer%‘?{:‘é’%dﬁ&%?ﬁ?ﬁégm%’vx i dugﬁfjgf)tmlane of the
page of thé&aafirigckit ideiuledie WMoz, ambedihetl hadbidudsseldfadeiemdswids 110. Fin
height 114 gnaypheuidin fearapae ai20=R000 AnastRms Butvilkadvaniaasausiyhendhe low end
of the ran gﬁ%.oSO a}d(gestré)‘ ns in.an %( mplar%?\q%ngbodi{nent. The exemplary émbodiment shown in
FIG, 5B isgtgfqplc o SR P SIS i 1 Hieel i TR PR AP R ABEEIENt such as
used for a BEtBld-ayite BeNEister cxidindvo@nibaimiskinyideatEfdy, mafirematpniivide tofcsriace 116

- duringgthe Spbseeve it madon @mh%ﬁ@eﬂﬁé%%fgé%'sﬁéﬁk@%taﬁlg-sEQh'%é‘%ﬁﬁ— nplary

edi

triple-gatefgge sitslor current will tr@yel al%ré%:‘top surface 116 and sidewalls 110 along t rection
o

orthogona Ce”ﬁ?aii?\%v"c}\gtﬁéjﬁ’lﬁ% MRYPOPREesBRas s eishie dnlthe srate mavberraditen formed
on semicopthecerdinpio emblerdimgres fin sidewalls 110 and top surface 116 as in FIG. 50. Gate

dielectric gQypy be fpiaresnisiglesmal QKEAURn EmIPA /ARanAePSIon . SBligng o suitable
techniques, In one eéﬁ?p?éy embodiment, gate dielectric 120 may include a thickness that is
substantiaﬁb%fo‘ﬂn an exentpifty ERHGAMEHRIIR gé dnavchve pobwovstalinackiton thickness

of leds thaipdigsilicgsiropudyenydtiiothesigoemplanyanium (poly-SiGe) or other conductive or
semiconductive materials. Gate‘glectrode material 124 may be undoped or lightly
doped as deposited and it may be deposited using chemical vapor deposition (CVD) or
other suitable and conventionat téchn%ques. Thickness 122 may range from 500-5000
angstroms but other thicknesses may aiso be used. in one exemplary embodiment,
20 gate electrode material 124 may be undoped polysilicon having a thickness of about
2000 angstroms. Thickness 122 may advantageously be chosen to be significantiy
greater than fin. height 114 in one embodiment. Gate electrode material 124 is
substantially conformally deposited and therefore includes a non-planar top surface 128
that includes peaks 130 and valleys 132. Peaks 130 are formed over respective
25 semiconductor fins 108. Non-planar top's'utféce 128 therefore includes step height 134
which is generally about the same as fin height 114 shown in FIG. 5B. Using
conventional technology, such a step height 134 introduces significant pmﬁiems in the
transfer of a predefined pattern from a lithographic mask over peaks 130 and onio the
gate electrode material, The patterning issue produced by step height 134, is

30 advantageously addressed in one aspect of the invention. -
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embodiments, gate dielectric 120 may include a thickness within the range of 3 angstroms to 100
angstroms. In another exemplary embodiment, gate dielectric 120 on top surface 116 of
semiconductor fin 108 inay have a different thickness than that of gate dielectric 120 formed on
sidewalls 110 of semiconductor fin 108. The presence 5 and extent of such a thickness difference will
depend upon the method used to form gate dielectric 120. In one exemplary embodiment, the
thickness of gate dielectric 120 on top surface 116 may be less than 20 angstroms, Gate dielectric 120
may be formed of silicon dioxide, silicon oxynitride, or high-k dielectric materials such as lanthalum
oxide, La203, aluminum oxide, Al203, hafnium oxide, Hf02, hafnium oxynitride, HfON, or 10 zirconium
oxide, Zr02, but other suitable gate dielectric materials such as high-k dielectrics having a permittivity
of greater t{tEN3 3 relativei® BEdispastmity erudacithathesexemptaniesibtdinenidoedl|FIG. 5D
shows gate eri 4 [ tryct hown.in.FIG. 5C. Gate electrode
material 12 %rﬁegié%igggl?}éé%a%ﬁé %Eﬁgg%@\ég?&%éﬂi%o%n gB%?fc%g@I Ife "S{ﬁ%gh% éée%rﬂ(r#aﬁr%%?n
(poly-SiGePonatinar Eoriatietice. ondisaiRGhuationmAiSrialSlagate irsteetrinte Miat@nEt2®may be

und0£ed omén%?ﬁwgaeﬁ@@ W?@Wi&mﬁﬂ?dﬁwﬂgémim&mﬁ?@%%bbiggaﬁf()%%@@&iﬂon (CVD)
or other suifable and conventional technigues.. Thjckness ay range from 500- gstroms
§ s vapion e SSs ST Ren (38

but other thlcﬁﬁggg%%cﬁ\na?g Tobe TEe : h Ohé &% OdiET ?ﬁﬁgt%?esg Krode®material .

