Mul t pl e-.Gate Transistors Fornmed on Bul k Substrates [0001] This application
clains the benefit of U S. Provisional Application No. 60/495, 6071, filed
on August 13, 2003, entitled "Miltiple-Gate Transistors Formed on Bul k
Substrates,”™ which application is hereby incorporated herein by reference.

TECHNI CAL FI ELD MQG#}elhetefl eaistors Formabh ondBalleSubstrates conduct or
devices and nore particularly to the nulti pI e-gate transi stors formed on
bul kK sem conduct or substrates. BACKGRQUND [0003] The dom nan

sem corlditor t'oERBRGHY daEy thedenetiof bhmravisignd Appligatiop Aloy 59/6%5 0Zcal e

integrated (ULSI) circuits is the netal-oxide-sem conductor field effect
t ransi sfiled on AMDSFET 206% eftiiiell OlglyltipReGate {Tiramistars Fovenedion & ulif SWSBEETS has
provi ded continued inprovenent in speed performance, circuit density, and

COSt p&fhik ﬁphf:é!ﬂ)ﬁtﬂ l‘ik'?el\l;gﬁ ﬁﬁorh@edq?e?émi) eWfedgcades. As the gate |ength of
t he conventi onal bul is reduced, however, the source and drain

increasingly interact wwth the channel and gai n |an uence on the channel
potential. Consequently, a transistor with a short gate I ength suffers
from pridiill&NEAleFEIdd to the inability of the gate to substantially
control the on and off states of the channel. [0004] Phenonena such as

reduced gate control associated with transistors with short, channel

| engt héﬂﬁ} t er AR BTCENb IVt FRldEs tepprIcradudiordersewmd s PHEpIAGY to the
concentration, reduced gate oxide thickness, and ultra-shall ow

sour ce/mkla'plargjauﬂ tehiigos famed wapdgk tsaniwmhc&ssu}sslmates.- channel effects.
However, for device scaling well into the sub-50 nmregine, the

requi renents for body- doping concentration, gate oxide thickness, and

source/dr&&Rg)m doping profiles becone 1

[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. Reduction in the size of MOSFETSs has provided continued
improvement in speed performance, circuit density, and cost per unit function over the past few
decades. As the gate length of the conventional bulk MOSFET is reduced, however, the source
and drain increasingly interact with the channel and gain influence on the channel potential.
Consequently, a transistor with a short gate length suffers from problems related to the inability

of the gate to substantially control the on and off states of the channel.

[0004} Phenomena such as reducéd gate control associated with transistors wi;[h short

channel lengths are termed short-channel effects. Increased body doping conce;ltration, reduced
gate oxide thickness, énd_ ultra-shallow source/drain junctions are ways to suppress short-channel
effects. However, for device scaling well into the sub-50 nm regime, the requirements for body-

doping concentration, gate oxide thickness, and source/drain (S/D) doping profiles become
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1. Yingreasingly difficult to meet when conventional device structures .
based on bulk silicon (Si) substrates are enployed. [0005] For device
scaling well into the sub-30-nmregine, a prom sing approach to

control li; hont -.channel effects is to use an alternative transistor
structur elﬂ{/&mefﬁ%“%ﬁgﬁ?‘ﬁgﬂ e hgeoayentiosal devive binicpires tysddentbuingiicdnqgiy Pri or
art nultggLe-?ate transistors are forned on silicon-on- insulator

subst r at e40SURIGSAremplpyedul ti pl e-gate transi stor 10 is shown in plan view
in Figure 1. The structure includes a silicon fin 12 overlying an
insulatOQQé er %A whi ch overlies a substrate (see elenment 22 in Figure
2). A gate Ofel edfF AL ifescdmg vestinto thesubm3(Fhyuegme)a mavsing spppast ioon of  the
silicon fin %2, and a gate el ectrode 16 straddl es across the silicon fin
12. The GatlHneshastehannel pffedtsis labeantihengaicrakost R Gk BB BRoRI 1T CON
fin 12. [0006] Exanples of the nultiple-gate transistor include the

doubl e- ggete, ta. amsuldplofpatettfahfbier. Gk artthARSESLQL . Onega fiel d-effect
transi stor (FET), and the surround-ga:[ﬁe éIkﬁétgé@%sﬁ%%gefgw%%%ﬁ@P@m. A

mul ti pl eigalatrisisRalest ar re is expected.tq extend the scal ability’ of
CMOS  t echnol 5gy beyon%ptr }eﬁr:tll&tlrﬁﬂfpi 'g%}ﬁga&mt?rﬂ@ i3 F1overit plgn aievon BigOBFET and
realize EFP@st cﬂr”&?;&dg%%@i{; of silicon MOSFETs. The introduction of

addi ti onal gates i 1 bparlyingca insdaipiliyeg 14 ethigesvetifte agab@gieand

t he chanpel , increases the control of the channel potential by the gate,
hel ps su ¢ element ) in FigianPelA dté dictestrica e dnnoPOE: f eﬁf@vélgiagﬂowonooff t he
MOS transistor. [0007] The sinplest exanple of a multiple-gate transistor

i s the dbabiligon fatld, tndansiesd@trods 6 Se88lk BEDsd . ent No. 6,413, 802
issued to Hu et al. As illustrated in the @?%Sst@eésdé@ @?\1 r%\?igé%%ff‘eqﬂﬂfgure

2a, the Zpydhes gat téa@ﬂ%ﬁ@%@fmlﬁiﬁe ﬁﬁgﬁ@bﬁ-’ ectrode 16 that straddles
I n-TiKe si '

across the channel or the body 12, thus formng a
doubl e-gate structure. There are two
[000 Examples of the multiple-gate transistor include the double-gate transistor, triple-
gate transistor, omega field-effect transistor (FET), and the surround-gate or wrap-around gate
transistor. A multiple—gat\f: transistor structure is expected to extend the scalability of CMOS
technology beyond the limitations of the conventional bulk MOSFET and realize the ultimate
limit of silicon MOSFETs. The introduction of additional gates improves the capacitance

coupling between the gates and the channel, increases the control of the channel potential by the

gate, helps suppress short channel effects, and prolongs the scalability of the MOS transistor.

[0007]. The sifnplest example of a multiple-gate transistor is the double-gate transistor as
described in U.S. Patent No. 6,413,802 issued to Hu er ol As illustrated in the cross-sectional
.view of Figure 2a, the double-gate transistor has a gate electrode 16 that straddles across the
channel or the fin-like silicon bedy 12, thus forming a double-gate structure. There are two

gates, one on each sidewall 18 of the silicon fin 12. The plan view of the double-gate structure is

shown in Figure 1.




gates, one on each sidewall 18 of the silicon fin 12. The plan view of the
doubl e-gate structure is shown in Figure 1. 2 [0008] In U S. Patent No.
6,413,802, the transistor channel conprises a thin silicon fin 12 defined
using an etchant mask 24 and forned on an insulator |ayer 14, e.g. silicon
oxi de. (6BUSe OXi UM PewntiNo. palT 802rewd, rahsibtbpyieendl Yodpties dejinsilitorofin apd gat e
patterning to forma double-gate structure overlying the sides of the fin.

Both t - Qs [ i {d t: - Tl [ are in
the. pl ARIEHERE mAEER DL Bef 408 A BTAT frd 1 30 Bijcdh Be}. 9

mul tipl e-gate. transi st is the triple-gate transistor,. A cross- sectional
Vi ew o Ny f5PETEce: DR e depbaibertnd ols miiGRnedl o FQREES. The
plan view of the triple-gate structure is shown in Figure 1. The

tripl esgatterctoverhgig thersides gfuiles fin. eBdth thessogmt ¢o-dtapedirastion andghe pie-td-golas t hr ee
gates: one gate on the top surface 26 of the silicon body/fin 12, and two
gates @Qfrcéths 25¢ Baneplhse dfSheahibitAg smithéccon body/fin 12. The triple-gate
transi stor achieves better - gate control than the doubl e-gate transistor
because of it has one nore gate on the top of the silicon fin. [0010] The
tripl e{QOf tr dAmsihst examgplerofi e umstiprengats rangistpf is dlet tfiple-garegransisigr. gatceossont r ol
as illustrated in Figure 2c. Such a structure is also known as the QOrega

(Q fi gbdiondllvest of 4 @il GtaransifoES uctuds isHhdmded 9 Fagiee BE Theglaicded e ttgat e
el ectrode 16 has an onega-shape in its cross- sectional view The

encro a%ﬁ&te Arudifi igﬂltbﬁn &l ﬁgﬁrre qdepl @riﬂf@—gﬁa tfgﬂﬁst&f‘s’i@u&‘ﬁ%fa%éte{érl]%&tr‘aﬂe body

12 for onega- shaped gate structure. osely res
Gate-AllL-Araund (GAA) .transistor for, excellent. .scal abjlity duses a very
manu adb SPABTES ghigeetes SphERa IS banatach 24 sidbe e oy B 2 o- gat o
transi stor. _ '
gates on the sidewalls 18 of the silicon body/fin 12. The triple-gate transistor achieves better

gate control than the double-gate transistor because of it has one more gate on the top of the

silicon fin.