124 may béansdiopdd polSitiamakhavireealthicknekirof aled 60 dstsatemsy Thickhedding2 may
advantagequsy beasRossadede signdigaotirareater tanfiinheiahtdddia ong epabogiment. Gate

electrode material 124 is substaptially conformally deposited and therefore includes a non-planar top

surface 12%%% ilh udsessg%%? 0UP3Y SR8y s %@.%@é@légf}w gl(?&ﬁ%d%”@??é’?&@@ti\? 25

semiconduotplefitesi 1085 No nhplEmaint e suridie: 128t kissefobedyohd esnstspideigluc: 34 svoich is
“genergly ahouidbeisgane ﬁ%pﬂﬁ;t?%&%&%@&?%@8@%9@%&@%%@@@%Qﬁétﬁﬁgﬂg&gy’ sucha

step heighgo134 introduces signi icantaproblems in the transfer of agredefined pattern from a

lithographiE ATk isTUPHR 4RE LlvctRDMIE tHE! J2t i ARia &Rletdital e arisHIRJEELER produced
by step hegiie lglaiddOtidvamidgeouslyadariessesliceqrataspactal tHeveventmnex@B832FIG. S5E

illustrates j N0 ' itieg, | @151@ ct [ : plar
' ;%bodimeﬁlﬁ)ﬂg %%%%%%?néﬁ%%ﬁﬁg%é lﬁ??;)rg%ced us#%j i@%m%%%gk)&n%ﬁ%lﬁ‘c%@féggrmwﬁ 138.

Plasma imP8RYT8IF iRt rERE o e A hdBuse irteermieqnirinyI dridfsn iHdsatdesitibant

- impunties saakethitrashekvalthoeastite andnitaiiands eeaedasiantaplantoepibibelorg nsin-planar top

o rface 12 i 4 rati implan i is indi b hed lin
ohich s SRR AAE BealkeR I RGP RIS Ty B o Gncun Ry e

substantiaffy EOr3ERE iPRe REhieint 40 AlobskieBribtatirsgof St Reaated R 9se elrsdedian
conjunctiomutithdhersubregueNiRMBMING IRSOSHRMEN the same as the distance between

point B {(also on iocation 140) and point B” located at the lower sidewall pﬁrﬁén of the

20 gate dielectric 120, Beoausé distance A;A’ and distance B-B" are approximately the
same, the dopants from point A and point B will difiuse and feach points A" and B,

. respectively, at approximately the same time during a suitable themmal annealing
process, This minimizes the fikelinood of any dopant impurity penetration. According to
conventional of plasma immersion ion implantation techniques, a dose of 1X1 0%cm

25  may be used in an exemplary embodiment but other dosages may be used in other
' exemplary embodiments. ' In an exemplary embodiment, ion implantation energy may
range from 100 volts to 200 keV, but other implant energies may be used in other
exempiary embodiments. Depending on the technology used, éither ‘P-type dopant
impurities or N-type dopant impurities may be introduced. P-ype dopant impurities may

36 be boron or indium or a combination thereof and. N-type dopant impurities may inciude

11



10 that the dopant impurity concentration is advantageously maximized at the interfaces formed
between gate electrode material 124 and gate dielectric 120, in order to reduce gate depletion effects
which compromise device performance. However, an excess of dopant impurities at top interface 148,
for example, may cause dopant impurities to penetrate gate dielectric 120 and diffuse into
semiconductor fin 108_ This undesirably 15 causes threshold voltage shifts and degrades control of
short-channel effects. FIG. 5E shows that the distance between point A, located at location 140 of
peak concentration of implanted ions and point A', at the top interface 148 between the gate electrode
material and the gate dielectric, is approximately the same as the distance between point B (also on
location 140) and .point B' located at the lower sidewall portion of the 20 gate dielectric 120. Because
distance A-icantcdistaarser: Birdim @pproxXimatdlinthiersatherabfe dojpantsdeomippintidsandypoint B will
diffuse andgg@ggdqgiB{ﬁ&@@%&%@gﬁ@gﬁ%@l{yﬁm approximately the same time during a suitable

thermal annealing process. This minimizes the likelihood of any dopant impurity penetration. According
to conventibér plasrhEintheteridRS Mkttt e chiirie 4'ee%e orIHERiE8 RIPeESs may be
used in an exemplaryerdbodiopedt faitcthetddeagarrzny be avethingethanexingiaryiemhodiments.

| i UREQIQN ] f from 100 volts.to. 200 ke, but oth
mtant end e o é‘ﬁﬁ?ﬁx‘%ﬁ@%ﬁ?ﬁéﬁ% e Ao gy used.

either P-tyﬁ%ﬁ%ﬁg%[ﬁﬂ’fﬁé?%%’ﬁyﬁélﬂb t itRpeiigeaientipdseinsrsigscarprrgpatel pant impurities
may 30 be prendepindivscmesin inaligurieseahanibihtinergepantimpyitias Maveiaghide
phosphorus,.arseni ti ombinations thereof..Other.dopant impurities may. be ysed-in
other exemﬁ%régﬁgﬁﬁg ﬂ%%%&%@fﬁg%i {éﬁogvog ?ﬁé grtaﬁju&%er% % Qer”§9§& ita Iéj ﬁue%%naf’lgn nealing
process hasieai&ncp RIEY. Bt o emreratiiatsiibin e sanennidddusBIE Gedsiusopdnt 5
in(;purity copeentsakie @ﬁr@t hmaimér' é&i:ft&d rﬁ'ayﬂ.@teft[g@mtam@|¥£€1%;§Ha@eerﬁi%§iﬁfeﬁi§.ce$ﬁae _
advantagequs result that the gate electrgde. includes approximately the same dopant copcentration at
- all portionsgfﬁ)a(i rar%]eiﬁ%?%é%%gsn\?ﬁttﬁr{ﬁﬁe%%?en %‘é%én rf&?pnrﬁ%%?{ntgglﬁﬂ% cr@s% ?T:Ig‘t"gdﬂ s the

~dopant impiritiestaer piepsived diffesioivest the stmeLmain take. pisce Slapecnymératizetwithin the

- range of 5eRate R0G Seisi Ut AR QREHABESAIING 8T e HRIME S e URRILIIGIRRY %é@’np'aw

embodimen S The doéﬁedagate electrode material 154 including non-planar top surface 128 shown in
FIG. 5F, is% eﬁgﬁ% 8dto produce the structure in FIG, 5G. Doped gate electrode material 154 is
more Hccul@iéh] describiel £i=a shoped donbdrgwalediatrtivatecyaial clbttreite phaterizad 1%50034]FIG.

15G shows glpped 98t ahesiOERMatalARRIIENR aNArREqR ARG R g i Sxamplary

embodiment, a chemical mechanical polishing operation may be used to planarize the structure by
bl §

removing POFHONS ¥ BRPiiRcq SEHER M E Yo proiite pReHarR P A ditdRte I dBEode

material 154shigH hiedgtt pBBivkighenmiztd dabed iheteanigetotib 004020 angsuitnisighd v be chosen

in conjunctj ith fin:hel : ' t 0f- -sguare surface

v e e e
advartagetlithd eighleh'th bdsiBRifcsmRic SRPRRR. hibg HoPtmeansgPaRe stfatsre shown in

the cross-seaftoretsvidwiimaitaOopis@BRe 156 may be less than 100 angstroms. Height 185

may advantageously be chosen io be significantly greatei‘ than fin height 114. .

-10035] The structure shown in the cross-sectional view in FIG. 8G is aiso

presented in three-dimensional isometric view in FIG. 6A, in which the dopant impurity
25 concentration at point A” is advantageously equal o that at point B”.

- [0036] FIG. 68 shows mask material 160 fortnedle\fer planarized top surface 156
of doped, annealed gate elecironic material 154. Mask material 160 may be a single
layer of photoresist or in may include muitiple layers such as a photoresist fayer formed
over a silicon nitride, silicon oxynifride, sificon oxide or other layer. Mask material 160

30 has a substantiaifly uniform thickness because it is formed over planar top surface 156,
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presented in three-dimensional isometric view in FIG. GA, in which the dopant impurity
25concentration at point A' is advantageously equal to that at point B". [0036]FIG. 6B shows mask
material 160 formed over planarized top surface 156 of doped, annealed gate electronic material 154.
Mask material 160 may be a single layer of photoresist or in may include multiple layers such as a
photoresist layer formed over a silicon nitride, silicon oxynitride, silicon oxide or other layer. Mask
material 160 30 has a substantially uniform thickness because it is formed over planar top surface 156.
Mask material 160 includes planar top surface 150 and substantially uniform thickness 166. Because
of planar top surface 156 of mask material 160 and substantially uniform thickness 166, a desired
predefined mask pattern can accurately be transferred from a mask to mask material 160 and a -
subsequenféashigiprotdss innbeuskdao Bacuufately ihnasfesthetpatitdin toithergtiiclalestrode

Material 154560034dklG: 6G.shawepatianet saskmaleratdts fenmed QvekplanaltariRikace 156 of

doped gate e,I%ctrodeﬁnaterial 154. Patterned mask material 162 may be formed using conventional
photolithogFAISHE Fietiddd S SRt S RB oM Rl aSAR B THETSAARR (HSEERFR prior art
arrangementask FIG r3&:K nnptetiain 46K 4600 s hetvaaimuthe priciiagt ariargenuaint skowsein kJG. 36,

straighgopadgggrgmﬁgfé}qﬁ@ %%@Vdéfgf%@&@@hné‘gr@%ﬁt of the invention is that width

164 of patterned mask material 162 is substantially unitorm when formed from such a photomask

feature havii &l uniform!Gides shavsmaisare sl sateratet s forgdpevsiepigaaiidsAductor fin
108. In othensfrarel $5asfaupad atdhtestbatombadi-ptanarezedderd mask material 162 may be

formed using conventional photolithographic methods and using a photomask such as

the photomask {48} shown in the prior art arrangement of FiG. 3B. in phofomask 46

10 | shown in the prior art arrangement shown in FIG. 38, straight opague region 48 has a

substantially uniform width. An aspact of the invention is that width 164 of patterned

mask material 162 is substantially uniform when formed from such a photomask feature

having a wuniform width, even when patierned mask material 162 siteps over.

semiconéuctor fin 108. 'in other words, as a result of the substantially planarized top

15 surface 156 and resulting uniform 166 thickness of mask material 160, a desired

. predefined pattern can be accufateiy transferred onto mask material 160 fo form
patterned mask 162.

{0038] This pattern is then transferred to the gate electrode material by an

_ efching process, preferably a diy piasma efching process, to produce gate electrode

20 168 shown in FIG. 6D after patterned mask material 162 has been removed. The

etching process wused to efch uncovered (unmasked) portions of the doped gate

elecirode material 154 may also remove some or all of the gate dielectric 120. In

embodiments whereby some or all of gate dielectric 120 remains on semiconductor fin

) 108 after the etching process, a subsequent plasma efching procedure may be used to

25 completely remove gate dieleciric 120 and‘.expdsga semiconductor fin 108, including

sidewalls 110 and opposed portions 178, 180 that will form the soUrceldrain regions.