[0010] The triple-gate transistor structure may be modified for improved gate control, as
illustrated in F igure 2¢. Such a structure is also known as the Omega (Q) field-effect transistor
tFET), or simply omega-FET, since the gate electrode 16 has an omega-shape in its cross-
sectional view. The encroachment of the gate electrode 16 under the semiconductor fin or body
12 forms an omega-shaped gate structure. It closely resembles the Gate-All-Around (GAA)
{Aransistor for excellent scalability,.and.uses a very manufacturable process similar to that of the

double-gate or triple-gate transistor.

[0011] The omega-FET has a top gate (adjacent surface 26), two sidewall gates (adjacent

body 12. The omega-FET is therefore a field effect transistor with a gate that almost wraps

-around the body. In fact, the longer the gate extension, i.e., the greater the extent of the
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[ 0011] The onega- FET has a top gate (adjacent surface 26), two sidewal l .
gates (adjacent surfaces | "nsiOiiS or e & aChneTts 28 ,under the fn_like
sem conructor 0), and special gatC Cxwaara,v~u~...... ~ body 12. The
onega-FET is therefore a field effect transistor with a gate that al nost
waps  ar BUFERRA! Goly morithe sevcturemgpioarige o defwenttatiee gxd-ainsioard sthucfire. the
greater t'Ek? ext e&t@nﬁ(;feége 3 encroachnent E, the nore the structure

appr oac hesiegiiciog I ¢ hee glatieodr! I @aAQURCS; gachnent of
the gate el ectrode 16 under the silicon bod?%@ﬁ%&yﬁgpséﬁﬁgﬁﬁ%ha% nnel
from el edionm elettielfidld ine@fokn rahlvand. i pproves gat e-t.o-channel
control lability, thus aﬁ?@&?ﬂ%ﬁaﬁ%nﬁ r‘fgb %rv & G bﬁ&&@ﬁfﬁ‘%ﬁoﬁéb‘ﬁ%%i ng

ef fect an@ei; L. short -channel performance. 4 SUMVARV 01' H E

| NVENTI o%@ i Jﬁé@%’]%érﬁ‘gmﬁgg S PR SRR EREc Andist s thorteihanyml parfaiesnca,

mul tiple-gate transistor that is formed on a bulk substrate. Bulk silicon
substrates are cheaper than silicon-on- insulator substrates. Therefore,
the availability of a technology that forns nmultiple-gate transistors on
bul k substrates will enable future device scaling at a significantly
reduced cost. [0013] In accordance with a preferred enbodi nent of the
preferred enbodi nent, a structure and nethod for the fabrication of

mul ti pl e-gate transistors on bul k substrates includes depl etion- node bul k
mul tiple-gate transistors and accunul ati on node bul k nmultiple-gate
transistors, bulk double-gate transistor, bulk triple-gate transistor, and
bul k onmega-gate transistor and nultiple- gate transistors forned on bul k
substrates may be integrated with conventional bulk transistors. [0014]
Prior art nultiple-gate transistors such as the double-gate transistor, the
triple-gate



transi stor, and the onmega-FET are formed on silicon-on-insulator
‘substrates. Disclosed herein is a structure and nethod for form ng
mul ti pl e-gate transistors on bul k substrate. Many of the nultiple-gate
transi stors taught here achieve |OMIPOSFfo n?rufacguggdanatﬁpgbgfzes
i f. J_ul Kk -t,r.ansi,st, to significantly redu _ .

?882?? I%hﬁﬂgﬁggpggﬁﬁﬂfﬂg$zkﬁéibrovided a mul tiple-gate transistor
conprising: a semiconductor fin formed in a port!Ogsogfatbglgeniconductor

i con r su [ ; i ;0N __.on_Si , (
iR g S B S T Pﬁgm"eggmlem or f1im o

erdying the gate dielectric, the gate electrode hav

Dot t om sui AR R ol B8t £ 5P Sy Gurter W Slon sl whcmEesb S io.an.
lower portion of the sem conductor fin; and a source region and a drain
regi on fIBFHYEr Fubskates. 'Et@ﬁ‘if@@ntﬁ@l@Yaﬂlabﬂmmoﬁmbomwcegmhadpa@gﬂhttipg-gdﬁ@ gate
el ectrode, the source region-having a source-substrate junction, and the
drai n r dginontorawi ngk autdhtraienwillibigb fedtifrd NG s‘éﬁling"m%rs?étnrfﬁcahg9 reclucfhd Cost,
source-substrate junction or the drain-substrate junction being higher than
t he bott surface of the gate electrode by an amunt based on a thickness
of the r@@?ﬂ ng Hhgeordanse f"Ug1@IeffFrrﬁdaﬁmi!ddénemsﬁﬁretprtﬁ&ﬁE@cmBocﬁfIﬁﬂt!, detudure
method of formng a nultiple-gate transistor, the method conprising:
provi di Ayd mchwdiostbaifduination dimsiifisiga@iRinsistoRy 3 Rk fubsiafts GRIMLE B@J}etfdnn In
t he bul k sem conductor substrate; formng isolation regions on sides of

; ) ) . . q N a
t he senmmrdedultimilt Rg kO3B g3k I C c,..and a.. a_toe lectro
portion of the selff)n' conduct or rs?? n, t ngulgéé‘%eﬁj%{iee%‘_ﬁpw&txlﬁg\iﬂiﬁg}m&s‘ﬁ@f% Et#t .
surface; . 1 le.gate electrode, fornmng a mask layer over
i sol ati 8%@%6?8%9%%5&9%8&@?{1&'5 gg‘%%g%ﬁ%wﬁ ﬁ)gﬂlrlf %e&a{%ﬁ;e gg}:}%ﬁgﬁgggtﬂmlh n:

T m .source region and a drain region in
and for gnglt»fr:] %ar?slstors formed 0% bulk substrates may be integrated with conventiona! bulk transistors.

[0014] Prior art multiple-gate transistors such as the double-gate transistor, the triple-gate
transistor, and the omega-FET are formed on silicon-on-insulator substrates. Disclosed
herein is a structure and method for forming multiple-gate transistors on bulk substrate.
Many of the multiple-gate transistors taught here achieve low cost of manufacture and

enable scalability of bulk transistors to significantly reduced feature sizes.

- [0015] In one aspect, there is provided a multiple-gate transistor comprising: a
semiconductor fin formed in a portion of a bulk semiconductor substrate; an isolated region
on sides of the semiconductor fin; a gate dielectric overlying a portion of the
semiconductor film; a gate electrode overlying the gate dielectric, the gate electrode
having a bottom surface; a making layer over the isolated region and covering a lower
portion of the semiconductor fin; and a source region and a drain region formed in the
semiconductor fin oppositely adjacent to the gate electrode, the source region having a

- source-substrate junction, and the drain region having a drain-substrate junction; wherein
the source-substrate junction or the drain-substrate junction being higher than the bottom

surface of the gate electrode by an amount based on a thickness of the masking layer,



finusing the masking layer as a mask, the source region having a
source-substrate junction and the drain region having a drain substrate
junction, the source-substrate junction or drain- substrate junction being
hi gher than the bottom surface of the gate electrode by an amount based on
a thickness of the masking layer. [0016a] In yet another aspect there is
provided a nethod of form ng a sem conductor device, the nethod

conpri si (@I16pr ovi diiighothe? hbpe6QRers Wasb¥iales methel oM brRRNlal PiEplefzatche silicon
substrate to format |east one sem conductor fin, formng a gate dielectric
| ayer ovHPRSYS - thegpsthoheriprrisings pievidingafinig semigenducter awbstraselcformipgre over t he
gate di ekggikédduclof i in the basBlticoR@cldr Mo & ir%qgoqatﬁhgﬁéﬂr}%%% SRV o
forma gate electrode, the gate el ectrode over yrng sl : I's "and a top
surface 8F semisosdueiasding freming ¥ gafe diledric endhiatg clodrddeons poftionhé thgat e

el ectrode.): ' r.egl rial .adj acept poriions of the
semi condg%l!tng%ﬁ? Ftr?; ﬁ%’ﬁh J ﬁ%glf ﬁ%d%gaﬁﬁ%ggét?%m Syiaee ’r%&%p{)ﬁgﬁ t@“ﬁ%é?e a sidewal |
of the seltitomldiouhing afrask dayeeonds thelialaioanegioppel costrifg@ciowef pdriién 6ABE on of