FIG. 6D shows gate electrode 168 that orthogonally traverées, i.e., straddles,

semiconductor fin 108. Gate electrode 168 includes top surface 174 and constant width

172. The efching process or processes removes all of the uncovered portions of the

30 gate electrode material and the gate dielectric thereby exposing semiconductor fin 108

13



15 surface 156 and resulting uniform 166 thickness of mask material 160, a desired . predefined
‘pattern can be accurately transferred onto mask material 160 to form patterned mask 162. [0038]This
pattern is then transferred to the gate electrode material by an etching process, preferably a dry
plasma etching- process, to produce gate electrode 20 168 shown in FIG. 6D after patterned mask
material 162 has been removed. The etching process used to etch uncovered (unmasked) portions of
the doped gate electrode material 154 may also remove some or all of the gate dielectric 120. In
embodiments whereby some or all of gate dielectric 120 remains on semiconductor fin 108 after the
etching process, a subsequent plasma etching procedure may be used to 25 completely remove gate
dielectric 120 and expose semiconductor fin 108, including sidewalls 110 and opposed portions 178,
180 that witkibinsthdigpirge/dtai réyits eFGPBEY strosigataelgateoclecte8ehtid fttrogonally

traverses, figp %&%@dlﬁﬁn SRIMiCBRALGGY AN 4818 pGale-lesHaAgHAS IDGludes R syniacayL 4 and

constant width 172. The etching process or processes removes all of the uncovered portions of the 30

gate electrofE AKX FHIRETRE Fate dielectric thereby exposing semiconductor fin 108 - '
' {0039} The source and drain regions are formed in opposed portions 178, 180 of

5 semiconductor fin 108 that are adjacent gate electracle 168. The formation of the

source and drain regions may involve many steps. In one exemplary embodiment, an

ion implantation process is performed {o dope the source and drain regions 178, 180

immaediately adjacent the channel region formed where gate electrode 168 straddies

semiconductor fin 108. In one exemplary embodiment, the ion implantation process

10 takes place immediately after the gate electrode material and gate dielectric etching

'processeé are concluded and prior to removal of the patterned mask material 162

shown in F1G. 6C, Stated alternatively, an initial ion implantation process may take

place in between the processing locafions depicted in FIGS. 8C and 8D, and with

patterned mask materiat 162 stilf intact but after the unmasked portion of gate electrode

15  material and gate dielectric have been removed, i.e., the gate electrode is protected

from being implahted'. ln‘ anaother exemplary embodiment, the source/drain ion

impiantation process may fake piace after the removal of the mask material and upen.

the structure shown in FIG, 8D. The ion implantation proceés or processes are chosen

fo provide a subsiantiafly uniform dopant profite throughout source/drain regions 178,

20 180 of semiconductor fin 108, including substantial uniformity in both the vertical and
lateral directions. Various impiant conditions may be used to achieve this.

[0040] Spacers 176 are formed on sidewalis 182 of gate electrode 168 as shown

in FIG. 6E. Spacers 176 may be formed by deposition of an insulating spacer material

foliowed by anisotropic etching of the insulating spacer matériaﬁ. in one exemplary

25 embodiment, the spacer material may be silicon nitride and in another exemplary

embodiment it may be a stack of dielectric materiats inciuding a silicon nitride layer and

a silicon oxide layer. When an isofropic etching process is performed on the spacer

material formed over gate electrode 168 and semiconducior fin 108, spacers form aiong

sidewalls of each. Because height 155 of gate electrode 168 is greater than height 114

30 of semiccnducic_;r thin 108, the spacers formed alongside semiconductor fin 108 wili be

14



and insulating layer 104. In the exemplary embodiment, gate electrode 168 forms a right angle with
semiconductor fin 108 but other arrangements may be used in other exemplary embodiments.
[0039]The source and drain regions are formed in opposed portions 178, 180 of 5 semiconductor fin
108 that are adjacent gate electracle 168. The formation of the source and drain regions may involve
many steps. In one exemplary embodiment, an ion implantation process is performed to dope the
source and drain regions 178, 180 immediately adjacent the channel region formed where gate
electrode 168 straddles semiconductor fin 108. In one exemplary embodiment, the ion implantation
process 10 takes place immediately after the gate electrode material and gate dielectric etching
processes are concluded and prior to removal of the pattemed mask material 162 shown in FIG. 6C,
Stated alteffegiedy 286 isrrapiefeivn prpRNEO NS Cés SShIRpakE Plattesinbistwalienasideprariessing

locations depigieddmBGH: 66 andkBlay anbeitmeattersednask materal 162 silbintagidaut after the
unmasked§orth‘£ ofagate electr‘oﬂe 15 material arg%}geate dielectric have been removed, i.e., the gate
electrode i€ FFotaRRL FrrotR BRMG I iRt FPRF& ot 8XEHRS I mBiEa AR, e S8u¥@drain ion

implantatiosigioodss 18y wikie plage afterabe femevabbigsdnaskmiatediattandfmpddtheastructure

shown4n FiG,&dialiDGdrd JapapiAli RdNBEET SRIBIRGEREES MG £1056R IPrardsa substantally
uniform do%aﬁnt rofile throu%hout source/drain‘regions 178, 20180 of semiconductor fin 108, including

substantial y B Gertifal ¥haNalia SRR LY alBe YaihIMR BRIt may be
used to achemiethinf004DISpasered 7 arsirionmedanrsidewalisd8 Zidbgatk eletredey168 as shown

in FIC. G <Sgaceiail’ S bR mediysiaonsiian.ef andnsuialing spaceieriolgyed by

anisotropic etchin% of the Insulating spacer materi one exemplary nt, the spacer
[

material m3FBeslitdrifigcarfiaibthel ex@HmarranierifreRedmag e it @pesdielectric
materials inzBiding axadiopsuniftisieitayas anglsusHiomraddgday ek divhen 3 isaiigicspishing process is

foigoggen%rﬂwggspé}asrnfgﬁ&sgiﬂl.é%msﬁp%%?&%a&?s? SRURSS 108 20di2SEaRdstopdin 108, spacers
{6041] After spacers are formed as shown in FIG. 6E, a selective epitaxial growth
process is performed to incfea,se the width 112 and height 114 of semiconductor fin 108
in the source/drain regions (178, 180) adjacently opposite gate electrode 168. More
| 15 particularly, selective expitaxial growth will take place on exposed portions of
sourcefdrain regions 178, 180 of semiconductor fin 1 08; that is, on top surface 180 and
- the exposed portions of sidewalls 110 that are not masked by the presence of a spacer
material as described above. In the illustraied embodiment, sidewalls 110 are
fliustrated to be free gf spacers for clarity in ustrating the selective expifaxia! growth
20 process. The selective epitaxial growth process may be a CVD operation and may
result in the epitaxial growth in the source and drain regions as well as over {original)
| top surface 174 of gate electrode 168, to produce epitaxial layers 184 and 186"
respectively. The epitaxial growth process may aiso be used fo incorporate dopants'
into the source/drain areas. An opfional ion ~imp!an‘ce‘ntia»n process may be petformed to
25  additionally dope source and drain regions 178, 180, especially if they were not
incorporated during the epitaxial growth process. Conventional low energy ion
implantation processes may be used to introduce dopant impurities into the source/drain
regions, to a shallow implant depth. A silicidation process may optionally be carried out
to form a silicide on source/drain regions 178, 180 and top surface 174 of gate electrode
30 168. Conventional patterning processes may be used to mask PMOS traﬁsistors auring
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sidewalls of each. Because height 155 of gate electrode 168 is greater than height 114 30 of
semiconductor thin 108, the spacers formed alongside semiconductor fin 108 will be receded and
completely removed prior to spacers 176 illustrated alongside gate electrode 168. In an exemplary
embodiment, the heights 155 and 114 may be chosen such that a substantially intact spacer 176
remains along sidewalls 182 of gate electrode 168 while any spacers formed alongside semiconductor
fin 108 are 5 substantially removed. This exemplary embodiment is illustrated in FIG. 6E. In other
exemplary embodiments, in which the spacers are removed from alongside semiconductor fin 108, the
remaining spacers alongside sidewalls 182 may be substantially smaller than the illustrated spacers
176 and may not extend up to top surface 174 of gate electrode 168. In another exemplary
embodime#itsin iwhishtacer(1 0816 T ofe wistrrd sabstaritiaietsaoSetidfegectV Lof yatboskctrode

168, smallgrRAckis YAl 'eMmaihalong thelowerportienseiridenallshleiabsemigaaductor fin
108. [004%{]Af,ter s%ac rs are formed é%?a!shqwn iIn FIG. 6E, a selective epitaxial growth process is

performed 5¥iIRERHEL TREWGRIA WA SERBCOSHAISIRYESr fin 108 in the source/drain
regions (17&480) adjatcearttprappositedate. ckecteoded] §8y:Moce dfSppacticsilay|ppsedéictise axpitaxial
growth, willjiake RIacs, o0 SResed RArHonsRl-SaHME/ drairig R Li8s 130 ol se T%P&Qé@g?or fin 108;

that is, on top surface 180 and_the e>ég.osed portions of sidewalls 110 that are not masked by the
presence GPEEHRRRPRAYEHEI B dds Piiainsreestits o mrreianssempadniee, EidRngt110 are
illustrated tedefree of\Sgabigrstier claitydh Ijustsatinticihers aletti eexpitaxialgeamthQ@ pigcess. The

selective SplRALY BYNPIRC SR MAYREA &\é’%&gﬁéﬁ&e RILRY AERLININE SespboTown n

the source and drain regions as well as over (origin op surfac gate electrode 168, to
produce epiEBaA0AperkYida saneriyehespBeRRse R E Hfapiio MR BlsRs Ay BIEHbe used to
incorporate dopanidnisethesoures/ diptnaredtp bRt cnakienisphantaiian Rrogessisgnde
performedig, g addignalldone soutes.and drain regions, 178, 190 epggially fiiey ugre not
incorporated during'the epitaxial growi process. Eonventional Tow energy 1on imp Bntafion processes
may be us&nftatfoduce dopant impurities into the source/drain regions, to a shallow implant depth. A

siligidatiorgﬁmspss mafr@pﬂmaa&rhgeﬁ@ai&gsoggé@ﬁ@rab&%ﬁ@@foaraeéggﬁ@raﬁ&:rﬁgjﬁg\asﬁ% 180
and.top sugface 1 7-4 of gate elec e 168.. Conventional patternipng processes ma used to
éﬁgﬁ%{g r?dsl%) rsfgdg@. é .H& %\Q‘(Etf § S?}H‘ﬁﬁlﬁ% %}(g)wm i E% 08& IS %ormegsl}ﬁ