rrateriaI'Sen%nd after for t he regi an of erial, doping the sidewall of

I N t
the seni SBNGURFEPT ull;nangg%ffgng hPUrEdPeRn g1d %&?E%IF&‘PH Foffe pERIAPHYCA sour ce
regi on finabing tte aiaﬂdﬁ@gwfhhs a[lﬁb@&,]ﬁhe Qusdtélrlegsﬁ ?M§i %u%eesuﬁafjaEé j?ﬂe:tio?l}c na
il trat t, to format |eas one sem conductor fin.
oL Con SRS hal s ool Sl 0nl Bl leasl, one semconductor T
1 eCt T 00QubE funltiorl RHEHgRY Ban'REvBhPutiabd GHAR bfic biBdifRle blBh bingR OF Lhe

gate electrode |ayer are etched to forma gate ctrode ! at the gate
el ect r odbasgd e f fhaekngsscd gl thaskingdayer. top surface of the sem conductor fin. A
region of material, e.g., dielectric, is forned adjacent portions of the
sem conductor fin nor underlying the gate el ectrode such that a sidewall of
t he seni Bghhlct or I yet endtarcispeattbere isproviged nethofl @€ fordingt @ mi@@dgutorof

materi al devyé,ethg im%%vg%l clomprising: providing a silicon substrate; etching portions of the silicon
substrate to form at least one semiconductor fin; forming a gate dielectric layer over the
semiconductor fin; forming a gate electrode layer over the gate diclectric layer; etching
portions of the gate electrode layer to form a gate electrode, the gate electrode overlying
sidewalls and a top surface of the semiconductor fin; after etching portions of the gate
electrode layer, forming a region of material adjacent portions of the semiconductor fin not
underlying the gate electrode such that a sidewall of the semiconductor fin extends above an
upper surface of the region of material; and after forming the region of material, doping the
-sidewall of the semiconductor fin above the region of material for forming a source region

and a drain region.

{00171 Disclosed herein are portions of a silicon substrate are etched to form at least
-one semiconductor fin. A gate dielectric layer is formed over the semiconductor fin and a
gate electrode layer is formed over the gate dielectric layer. Portions of the gate electrode
layer are etched to form a gate electrode so that the gate electrode overlies sidewalls and a
top surface of the semiconductor fin. A region of material, e.g., dielectric, is formed adjacent
portions of the semiconductor fin nor underlying the gate electrode such that a sidewall of
the semiconductor fin extends above an upper surface of the region of material. The sidewall

is the semiconductor fin above the region of material can then be doped.



is the sem conductor fin above the region of material can then be doped. -6
BRI EF DESCRI PTI ON OF THE DRAW NGS [0018] For a nore conpl et e under st andi ng
of the present invention, and the advantages thereof, reference is now
made to the follow ng descriptions taken in conjunction with the

acconpanyi ng drawing, in which: [0019] Figure | is a plan view illustrating
t he nuIBiilﬁ]%Dgﬁﬁj%IPt @NQ%THEDRA‘&/IEI&GEresent i nvention; [0020] Figure 2a is

a cross-sectional view of the doubl e-gate transistor of the present

i nventign:.,[ 00 Figure 2b is, a cross-.sectional view of the triple-gate
tranei SOBIBIo s B‘ng‘s‘@mp%ﬂ? HRASRHAPEINE of D5 2395oR ‘BrAnG opcen dieadintndes o
structure of the triple-gate transistor shown in Figure 2b; [0023] Figure
3 is a thaeekrdérrness srvamadd euhobllawingidpsceiptjatsgakanan sogemtior mhtbdharent of t he
present invention; [0024] Figures 4a - 4c provide cross-sectional views of

t he trigcempalytmgtdiariag i ahichf Figure 3; [0025] Figures 5a - Se and 6a - 6e

illustrate the fabrication of a triple-gate transistor of the present

invention; [0026] Figure 7 is a perspective view of another enbodi ment

triple-§aY trdngirst ore pan vige illysiretegrthe nnltiphe-gasnirafsPoR of theipgesest 8 is a

perspective view of a double-gate transistor of the present invention; and
invention;

[0020] Figure 2a is a cross-sectional view of the double-gate transistor of the present
invention;

[0021] Figure 2b is a cross-sectional view of the triple-gate transistor of the present
invention;

[0022] Figure 2c is a modified structure of the triple-gate transistor shown in Figure 2b;

[0023] Figure 3 is a three-dimensional view of a triple-gate transistor embodiment of the

present invention;
[0024] Figures 4a — 4c provide cross-sectional views of the triple-gate transistor of Figure 3;

16025] Figureé 5a - 5e and 6a — 6e illustrate the fabrication of a triple-gate transistor of the

present invention;

- [0626] Figure 7 is a perspective view of another embodiment triple-gate transistor of the

present invention;

10027 Figure 8 is a perspective view of a double-gate transistor of the present invention;

and

[0028] Figure 9 is a perspective view of an omega-gate transistor of the present invention. .
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[0028] Figure 9 is a perspective view of an onmega-gate transistor of the
preSent Invention. 7 DETAILED DESCRIPTION OF illustrative enbodi ments
[ 0029] The nmking and using of the presently preferred enbodi nents are
di scussed_in detail below It should be appreciated, however, that the
present i R¥é&ALkA DESGRIEON ey eppliveomiiodimdnmvent | ve concepts that can be

enbodied in a wide variety of specific contexts. The specific enbodinents
of specific ways to nmake and use the

di scussed mergly illustrativ
i nvent i on[,(]ai@nd ci@‘" ‘“lgiau’?fEJ PSIP&EF@E SfsecTdly praferrgdramshvdinoents §rodB3A]sselhe detai]
preferred enbadi nent relates to the field of sem conductor devices and nore

par ti cul %3 -dbsheuldibe sppracitiod, htewiaethavht presoat valingabges risPaEHIRagE thi s
i pl

invention provide a structure and nmethod for formng nultiple-gate

transi st aneentine burckptsibhi @abe sHBSLEAIESwid 9933 of iHIUKE c?rg?ﬂ%@e f%%‘?gi% 4 on a

t hr ee- di nensi onal perspective of a triple-gate transis
iment of this invention. The

bul kK subsitatBnehd; i . I kSt .enb _ )
substrate 132 mat el%iﬁgsl@(ﬁ gﬂe?%g?é%ﬁr%%vr%oééﬂ% EL 8PS fanaks and usedie imveabiysle, t he
ntal . sem conductor such as silicon or

substr at n be an el

ger nani u%}n&gﬁnéﬁ f%@%éfﬁp@é’ﬁg@dfl‘éﬁm%ch as silicon-germanium or a conpound
sem conduct or such as galliumarsenide. In the preferred enbodi nent, the
substrat (B3R COMRE hSRSMPRBSA ine silicon. [0032] The bul k
triple-gate ?r ansi sft? or 130 ?ﬁ%%ﬁ%@giagsgoe%’f’gSﬁc?Eé‘f%lFo?qzu!‘?tOigﬁ"l?"éraﬁ%ﬁloﬁn t he
bul k subsgt k- 2. Lsolation regions 136 are fornmed between sem conduct or
fins ( onggr%%&i%% SEEiCoRgy )dl,g’“ﬁ?s Wik Mudplegass mdspasthudithis ifvientikQurtowdek

anot her active éc‘fgi on (not shown). The isolation region 136 nmay conprise
silicon ORIYET aq Ppleedhioskgmiing mybiplesgate caomsistirg o blak siliton aoe@itaat i ons -

t hereof. Mesa isolation can also be used.

[0031] *  Figure 3 shows a three-dimensional perspective of a triple-gate transistor 130 formed

on a bulk substrate 132 according to a first embodiment of this invention. The substrate 132
material can be any semiconductor material. For example, the substrate 132 can be an elemental
semiconductor such as silicon or gefmanium, an alloy semiconductor such as silicon-germanium,
or a compound semiconductor such as gallium arsenide. In the preferred embodiment, the

. substrate 132 comprises monocrystalline silicon.

[0032] The bulk triple-gate transistor 130 includes a semiconductor fin 134 formed on the
| bulk substrate 132. Isolation regions 136 are formed between semiconductor fins (one fin 134 as
shown), or between a semiconductor fin 134 and another active region (not shown). The
“isolation region 136 may comprise silicon oxide, silicon oxynitride, silicon nitride, or

combinations thereof- Mesa isolation can also be used.

[0033] The semiconductor fin 134 includes a doped source region 138 and a doped drain

region 140. The source and drain regions 138 and 140 sandwich a channel region 142. A gate
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[ 0033] The sem conductor fin 134 includes a doped source region 138 and a
doped drain region 140. The source and drain regions 138 and 140 sandwi ch
a channel region 142. A gate -8 dielectric 144 overlies the channel
portion 142 of the sem conductor fin 134, as shown in Figure 3. In fact,
t he gatdclditat &¢4 ovedies st chamgl pertsn 1 4feofsberenvembdodtor firf 1 14, 48shofvn anFighe gat e
el ectrode 146. [0034] The gate el ectrode 146 straddl es across fin-like
active 3. elgifamn, thddate diBRcisic d@0valshiates tHefsampondifttr #h 158FRAML cAPAMEtQRE fin 134
are used for current conduction. In the preferred enbodinent, a
Si gnifiﬁ@_nt amount of source-to-drain current in the transistor is carried
along the sidewall surfaces 148. The sem conductor fin 134 has a
predetermned fin width wfand a drain that has a depth wd fromthe top
sur f ace[p34]t he Therhie oRetusde QU6 kirtid1E28RHM firdliky/activh e o80rf B! THEsiadeMi ce width
wd and wf. r wt would

of the transistor is a function of A larger wd o

result g iyve_current . [0035] Cross;sectional views
of "the THas LEBATE IR0kl o014 5e B B ek Ol Re TERE AR A4
and 4c-4¢' .are illustrated in Figures 4a, 4b, and 4c, respectively. Figure
4a shokEebediment @ sienEicant amennt, feqinceria-frainuaisRt ip Mt transisior tsiepmisg BlopBéhegat e

el ectrode 146, the gate dielectric 144, .and the channel region 142 of

seni corsifgerbsurfdces 134 ThThemigandicer datlBdles dptéddamirediot width weund hdegn 150
that touches the isolation region 136. [0036] A cross-sectional viewin the

pl ane ahat4bs Allepth Whir6ih theSop airfick 6f the SerRicaiRichafiflaEssehSallySIhO WHedtive Fl gure 4b.
The view cuts through the drain region 140 of the transistor 130. One

feat ur i ! - - t sufrface 150 of the te el ectrode

146 is e@%%&vhﬁgﬁﬁéegée}fﬁ%?w?ﬁguﬁal n-dsagg?{' r tl%g?ruwrfcotriwé‘ﬁ% ie% RRe I evel of

t he soyr ce-substrf%t.e junction 154. '
larger amount of drive current.

[0035] Cross-sectional views qf the triple-gate transistor of Figure 3 in the planes of 4a-4a’,
4b-4b’, and 4c-4c’ are illustrated in Figures 4a, 4b, and 4c, respectively. Figure 4a shows a
cross-sectional view in the plane that cuts through the gate electrode 146, the gate dielectric 144,
and the channel region- 142 of semiconductor fin 134, The gate electrode 146 has a bottom

surface 150 that touches the isolation region 136.

{0036] A cross-sectional view in the plane of 4b-4b’, which is parallel to plane 4a-4a’, is
shown in Figure 4b. The view cuts through the drain region 140 of the transistor 130. One
feature of the design is that the bottom surface 150 of the gate electrode 146 is below the level of

the drain-substrate junction 152 or the level of the source-substrate junction 154.

[0037] Referring now to Figures 4a and 4b, the drain-substrate junction 152 depicted in
Figure 4b 1s-at a level that is higher than the level of the bottom surface 150 of the gate eiectrode

146 depicted in Figure 4a. The difference d in the heights of the drain-substrate junction 152 and



[0037] Referring now to Figures 4a and 4b, the drain-substrate junction 152.
depicted in Figure 4b is at a level that is higher than the |evel of the
bottom surface 150 of the gate electrode 146 depicted in Figure 4a. The
difference din the heights of the drain-substrate junction 152 and -9 the

bot t om s % brtemsefagst 1 10t thppate dbatrorle détembs e itathe bengt of 4036t Soengerofs (@bout
50 angstrons to about 500 angstrons, and preferably about 200 angstrons.

[0038] Fiabuté0dengshoms, mdpraasablsabsitQ0RhnstBsi N the plane that cuts
through the gate electrode 146, the gate dielectric 144, the channel

regi on l\zklén Ehe ource region 138, and the drain region 140. Figure 4c
al so shoW¥38] pot Elurec shewk agesesactient vioatin thsSflatethareen tibestshsigee  and the
drain regions 138 and 140. The gate el ectrode 146 above or bel ow t he pl ane

of the palgetrodeild6, the ghtadeslcbaicdiels) the shaneWRgion 198shed uld-nesod Pl guLe 4c,
showi ng that the gate electrode 146 is in glt he Vici niut§/3 ﬁ()dtﬁg’ %)[%#%enti al

| eakage grafd @BlonRabhFiochhesEfiQr kN he gate el egtrode 146 extend
bel ow t he source- substr at ece‘;]c ﬁ)nsg?\{vgﬁp gtg%na(l)?ea#% %‘nglﬁﬂabhlgétbre%eénﬁ‘ﬁﬁ%f%n

152, and LIt onin ectrode 146 in the vicinity of the '
pot ent i a?nqotggg%éjnere a F\H%%‘%ﬁiﬁﬁl gjhe &ith slertnedst | 46raboyeey beloatt the blengefitlee page

el ect rodﬁ 14g§eﬁert§ .considerable influence on the potential |eakage path
156 to sUfpPEEE e iedRyget dfsboBons imFigaridoushonémethhishofats flb@rold YA QN
the source and drain regions 138 and 140 nay be doped n-type, and the body

regi on 1the vivenityind titopeehtia! keylpge t@rdn® pith ATheeih@ W@ﬂaviggg{e%%%g%tr%ggg

transi stor, or the source and drain regions 138 and 1

p-type, exnshdttaRvb@dYourt&SiRRal i cHaPed By cﬁ’r%i&—&b‘%tia{tﬁgﬁct%@@?&%ﬁln Si st or

depl etion-node transistor. Alternatively, ~accunu _
may be f : i dy.regions 142 doped the sane_ type as the
sour ce néﬂﬁglggﬁhés %a\g{% @ﬁ%}ﬂfh@é%ﬁéhix@}mtﬁ@f t tigl lealipge paid 8® i8S, drain
140, and .

embodiment ensures that the gate electrode 146 exerts considerable infiuence on the potential

leakage path 156 to suppress the leakage.

{6039} In various aspects of this invention, the source and drain regions 138 and 140 may be
~ doped n-type, and the body region 142 may be doped p-type to form an n-channel depletion-
mode transistor, or the source and drain regions 138 and 140 may be doped p-typz;,, and the body
region 142 doped n-type to form a p-channel depletion-mode transistor. Alternatively,
[ accumulation mode transistors may be formed by having the body regions 142 doped the same
type as the source and drain regions 138 and 140. For example, the source 138, drain 140, and

body 142 may all be doped n-type to form an n-channe] accumulation mode transistor.

[0040] A method of forming the multiple-gate transistor of F igure 3 will now be described
with reference to Figures 5a-Se (collectively Figure 5) and Figures 6a-.6e (collectively Figure 6).
Figures 5 and 6 show the device cross-section in two parallel planes at the various stages of
device fabrication. In particular, F igure 5 shows the device 130 in the plane 4a-4a’ of F igure 3
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body 142 may all be doped n-type to form an n-channel accunul ati on node
transi stor. [00401 A nethod. of forming the nmultiple-gate transistor of
Figure 3 will now be described wth reference to Figures 5a-5e
(collectively Figure 5) and Figures 6a-6e (collectively Figure 6). Figures

5 and GashBigurt lieheleshe @evide0S919 BRIPIAR dblibt WOFR@AES! I/&lbeRIraNRSpIatesiQ v ar i ous
stages of device fabrication. In'particular, Figure 5 shows the device 130

in the da-4a’ nof . Ej 34 d Fi.gure 6 shows.the devi.ce 130 in
the. ot ane Apa AreiRpal Rl ek dMifor 4 GO0 g Oy GorBRRBr Ry St i ' v e
par al | el %o each. ot her.. A g\%specti ve view of a transistor after additional
steps aPEIOMHES Bshowyin i in Figure 7. [0041] The starting material is
a sem conductor substrate 132 that may be an el enental sen conductor, an

al | oy sgwueond - Qr ound sem.conduyct or.., ..The starti erial is
pref er amﬂa si Tl g%‘ﬁtm d%az?f“’g e,Sléglrl% ng}’l%[.%ﬁ Yy %ﬁ%ﬁw%n}%qeﬁnﬁpegﬁg% r. At

| east one .se 'conduclfor fin 134 is fornmed by patterning the sem conductor
subst r af*Ecepguder,fihaliox spnigpdustos orargmpaundrisaicosdurtaro HBa sleBMeMaeEiL er ni ng
process may be acconplished by form ng a mask (not shown) over the '
seni congratrabty agliconfsubstreinentefoyabl haboat 801 ma iofliatteer.s anfeaninas eémicod®Rick 0 a
predeterm ned depth d,. The mask nmay conprise a commonly used mask

mat er i afin $34Ci6 f@med bPpateatSthe OmBRbhdie@®? sutdthd s Qhowdl IniFGOMeE4 £id The
conbi nati ons thereof. The trench depth d, may be in the range of about 200

angstr : i | referabl y, about 3000.angstrons. [0042]
The trenchléogg%?ﬁq@,pg%gmﬁg%t%%% S n‘%“’o?cg?ma'?ﬁ%efg%ﬁ%%&d?%srl‘a(f*%ﬁilo‘f%hwﬁ r med
in substrate 132. Alternatjvely, trenches of different depths can be
o mod BhetEriae Hai RIOSH REHH sibing ot s ricandions S2 ni slenBmanbnt
allows for transistors with different drive currents to be fornmed on the
same c iﬂeBt.h drniles rassls ouiy remprissencarem oy ubelatashynaselabotch ue pyotoresist or silicon

oxide or silicon nitride, combinations thereof. The trench depth 4, may be in the range of about

200 angstroms to about 6000 angstroms, preferably about 3000 angstroms.