S g
mask PM Sl uring the"implantation o ansistors, and vice-versa. sequent

- convéhtiosafproce sEiRtPepraiatomeratignh cepbesertad oy \Fike $heArifftisl eagstéotrandisrothe other

devices anslfgabipatelariE R URRHOBGRLSBAIF OSBHIRE d@VIeR/drain regions formed in the
semiconductar fin, '

{0044] FIGS. 8A-8D correspond identically to FIGS, 5A-5D and are described in
conjunction with FIGS. 5A-50. Acccfding to the second method of the invention as

20 presented by FIGS, 8A-8G in which the gale electrode material is pianarized prior fo
doping, it would be advantageous for gate dielectric 120 fo include enhanced immunity

1o dopant penetration. An_ enhanced immunity to dopant penetration may be
accomplished if the gale dielectric includes a nitrogen-containing iayer. According to
the second exempiary embodiment, gate dielectric 120 may advantageously include a

25 sificon nitride ot a silicon oxynitride layer as deposited. in one exemplary embodiment,
" "gate dielectric- 120 may be a sificon nifride layer overlaying a silicon oxide ilayer.
Alternatively, if gate dielectric 120 does not contain nitrogen as formed, an additional
nitridation process may be perfarmed upon the struciure shown in FIG. 8C io. enhance
"émmunity tc dopant penetration. The nitridation process may be an anneaiing process

3¢ in a nitrogen-containing ambient, for example.  In summary, according to the sequence
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[0042]A second method, i.e., a second sequence of processing operations, of the invention is shown in
the flowchart of FIG. 7. FIG. 7 includes the same processing operations shown in FIG. 4, but the
processing operations are performed in different sequence. Notably, the step of "pianarization of gate
electrode material" 413, is performed before the operations of doping the gate electrode material and
annealing, steps 409 and 411, respectively. The sequence of processing operations shown in FIG. 10
7 may also be performed upon multiple-gate transistors that may be double-gate transistors, triple-gate
transistors, omega-FETs or other suitable multiple gate transistors. [0043]The first portion of this
second sequence of processing operations is illustrated by FIGS. 8A-8G. After this structure shown in
FIG. 8G is formed, the 15 sequence of processing operations represented by FIGS. 6A-6F is used to
produce thefmudtipte-opaeaticnsidtor seterdjacthodyod fipositerdion: cettirdinlestiioria fozhaad ity the

semicondugley 65 JA0AAHC TP ArER LRI BHHSAI R pBRRARA AfR Aigpcribed i
conjunction with FIGS. 5A-5D. According to the second method of the invention as ZOGBéeggented by

FIGS. 8A-8&tHIvhich tﬁ%‘é‘ﬂ@‘&@@tﬁﬁiﬁ flatlndpisBisiRliat Bribr fPTIEES: Yo
advantageéurssfangate idiptedtric: 186 ¢t intlud of diiia AEathinininiityide plepansypdratri@idandn

enhanced mgm%toﬁ%p%&tmr@@arﬂm@m&m9%@'&3@&@9@ enlediglesitic inslusles a

nitrogen-containing layer. According to the second exeniplary embodiment, gate dielectric 120 may
advantage80SIySRQYRIE %’ﬁ@%lﬁ@gnoﬁ|ﬁiﬁ@ﬁ%%%ﬁ?ﬁ%ﬁﬁﬁ%‘%@éﬁgﬁ é‘%ﬂ&gﬁ%@ Iﬁ%ﬁ?exemplary

embodimeggsgateiidigectric .120 may be, a silicon nitride layer overlaying a silicon oxide layer.

Altemativelyollgate cielsciis Jagendiohesniain piiogen 4 e Abaddijanal pldaton

process may be performed upon the structlre shown in ance |mmunt to dopant

penetratiod I BIeRHEAREh FHRIEIRS iy HeeasiHpER MSgSHRYER4R Btn & nitfs alrffhg ambient,
for examplgiaenaummaryionGeanEpitddinh sagueaasseal Nrasess @i@’g@ﬁlﬁiﬂoitm pesandimethod of

the |nvent|onmqpé% ggeé?% iC. 120 shown.in in Fl%cgosadvaé}\ %eo Slré in %?e%iﬁgg gD ?\ ﬁ%hanced