[0042] The trench depth d, may be the same for all semiconductor fins 134 formed in
substrate 132. Altemativély, trenches of different depths can be formed on the same bulk
semniconductor substrate 132. This embodiment allows for transistors with different drive
currents to be formed on the same chip. This embodiment can be realized by selectively
removing portions of the trench mask (not shown) during the etching process so that some

trenches are etched for longer.

[0043] The mask may or may not be removed after the etching step. If it is removed, as in

the preferred embodiment, a triple-gate transistor will be formed. If it is not removed, a double-

gate transistor, as 1llustrated in Figure 8, can be formed.

' [0044] Referring now to Figures 5b and 6b, isolation regions 136 with a depth of d} are

formed in the trench 160. The isolation depth d; may be in the range of about 20 angstroms to .
-11-



renoving portions of the trench mask (not shown) during the etching process.
so that sone trenches are etched for |longer. [0043] The mask nmay or may

not be renoved after the etching step. If it is renoved, as in the
preferred errb%%i ment, a triple-gate transistor will be fornmed. If it is not -
removed, UG Danesyame. Rrefarslysbont, 208 angdtioust lathe Gréferrdd egiboBinnt, GRS
formed. b [0044] Referring now to Figures 5b and 6b, isolation regions 136

with a deftdidotngss framebodtdraree dbaut e, gre@Asly bBR:2: Thend RUALIRRIERLD o

may be in the range of about 20 angstronms to -11 about ang

pr ef er ablsydeabtirf200 1 ngshéwps. I n the preferred enbodiment, the ratio of
d,:d; ranges fromabout 1.2:1 to about 6:1, preferably about 2:1. The

sem conductor fin has sidewall surfaces 158 as shown. [0045] A gate

di el ect ril@045hyer Algute digletttie taybordaes!then férhRd S8 M CRRGEE Qo N 333 e to
subsequent processing, the gate dielectric 144 is shown ?rr?n&%'u?)ge% but

not i n Fisgbbe8ueh€prodditin b t kg be tor by thermal oxidation,
cheni cal vang; dgposi t%’gﬁ%gaé%%ﬂegﬁcr%%gﬁxwgﬁgﬁgyﬁ bH\i’E%é’BE‘gRrﬁé\ﬁmTB%d used
in the art.f 1hg & gate dielectric. Depending on the technique of’
gate di elg%tg td?eurl%‘"‘f“?‘{o&n%% @ng‘{ Wetﬂalﬁ%ﬁg Ol Al ehempical yapar depdsiiios sspotteringeort op of
the fin 134 hman% ge giafferent fromthe gate dielectric thickness on the fin
si dewal | 2% HheffRetiedssapye Ard used én thg art dodoshing targate didiecho) EBspemting Hethkop
surface of the fin is |ess than about 20 angstrons. [0046] The gate
di el ect r feghriaye Wfegateatistetid foarmtion)k @hicdliel St | RS RIchdsS O th@itSB(é;fqge it 1%gi con
t'o abou '

oxynitride with a thickness ranging from about 3 angstrons

angst r onmay pe difffeabfiym ROQI didR: @R @ﬁ&l%rﬁ%%é_)ﬁle 58 Btewd i e 98k %m(giocﬁhl%ﬁtt {hiec Hd

also forned froma high permttivity
gate dielectric thickness on the top surface of the fin is less than about 20 angstroms.

[0046} The gate dielectric may be formed from a material such as silicon dioxide or silicon
oxynitride with a thickness ranging from about 3 angstroms to about 100 angstroms, preferably
about 10 angstroms or less. The gate dielectric may also formed from a high permittivity (high-
k) material such as lanthanum oxide (La203), aluminum oxide (Al,04), ﬁaﬁﬂum oxide (HfO;),
hafnium oxynitride (HfON), or zirconinm oxide (Zr03), or combinations thereof, with an

equivalent oxide thickness of about 3 angstroms to about 100 angstroms.

[0047] Next, the gate electrode 146 material is deposited. The gate electrode material is a
conductive material and may be amorphous or polycrystalline silicon (poly-Si), poly-crystalline
silicon-germanium (poly-SiGe), a metallic nitride, a metallic silicide, a metallic oxide, or a

' metal. Examples of metallic nitrides include tungsten nitride, molybdenum nitride, titanium
nitride, and tantalum nitride, or their combinations. Examples of metallic silicide include
tungsten silicide, titanium silicide, cobalt silicide, nickel silicide, platinum silicide, erbium
silicide, or their combinations. Exaxﬁples of metallic oxides include ruthenium oxide, indium tin
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k) material such as |anthanum oxide (La203), aluni num oxide (A1203),

haf ni um oxi de (HfQ2), hafniumoxynitride (H ON), or zirconium oxide
(Zr@2), or conbinations thereof, with an equival ent oxide thickness of
about 3 angstronms to about 100 angstrons. [0047] Next, the gate el ectrode
146 mat @Rfqor heir gepbadiions. Exvineplesaafenatd] entudodengsnstithmilimi sluminuanostipet,i ve
mat eri al and may be anorphous or polycrystalline silicon (poly-Si),

pol y- cr yslybtidnumenickdl )| plamongend@hérim (pol y-Si Ge), a netallic nitride, a
metallic silicide, a netallic oxide, or a netal. Exanples of netallic
nitrides include tungsten nitride, nolybdenumnitride, titanium nitride,
and t ant08#tim nilhe gafe elepirodendp matwmbinanbé depssitdarkmeabiapordepbiition si | i ci de
include tungsten silicide, titaniumsilicide, cobalt silicide, nickel
silici d&VIp) by spnuendepdsitird s byesiirueshnubd 16088 an@usddNB e FOBPINRLILANS -
Exanpl es of metallic oxides include rutheniumoxide, indiumtin -12- -- --
- - It ialk NEhd the @k i i anpl es..qf tal ..i ncl ude tungsten,
titani uc%n%tlgﬁlmﬁﬁﬁlal&cg%{)@r : ﬁ%ﬁhﬁ%@tﬁg%@f??}l clﬂag[fzr,lﬁﬁag&ieﬁﬁ He T84 Ogta s.

[ 0048] al .may be deposited by chenical vapor

e te electr 146 mater |
deposi tzﬁ@ﬁ“gs?r%io %8 t‘g(g@taf‘%srtroé}’épﬁgfeﬁbb’rﬁbokb‘rlw aggyiomst d b iipguefacaaiown and

used in the art for deposi tigg conductive materials. The thickness of the
gate eltbegroelectivge é44 mpteriglyushalyihas & hen-pangeopfurfibeund n2Qbe phgstizedis gl 0
about 4000 angstrons, preferably about 1500 angstronms. The top surface of

the gatcberelcelemedhaisicd 46lishatiirioako pistalidgYoiRSyRe AOGrdAL ABG MmalelRl GYafeasg, and
may be planarized (e.g., chem cal-nechanical polished) prior to patterning

of .t he 1af{Rayelr el BeR: hBaERl &hid Ak g%% g&%ﬁ%?dee&i%%eg%rka? %}S tglrga &lrﬁ{ IO%?%}?Q%%&S ebe

i ntroduced i'nto the gate el ectrode erial

intr Od%?o%méd?for XA elz,%y i(?ry irrilp(l)z{]nte{no lteacl: t'%lt.lés.on techni ques.
[0049] The next step is the definition of the gate electrode 146. A mask material (not
shown) is formed on the gate elecﬂ*ode material, and the gate electrode 146 is formed by an
etching process, preferably an anisotropic etch (e.g., dry plasma etching process), to give the
cross-sections in Figure Sc and 6c¢. In this example, gate dielectric 144 has also been patterned,

although this step is not necessary.