dopant per?at Ion |mmun|ty & an ope rode materia i ther planarized using

CMP, for exhfriphy, tbepleeriient@Seictire maﬁq@s}sgewmﬁnn@fum@@wéﬁw@méﬂ@é F@)’E%d 5 height
155. FIG. BEnsbeneidng siuiciore iﬁﬁ'%@%@%ﬂe@sm%ﬁtfm HaissR|cbitankigmeyed portion
126 9f undi%rﬁgngs? eigrligc%og osn;?t?cglad\ézgal eec eb%th%gﬁga %ddiggactnc interface at
15 location 202 than the gale electrode materialigate dielectric interface at location 204,
As such, nitrogen-containing gate dielectric 120 achieves enhanced immunity to the
penetration of dopant impurities through the gate dié!e.ctric aven af location 202 which is
most prone to such pénetratio'n during the subsequent anneal process.
[0047] FIG. 8G iliustrates doped gate electrode material 154 with planar top
20 surface 156 after an annealing process has been carried out to activate ;:ioped gate
- electrode material 154. The annealing process is as described in conjunction with
FIGS. BA-5G. After the structure of FIG. 8G is formed, the processing operations
shown in FIGS. 6A-6F and described in conjunction therewith, are then carried out to
form the mulfiple-gate transistor which 'may then be further processed and wired (o
25 . other components of the semiconductor device as desired.
10048} The preceding merely illustrates the principles of the invention. it will thus
e appreciated that those skilied in the art will be abie 'to devise various arrangements
which, aithough not explicitly described or shown herein, embody the principles of the
invention and are included within its spirit and scope. Furthemnore, ali exampies and
30 conditional language recited herein are principally intended 'expressly foc be only for
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[0046]An ion implantation process, indicated by arrows 138, is then used to introduce dopant
impurities into the structure as shown in FIG. 8F. Conventional or 10 plasma immersion ion
implantation may be used. implant energy and other processing parameters of the ion implantation
process are chosen to produce implant depth 198 whereby the location 200 of the peak concentration
- of implanted ions lies above semiconductor fins 108. In can be seen that location 200 of peak
concentration of implanted ions is closer to the gate electrode material/gate dielectric interface at 15
location 202 than the gate electrode material/gate dielectric interface at location 204. As such,
nitrogen-containing gate dielectric 120 achieves enhanced immunity to the penetration of dopant
impurities through the gate dielectric even at location 202 which is most prone to such penetration

during the SASEEGUER Reiss REbde (G el CRalIBs atesSepstieng e eRniaide riatesial 154
with planar top:2®s afdcad boratiptsatbAMDaalngPIRcereRRBDRENARIFRS AHTIQ ackivats doped gate

electrode el T ali rocess is as described in conjunction with FIGS. 5A-5G. After
the s_tructur;&es?etof5 tI?IJ(sBJG% E:ég igg;o%r%%%,%%rfc))%?s%{ﬁ%no%jer%ﬁgng %%Cé%ﬁ% Fatied eRAHRPGR Wicribed in
conjunctiorCiElENEh, arblaranvearrial cistertonts tiemioltipisitiege pamsises; wiiphamaydheit be
further processedrasiyiseeho Ropiar, campaneastsiihe seavcandyciar deviceas desired.
- {0048]The %I%%%giggs erely iklusiirat(?s th% Qggciglljﬁ of the invention. It will thus be appreciated that

those skilled in't e art will be b6 daViie VARISIE a Aty RInEn < GReh, aftisiipnalte ekpicitly
described dreRderh Herbirsushbeayitaiesindiglegdeof iththinventotyandewe insjuletuithiadss spirit and
scope. Furtagmanshaleesamaian ackidRoNAlong| dnaLAEEIRARBEIR aiE R RERA. ntended

nd to aid the r rstanding

expressly to be.only for pedagogical purposes a eader in.un ing the principles of
the inventi%ng%ﬁ?thg a&‘rﬂggﬁté]%%rﬁfﬁ&ﬁed by the inventors to furthering the art, and are to be

constifed ﬁ&ﬁﬁinglwitm kieseigietoodlivh epscifies!prenittichenarmpiesatstconstitieas. Moreover,
all statemega uaiein FIHE REORIRIEP (ASRRELANY AL TARMIT iRATIRe Dyeniion, as ye! as
specific examff!ﬁ% thereof, are intended to encompass both structural and func |onalneqU|vaIents ‘
thereof. AdflffcHally, T TVEHIFSHARSE SRR o 102 SRESTIRtIRIE DBl tavmstsrRh Gwriiewavalents and
equivalentSuggeelofiediroihe, fulumdickl, day@lernaimdevelppeddial pesorarbhersamea furction,