[0050] A dieicctfic layer 162 is then formed'to cover a portion of the sidewall surface 158 of
the semiconductor fin 134, not already covered by isolation region 136. Referring now to

| Figures 5d and 6d, the layer 162 is formed such that a sidewall 158 semiconductor fin 134
extends.above the upper surface of layer 162. This dielectric layer 162 allows the formation of
the source and drain regions 138 and 140 such that the drain-substrate junction 152 or the source-

substrate junction 154 is at 2 higher level than the bottom surface 1

fel i@l 1H v

} of th

L3 -L

4

e gate electrode 146,
In the preferred embodiment, the drain-substrate junction 152 or the source-substrate junction

154 is defined to be the position where the doping concentration in the source or drain region
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[ 0049] The next step is the definition of the gate el ectrode 146. A nmask
material (not shown) is forned on the gate electrode material, and the
gate electrode 146 is forned by an etching process, preferably an
ani sot r opi g_etch (6,9., dry plasma etching process), to give the
cr oss- secth 6t thenl O guir lsvelc Imthd peaferrdchertividémen atiplbesic i@adre 69 c@hBhdet kificdift4
has al so been patterned, although this step is not necessary. [0050] A
di el ectriogideayer 162 is then fornmed to cover a portion of the sidewall
surface 158 of the sem conductor fin 134, not already covered by isolation
region 1363._ Referring now to Figures 5d and 6d, the layer.1.62is forned
such t hal¥®1§i delimthe Prbared smbodintnt ther méterial don BXtie fsedbov@idkhes upper
surface gf | ayer 162. This dielectric layer 162 allows the formation of
t he sour betvarml alstuabhan@go@NsdldSuesty 448 ' 'FOL}}PSE'[ te
junction 152 or the sogﬁr ce- substrate jﬁuno?%ki?grr?w%ﬂﬁéqagt%{oadg@ﬁl : '.T.rhgh_er
| evel thagisk . t : . of .the.apt .e elect le 146 . In
the preferr eﬂ(}geﬂ%b%(g P%ﬁ%ﬁ%ﬁgggg\giﬁ# Sgéﬁlggifprl%@é . {E'ﬁézf”igf)ﬁﬁi@ﬂt 5)66 qnggiroms to

is defined to be the position where the '

source-s junction_.l

dopi ng c%@é%ﬁé@%@%ﬁ‘)% Profratly alhqut 1600 anesiroms. efys oresult, i@ ratBsof the tickinkss 0f018
cm3 level. In the preferred enbodi nent, dielectric |ayer 162 conprises
silicon ﬁ@ﬂ%ﬁ%’%al [Eem162 th the heigt off the exqabsehiootomeithe siddwaillis 64 praferdbdgi on 162
is formed to a thickness between about 50 angstrons and about 500

angst r onbstwperedbenabl yo sloaut:2@00 angstrons. The height of the exposed
portion of sidewall 158 is typically in the range of about 500 angstrons to

abaut ZOl%Sﬁgngst ons, preferably about 1000 angstroms. As a result, the
ratio of t hi CrfeYse gifd dreingegionset38aind i dg aerforhG? et sBBovheindpues 54 he

exposed portion of the sidewall 158 is preferably
and 6e. The formation of the source and drain regions 138 and 140 may involve several steps.
In the preferred embodiment, an ion implantation process is first performed to dope the source

and drain regions 138 and 140 immediately adjacent to the channel region 142. The channel

region 142 is the portion of the semiconductor fin 134 wrapped around by the gate dielectric 144

and the gate electrode 146.

- [0053] Spacers (164 in Figure 7) are then formed on the sidewalls of the gate electrode 146.
The spacers 164 may be formed by deposition of a spacer material(s) followed by anisotropic
etching of the spacer material(s) to form the spacers 164. The spacer is formed from a dielectric
material, preferably silicon nitride (e.g., Si3Ny). The spacer material.may.also be.formed from.a
stack of dielectric materials, such as a silicon nitride layer overlying a silicon oxide layer. Figure

- 7 shows a three-dimensional perspective of the transistor structure with spacers 164 and the

dielectric layer 162.

10054] A selective epitaxy may additionally be performed to increase the width and/or

‘height of the fin 134 in the source and drain regions 138 and 140. The selective epitaxy results
-14-



bet ween about 1:1 to about 1:20 [0052] The source and drain regions 138 and
140°are formed next as shown in Figures 5e and 6e. The formation of the
source and drain regions 138 and 140 may invol ve several steps. 1In the
preferred enmbodi nent, an ion inplantation process is first perforned to

dope t hia epoaiclgrowtadn dreaburce el dis rd@8nANS ahd 40, HHE iR RN A é}S&fHdet o the
channel region 142. The channel region 142 is the portion of th

f | ectr 4
Gat e ol ohpndao! The Pl baRe Sgcers“%ifﬁfﬂﬁégtﬁse %n%?sglgiwﬁ‘*f%qﬂ&oo fon t he
dewal f 4 Th 164 be f db
depos: oo IRER B LS frdiSha ppmsidet Gyoam Goon apmelc wbeting of ¢ he

spacer material (s) to formthe spacers 164 The spacer is forned froma

di el ectpppss] nat tr|d
Thespaéglnaterléﬁbﬂg§dg&go Hgm#§P§%5m§$§ﬁ9§w §é&%%%”BP8FB@€%?%“hﬁW%r.a|s
such as; %a%'dll'zlﬁo ni trlg overlying a silicon oxide |ayer. Figure 7
shows a three-di nenShEh Fm?}#%%@ts? yacgpmsdd! the splesiive spitaydges aote wi th
spacers 164 and the dielectric |ayer 162. [0054] A selective epitaxy my
addi t i dheArpPeratsslopty @be@lgrpmlrmmmnghplta/mdtcmvahdﬂomduchﬁ gherigh (ddie fin
134 in the source and drain regions 138 and 140. The sel ective epitaxy

resul t showdysuch aeglitidosinady bgrfoned dnfihé BRir&OAHIGRiR 1dﬁ§ a8 heJuens 138 and
140, and perhaps the gate el ectrode region 146. The epitaxy can be

perfor Meﬁgtﬁﬁoﬂhycﬁngé’mqhései.é 134 on a single substrate 132 or can be
performed to different Ievel sg?ﬁ]ncl uding none) for different fins on a

Si ngI e substrate. [00551 An optional ion inplantation is then performed to
dope t fe05Sbur c Figano8 shosis i stregiverdsr a dadBleane ddistol NEhik @E‘v;&éﬁ'@lsﬁﬂhﬁ‘% e

process is perfornmed if the selective epltaxy does not
triple gate device of Figure 7 but also includes an etch mask 166, as was discussed above. In the

preferred embodiment, the etch mask 166 is formed of silicon oxynitride and has a thickness

between about 20 angstroms and about 500 angstroms.

[0057} A transistor with an omega-shaped gate electrode, as shown in Figure 9, can also be
formed by slightly modifying the fabrication process just described. For example, during the
definition of the semiconductor fin in FigureSISa and 6a, a two-steﬁ etch may be employed. A
first etch Step may employ a highly anisotropic plasma etch process with a negligible lateral etch
rate. A second etch step may employ a less anisotropic etch so that some lateral etch takes place,
aesulting in a narrower semiconductor fin at the base. The two-step etch will.resultin.a
semiconductor fin with a wider fin width at the top, e.g., source 138 and drain 140, and a
narrower fin width at the bottom 168. The remaining fabrication steps follow those as described

above. The resulting transistor structire is shown in Figure 9.

[0058] The following references are related to aspects of the preferred embodiment and are

hereby incorporated herein by reference:
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i ncorporate dopants into the grown regions during epitaxial grow h.
Conductive materials (not shown) such as silicides nay be fornmed on the
source and drain regions (138 and 140) to increase the conductance in

t hese re%i j)ns. 00561 Figure 8 shows a structure for a double gate

transi stdt] THr dlugégs . dinivassityi afiQadifortie, FhBET trangter mtztﬁreéﬁk(ﬁﬁ%l edubkd g e 7
but al so incl ?le?{%mﬁt c‘r} rgaaiﬁf_l% a% was di scussed above. In the
preferred enbodi hent, the  8reH HHELR SUEsBateand gietieds of manufacgsn bRyPatent Nebe and
has a thi cknégg3,8fet ween about 20 angstrons and about 500 angstroms. [00571
A transistor with an onega-shaped gate el ectrode, as shown in Figure 9, can

al so be _forned bPa/: slightly nodifying the fabrication process just
descri bed?] FoK. 8x Apklisr e, inmtgmatieal Bedinas Maohines Céberasiemiemmioer fin in

Figures 5a a a . a -ste ch y be enployed. A first etch step may
empl oy a hi gEﬁ?fggRﬁl glofﬁﬁeﬁfcg’ |S§i”ﬁ‘§m§}?%r§2éﬁc2§éss with a negligible lateral
etch rate. A second etch step nay enploy a | ess anisotropic etch so that

some | at €3l &1 BIL DAHRS oY Rernaiid REMLEIAON R 1AL L QURL, Semi pondct or fin

at the base. The two-step-eétch sesultin.a Se th a

wi der fin wi Bropesaforuhbing ppnagzag. silicendinelevitday snehte dignc 149 go@and a  narr ower
fin wdth - at the bottom 168. The renmai ning fabrication steps follow those

as descrifped papove, Thg}\@es ti.ng transistor Structure. is shown in Figure
9. [0058§ The T O OWE TGS PEFQreRiess: laF e Mag2h 2802, Mipuklsrgatt wansistor fampd af @r r ed

enbodi ment  ahetnAl frocIENBYP kI RILPGREE 6k herein by reference: -15 (1] C. Hu
et at., University of California, B i transi stor structures having a

doubl e gate channel extending vertically froma substrate and nethods of
manuf actitie, B 61, Adsiansed Miero De&jetd,In@MMay 21 2002, Process for forming multiple active

lines and gate-all-around MOSFET, U.S. Patent No. 6,391,782.

[6] B. Yuetal, Advanced Micro Devices, Inc., Sep. 17 2002, CMOS inverter configured
from double gate MOSFET and method of fabricating same, U.S. Patent No. 6,451,636.

[7] M. Ieong et al, International Business Machines Corporation, Dec. 10, 2002, Variable

threshold voltage double gated transistors and method of fabrication, U.S. Patent No.
6,492,212, |

[8] . X. Huangetal, “Sub-50 nm p-channel finFET,” IEEE Trans. Electron Devices, vol. 48,
ne. 5, pp. 880-886, May 2001.

[9] F.-L. Yang er al , *“35 nm CMOS FinFETs,” Symposium on VLSI Technology, Digest of
Technical Papers, pp. 109-110, June 2002.

[10]  H.-S.P. Wong, “Beyond the conventional transistor,” IBM J. Research and Develc)pmenr,
vol. 46, no. 2/3, pp. 133-168, March/May 2002.

[11]  R.Chaueral, “Advanced depleted-substrate transistors: single-gate, double-gate, and tri-

gate”, 2002 International Conference on Solid State Devices and Materials, Nagoya, Japan,
pp. 68-69, Sep. 2002. -

-16-



[2] )KL P. L. Muller et at, International Business Machines Corporation,
Juné 26 2001, Planarized Si fin device, U S. Patent No. 6,252,284. [3] K
P. L. Miuller et at, International Business Machines Corporation, Aug. 13
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scal e and feat : i ic form 17 WHAT IS CLAI MED
IS |.A nmulti pﬁﬁ%@%@?@p%ﬁﬂ(%ﬁ%?i&ks}lﬁ%g:mlacogeu t?{oﬁéﬁ’ct or fin forned in
a portion of a s destanicorrdyingdite garbéicleatri;, theaghtd elobaide@ving@i on on si des
of the segit ondeto.r fin, a gate dielectric overlying a portion of the

sem condult'B P 145> a gate el ectrode overlying the gate dielectric, the

gat e el ectrode thai glgly'er o RP RO IGHEL égﬁinh@d%%ﬂﬁggémr pBM&h Jelye, i sol ation

region and covering a |ower portion o
semiconductor fin; and

a source region and a drain region formed in the semiconductor fin oppositely
adjacent to the gate electrode, the source region having a source-substrate Junction,
and the drain region having a drain-substrate junction;

wherein the source-substrate junction or drain-substrate junction being higher
than the bottom surface of the gate electrode by an amount based on a thickness of the

masking layer.

2. The structure of claim 1 wherein the gate electrode comprises polycrystalline

or amorphous silicon.

3. The structure of claim 1 and further comprising a silicide region formed over
the gate electrode.
4, The structure of claim 1 wherein the gate electrode is formed from a

polycrystalline semiconductor.

5. The structure of claim 1 wherein the gate electrode is formed from a metal
nitride.

6. The structure of claim 1 wherein the gate electrode is formed from a metallic

silicide.
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sem conductor fin; and a source region and a drain region fornmed in the
sem conductor fin oppositely adjacent to the gate el ectrode, the source
regi on having a source-substrate junction, and the drain region having a
drai n-substrate junction; wherein the source-substrate junction or

drai n-substrate junction being higher than the bottom surface of the gate
el ectrode by an anobunt based on a thickness of the nasking |layer. 2. The
structure of claim1l wherein the gate el ectrode conprises polycrystalline
or anorphous silicon. 3. The structure of claiml| and further conprising a

silicide régillorsthwturedf duied 1 whbeirgtt garleReH68 8 foftnediiem Slkdiqat ure of claim
1 wherein the gate electrode is fornmed froma polycrystalline
sem conductor. 5. The structure of claiml wherein the gate electrode is

formed frosn Bha@biture Bf &Iéindl?wh@remTﬂ?l@ §t§ere}€%{rHH§hst a &Jb@ﬂaﬁﬁajﬂ Viﬁfﬁ{a?'t the gate
electrode is forned froma netal li SI|ICIde g ucture of claim

1 wherein tHE%®ate el ectrode is forned froma netal 8. The structure of
claim1l wherein the gate el ectrode has a substantially planar top surface.
9. The structure of claim1 and further conprising spacers on sides of the
gat e el ect ¥-obhe structure of claim 1 and further comprising spacers on sides of the gate electrode.

10. The structure of claim 1 wherein the semiconductor fin comprises silicon.

11. The structure of claim 1 wherein the semiconductor fin comprises silicon and

germanium.

12. The structure of claim 1 wherein the semiconductor structure further comprises an

etchant mask overlying the semiconductor fin.

13. The structure of claim 1 wherein the semiconductor fin has a fin width that is larger

at the top of the semiconductor fin than at the bottom of the semiconductor fin.
14. The structure of claim 1 wherein the gate dielectric comprises silicon oxide.
15. The structure of claim 1 wherein the gate dielectric comprises silicon oxynitride.

-16. The structure of claim 1 wherein the gate dielectric comprises a high permittivity

material.
17. The structure of claim 1 wherein the gate dielectric comprises a material selected

from the group consisting of lanthanum oxide, aluminum oxide, hafnium oxide,

hafnium oxynitride, and zirconium oxide, and combination thereof.
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10. The structure of claim1 wherein the sem conductor fin conprises
silicon. 11. The structure of claim1l wherein the sem conductor fin
conprises silicon and germanium 12. The structure of claim1 wherein the
sem conductor structure further conprises an etchant nmask overlying the
sem conductor fin. 13. The structure of claim 1l wherein the sem conduct or
fin has a fin wdth that is larger at the top of the sem conductor fin
than at the bottom of the sem conductor fin. 14. The structure of claim1l
wherein the gate dielectric conprises silicon oxide. 15. The structure of
claim1 rejn the gate dielectric conprises silicon oxynitride. 16. The
struct ur %f %egﬁ%cﬁgeﬁgg%%{ Yvrcﬁ‘greﬁh‘lhﬁ BaieslectiG Gopprisent matesiabwith gh

perm tti vitelativerpbedittility grdaterTfh@n 8bdd#st ure of claim 1 wherein the gate
dielectric conprises a material selected fromthe group consisting of

| ant hanum oxi de, al um num oxi de, haf ni um oxi de, hafnium oxynitride, and
2i T Coni um Ox THe straftdre SRR AR R EAL ek ras I RIS Olapshel M L
wherein the gate electric conprises a’material wth a Te é%lve
permittivitdndpbent HI0 angamompout 5. 19. The structure of claim 1 wherein the
gate dielectric has a thickness of between about 3 and about 100
angstrons. 20. The structure of claiml1l wherein the nultiple-gate

transi st or20i Fhastrudtptestghie 1 whasisitisd aultipld gatd Bansikorstatfifleqhatc! ai m 1

wherein the nultiple-gate transistor is a double-gate
anS1SToT.

i 21. The structure of claim 1 wherein the multiple-gate transistor is a double-gate

transistor.

22. The structure of claim 1 wherein the multiple-gate transistor is a omega-gate

transistor.

23. The structure of claim 1 wherein the bottom surface is lower than the source-

substrate junction and the drain-substrate junction by at least about 50 angstroms.
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transistor. 22. The structure of claim1l wherein the nultiple-gate
transistor is a onega-gate transistor. 23. The structure of claim1
wherein the bottomsurface is | ower than the source- substrate junction and
the drain-substrate junction by at |east about 50 angstronms. 20 24. A

met hod of formng a nultiple-gate transistor, the method conpri sing:

provi di ng 2. bul K n&sdcTToiaeheh MMRBIL AL irahOLM DY ReBETLGARGuUEEOr fin in
the bul k sem conductor substrate; "formng iIsofation regions OR si des of
t he seni conducti@pvifing:a bullpsemingnducatsebstiaé;ect ri c and a gate el ectrode on a

portion of the ' tor fin. th ate el ectrode having a bottom
surface; after ﬁor#gﬁgg@cgg%%t%rgp&ﬁ}eg) <sqnypondugios siksdiaithg | ayer over the
i sol ation regiformiagdsotamicaitgignaoh GRS oPAESEARRIuctIGimem conductor fin;
and formng a slggur,ce region and a drain region in the sSem conductor fin,

usi ng the masKPHYDE apate deegtngaad 2 gatreelsetnde onpagrtoon dEthieng a

sour ce- subshiah8udibingd | in region having a drain-substrate
junction, the sollljrce-s’lltj s a?ﬂ?ig&?ﬁ%ec 4‘%‘ %bot%%rgpw?acgubst rate junction being
hi gher than t hafisoformingshe pate elairotibefogntng aah@kidea8rRieAthe g6 based on

a thi ckneses .Of t(pe maski | ayer.. 25. The method of” claim 24 wherein the
sour ce- subst AT f%ﬁ&?%w&ﬁd?c’ﬁw i the semigepduaterttan jandct i on i s hi gher than

the bottom sur ff@efingh sdtee B31dh &1 LLEHLAEDN iRthd SRt ondfhctod S {lsrigg ie
masking layer as a mask, the source region having a source-substrate junction and the
drain region having a drain-substrate junction, the source-substrate junction or drain-
substrate junction being higher than the bottom surface of the gate electrode by an

amount based on a thickness of the masking layer.