regardlesss»@!ﬁ%é‘ﬂﬁﬁativeé thereof (e.g., “horizontally,” “downwardly,” “upwardiy,” ete.) should be -
15 consirued {o refer to the orientation as then described or as shown in thé drawing under
discussion. '
10050} Although the inverytion has been described in terms of exemplary
embodiments, it is not limited thereto. Rather, the appended claims should be
.- construed broadly, to include other variants and embodiments of the invention, which
2¢  may be made by those skilied in fhe arft without departing from.the scope and'range of
equivalents of the invention. ’
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10 [0049]This description of the exemplary embodiments is intended to be read in connection with the
figures of the accompanying drawing, which are to be considered part of the entire written description.
in the description, relative terms such as "lower," "upper,” "horizontal" "vertical,", "above," "below,"
"up,” "down," "top" and "bottom" as well as derivatives thereof (e.g., "horizontally," "downwardly,"
"upwardly," etc.) should be 15 construed to refer to the orientation as then described or as shown in
the drawing under discussion. [00501Although the invention has been described in terms of exemplary
embodimenggn it is patdigdtrd thereto. Rather, the appended claims should be construed broadly, to
include other variants and embodiments of the invention, which 20 may be made by those skilled in
the art without departing from .the scope and'range of equivalents of the invention. What is claimed is:
1. A method for foAmingtaayaferefesnindedfogasmealtigiedmtmiransistopin gaenieosidisctar device,
COMPIising semicBHAISIHGHR WP SBAGIHERGOMPrising a semiconductor fin disposed over an insulating
layer and a gate dielectric disposed on said semiconductor fin; forming a gate electrode material
over said gate dielQHEBHPsSHPLERILEH ERRIBF RS P L SAMITRIAY P rBocdisrrF B P¥tioATith said
gate electrodsutatiteriayexteddingdirteidyttvel saidsseomicantimtocditiacdiaving a substantially
planar top surfacefg;np}lgr%(teéwd a‘fJéSt%‘gcRQ% e%%} ecﬂaquggied i.lges 9 saégefirét rzlagter ggidsgcl)éming,
introducing dopant impurities into said gate electrode materiaﬁ; andPafter said mtroc?ucing, annealing to
activate saitHUpRIURIEUfifie BYVIBRTRIRAAG A PERSERTHS RPRREHEN WitThesideante alsatretsim 1,
WhereinI iai@éwﬂﬁing@e@fatﬁgekﬁﬁéﬂweomt[%@‘ai @éﬁ}ﬂf&‘ﬁ@&éﬂﬂﬁﬁiﬁgF@aéﬁ%@b%%ﬁé@%@ﬁi@%foded
material having a tqp_surface that is,non-planar rmed, then planarizing said top syrface an
terminating said p ggg?ﬁ%ﬁa it %ar%%%uhcag %’5%%%93%?5&?3&%%%&%& eer%%hdgeﬁi?ggﬁﬁﬁj (E‘\'?ér said
semicondubrisighiarnagangacsiusstasitapnplandritep virfagd. gateTectneihooktarian aaim 1, further

comprising gradtesninaririd aatg eARauaRle MatekRllR RIdussa-gateRiartodaiirttiavgsses said

semiconducﬁor fin and includes said substantially planar top surface.
electrode material.

2. The method as in claim 1, wherein said forming a gate eiectrode material
comprises forming a layer of said gate electrode material having a top surface that is
- non-planar as formed, then planarizing said top surface and terminating said
planarizing to produce said gate electrode material extending directly over said

semiconductor fin and having a substantiaily planar top surface.

3. The method as in claim 1, further comprising patterning said gate electrode
material fo produce a gate electrode that traverses said semiconductor fin and

includes said substantially pianar top surface.

4, The method as in claim 3, further comprising forming source and drain regions

in said semiconductor fin adjacent each of opposed sides of said gate electrode.
5. The method as in claim 4, further comprising forming spacers on sides of said
gate electrode and forming & silicide in at least one of said gate electrode and said

source and drain regions.

6. The method as in claim 4, further comprising:

forming spacers on sides of said gate electrode;
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4. The method as in claim 3, further comprising forming source and drain regions in said
semiconductor fin adjacent each of opposed sides of said gate electrode. 5. The method as in claim 4,
further comprising forming spacers on sides of said gate electrode and forming a silicide in at least one
of said gate electrode and said source and drain regions. The method as in claim 4, further
comprising: forming spacers on sides of said gate electrode; performing selective epitaxy on
exposed portions of said semiconductor fin but not on said spacers thereby increasing height and

width of said semiggr@Haing BBleande epithiMINGSRNES ol ALY LeionsR SRid8Mmiseguctor fin
adjacent eacq of R

sed sides of said gate electrode. 7. T ethod as .in claim 1, wherein said gate
dielectric inCflides gf%gécgﬁsﬁ % rl?gﬁ(ﬂ:,g ATDS, rﬁf@ﬁ? %thgh%}f%.se@%ﬁ}’ﬁgfﬁgﬂ’ &5 claim 1,
wherein said gate sleetrode megesiad [tasia tegight SubstantaityogrebtsntHanaisesit@adbotor fin

height. 9. Thesmsthadasinslaigyd. duthgrgomprising patterning said gate electrode material to
produce a gate electrode that traverses said semiconductor fin and includes said substantially planar

top surface, and performing selective epitaxy on said semiconductor fin thereby increasing height and
width of said. semiGorduetbodirs HOcizine methodiasindciaita diefacthencompesingdaroriaga patterned

masking Ia;Le;:‘r2 c9§’e/§|§8i3d %g gﬁﬁqog%rg%erial; etching portions of said gate electrode material
not covered by Said patternéd masking Iaye‘?r' to produce a gate electrode that traverses said

semiconductor fin; and with said patterned masking layer in place, introducing dopant impurities
into said segnicondur@ionéiméa fosmh sauiFse: anehsheain Rt e @iRg dReBillierial has a height

substantially greater than a semiconductor fin height.

g. The method as in claim 1, further comprising patterning said gate electrode
material to produce a gate electrode that traverses said semiconductor fin and
includes said substantially planar top surface, and performing selective epitaxy on said

semiconductor fin thereby increasing height and width of said semiconductor fin.

10. The method as in ¢laim 1, further comprising:
forming a patterned masking layer over said gate electrode material;
etching portions of said gate electrode material not covered by said patterned
masking iayer to produce a gate electrode that traverses said semiconductor ﬁ.n; and
with said patterned masking layer in place, introducing dopant impurities into

said semiconductor fin to form source and drain active regions therein,
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