25.  The method of claim 24 wherein the source-substrate junction and the drain-

substrate junction is higher than the bottom surface of the gate electrode by at least 50

angstroms.

26.  The method of claim 24 wherein forming a semiconductor fin compriseé:
forming a mask over the bulk semiconductor substrate; and etching exposed regions
of the semiconductor substrate to form the semiconductor fin.

27. The method of claim 26 further comprising removing the mask.

28. . The method of claim 27 wherein the mask comprises a photoresist.

29. The method of claim 27 wherein the mask comprises a material selected from

the group consisting of silicon oxide, silicon oxynitride, silicon nitride, and

combinations thereof.
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26. The nethod of claim 24 wherein form ng a sem conductor fin conprises:
formng a mask over the bul k sem conductor substrate; and etchi ng exposed
regions of the sem conductor substrate to formthe sem conductor fin. 27.
The met hod of claim 26 further conprising renoving the mask. 28. The

met hod of claim 27 wherein the mask conprises a photoresist. 29. The net hod
of claim27 wherein the mask conprises a material selected from the group
consisting of silicon oxide, silicon oxynitride, silicon nitride, and

conmbi natigpns.thereof. 21 30, T thod of claim 24 and further conprising
a strappi Qn’@ Fﬁs%@&ﬂ&ég‘amg‘hwﬁ] ﬁ“gkgéﬁqlﬁh%s%?wafpﬁﬂrﬁﬁéﬁf%a%@@m al . 31.
The nethodegﬁngw&hahgﬁh@aggﬁg&&@gr conprising formng spacers on sides of
the gate electrode. 32. The nmethod of claim24 and further conprising

perform ng sel ective epitaxy on the source and drain regions. 33. The

met hod of =gl - Shivat ] re f - ises;silklcon, . 34. The
nmet hod of 32] ’gl?énl}lgﬁoavﬁglei n 45‘%2 fggﬁ%rg:gn Egkgrm%ﬁg g@%g{sic’z‘esideé iok P%d’gﬁl teand

ger mani umel®goddhe net hod of claim 24 wherein the gate dielectric conprises
silicon oxide or silicon oxynitride or silicon nitride. 36. The met hod of
claim 24 wherein the gate dielectric conprises a high permttivity

mat eri al . 32. The method of claim 24 and further comprising performing selective epitaxy on the

source and drain regions.
33. The method of claim 24 wherein the semiconductor fin comprises silicon.

34. The method of claim 24 wherein the semiconductor fin comprises silicon and

germanium.

35. The method of claim 24 wherein the gate dielectric comprises silicon oxide or silicon

oxynitride or silicon nitride.

36. The method of claim 24 wherein the gate dielectric comprises a high permittivity

material.
37. The method of claim 24 wherein the gate dielectric material selected from the group
P consisting of lanthanum oxide, aluminum oxide, hafnium oxide, hafnium oxynitride,

and zirconium oxide, and combination thereof.

38. The method of claim 24 wherein the gate dielectric comprises a material with a

relative permittivity greater than about 5.
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37. The nethod of claim 24 wherein the gate dielectric material sel ected
fromthe group consisting of |anthanum oxi de, alum num oxide, hafni um

oxi de, hafniumoxynitride, and zirconium oxide, and conbi nation thereof.
38. The nethod of claim 24 wherein the gate dielectric conprises a materi al
with a relative permttivity greater than about 5. 22 39. The net hod of
claim24 wherein the gate dielectric has a thickness of between about 3
and about 100 angstrons. 40. The nmethod of claim 24 wherein the gate

el ectrode conprises polycrystalline or anorphous silicon. 41. The nethod
of cl ai m 2. ihe neitiwd dfelagmte waleedih tedatcdibloftis 8ss  HidknSis@E betthzen TB&uLNEL hod
of claim 4m%p re*ﬂpthe ate electrode conprises a netallic nitride. 43.
The met hod” Bt TF° ZHEWBPEi n the gate el ectrode conprises a metallic
silicide. 44. The nethod of claim 24 wherein the gate el ectrode conprises
a metal . 45. The nethod of claim24 wherein the nultiple-gate transistor is
atriple- g‘ét e preting| ol clyim 24 prhergir thegrtrgdlecgode Coinprises palyerystaHirtetve

nul tipl e- gt@phddngicehor is a double-gate transistor. 47. The nethod of
claim 24 wherein the nultiple-gate transistor is a onega-gate transistor.
23 48. A nethod of formng a sem conductor device, the nmethod conprising:

41. The method of claim 24 wherein the gate electrode comprises poly-SiGe.

42. The method of claim 24 wherein the gate electrode comprises a metallic nitride.
43. The method of claim 24 wherein the gate electrode comprises a metallic silicide.
44. The method of claim 24 wherein the gate electrode comprises a metal.

45. The method of claim 24 wherein the multiple-gate transistor is a triple-gate

transistor.

46. The method of claim 24 wherein the multiple-gate transistor is a double-gate

transistor.

/ ~ 47. The method of claim 24 wherein the multiple-gate transistor is a omega-gate

- fransistor.
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providing a silicon substrate; etching portions of the silicon substrate to
format |east one sem conductor fin; formng a gate dielectric |ayer over
the sem conductor fin; formng a gate el ectrode | ayer over the gate
dielectric layer; etching portions of the gate electrode layer to forma
gate electrode, the gate electrode overlying sidewalls and a top surface
of the sem&onddcanethod bhforaiger septichidi@tdeliceNe M@ ot ifg: ect r ode

| ayer, formng a r.%?i on of material adjacent portions of 'the sem conduct or
fin not underl WAYIMES Fhtw sPeEteiode such that a sidewall of the

sem conduct or fdigh; : surf ace of the regio f -
material; and af fhéﬁg#)%?ﬁ’lﬁsngﬂ? %?@%%%F tﬁa?rgnrl AGeast 88%%%&%?%‘@’°gfffof&m| | of
t he seni conductiermingiargatdhdivlecttiodayee givanthefsembdoadicdr ffor forming a source
region and a drfai n. reggi gn 4%9. he nmet hod of claim 48 wherein form ng an

i sol ation regi OR REFAEAdectgd layier pwer the eateidrlestae Pl . 50. The net hod of
claim48 and f wiétief p&ABRS bHIHRGAOLIRLRGI P14 Ejfbgmr% it %Pe%tro@’é’ the LAg
silicon substrate and wherein the step of éetching poatlons of "t hé®silicon
subst r at e elestipde pyarhieg sidevalisgndariop mintfice dfahemskicagluomt &ni al . 51. The

nmet hod of cl ai further .conprising repovi t.he maskin mat eri al
after the sem C@gggﬁ%@%ﬁ pﬁ fthonfé’fglber%a .el%g‘pder%’eﬁg\?g%ﬁg gfregipaohmaesider ei n
the gate difabertipoitionsayeic @ateddiacaiid noth@akARLE oAk cldbodPLthdngver the

maski ng mat eri al
9 Ml

. 24 )
ewail 0f2 the semiconductor fin extends above an upper surface of the region of

material; and

after forming the region of material, doping the sidewall of the semiconductor

fin above the region of material for forming a source region and a drain region,

49.  The method of claim 48 wherein forming an isolation region comprises

depositing an oxide material.
50.  The method of claim 48 and further comprising forming a masking material
over the silicon substrate and wherein the step of etching portions of the silicon

substrate is performed in alignment with the masking material.

51.  The method of claim 50 and further comprising removing the masking

material after the semiconductor fin is formed.

52.  The method of claim 50 wherein the gate dielectric layer and the gate

electrode layer are formed over the masking material.
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53. The nethod of claim48 wherein formng a region of material conprises
depositing a dielectric layer. 54. The nmethod of claim 48 wherein formng
a gate dielectric layer conprises formng a |ayer of a nmaterial with a
relative permttivity greater than about 5. 55 The net hod of claim48 and
further conprising formng an isolation region adjacent the sem conductor
fin. 56. The nethod of claim48 and further conprising renoving the region
of material after doping the sidewall. 25

53. The method of claim 48 wherein forming a region of material comprises depositing a

dielectric layer.

4. The method of claim 48 wherein forming a gate dielectric layer comprises forming a

layer of a material with a relative permittivity greater than about 5.

55 The method of claim 48 and further comprising forming an isolation region adjacent

the semiconductor fin.

56. The method of claim 48 and further comprising removing the region of material

after doping the sidewall,
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