WO 2004/ 019414 PCT/ US2003/ 026242 TRI - GATE DEVI CES AND METHODS OF

FABRI CATI ON BACKGROUND OF THE I NVENTION 5 1. FIELD OF THE | NVENTI ON The
present iwoened/apinel ates to the field of sem conduct or PCHIESgeBI0RER4ZI I CUi t
manuf acturing, and nore particularly to a tri-gate fully depleted substrate
transistor and its 10 nethods of fabrication. 2. DI SCUSSI ON OF RELATED ART

In order to incre i r i]lico I I (SA)

transi stors have m’%géWF%@@@dgﬁ@mbﬁraEM#ﬁr&@ern i nt egrated
circuits. Figure 1 illustrates a standard fully depleted silicon on
insulator (SO) transistor 100. SO transi-stor 100 includes a single
crystalliﬁ i . : ving an insulating |ayer 104, such as a
buri ed oxtde=tT ; e crystalline silicon body 106 is
formed on the insulating layer 104. A gate dielectric layer 108 is forned
on the single crystalline silicon 20 body 106 and a gate el ectrode 110

f or med onLtﬁﬁugggg1§h§g§gﬁi¥%%ﬁ08. Source 112 and drain 114 regions are
formed in the sifTrcon bo along laterally opposite sides of gate

el ectrode 110. Fully depleted SO have been proposed as a transistor
structure to take advantage of ideal sub-threshold gradients for optim zed

on current/ of Tl et invakticaSrelatdd t6 (HSicld 6f seRHcARRCRY ttbH8@H c4at hr eshol d
gradients with transistor 100, the thickness of the silicon body 106 nust

be about rhiiifadveriisgd, 2md niord petigaAidy foengit faté hgly deplctddesubstans irslsttortnd i =
Lg/3. However, as gate |lengths scale especially as they approach 30nm the
need 10or mastbeds efdelbreatipmg silicon filmthickness (Tsi) makes this approach
increasingly inpractical. At 30 nanoneter gate |length, the thickness
required of the silicon body is thought to need to 1 WD 2004/019414

PCT/ US2003/ 026242
2. DISCUSSION OF RELATED ART

In order to increase device performance, silicon on insulator (SOI) transistors have
15 been proposed for the fabrication of modern integrated circuits. Figure 1 illustrates a
standard fully depleted silicon on insulator (SOI) transistor 100. SOI transistor 100
includes a single crystalline silicon substrate 102 having an insulating layer 104, such as a
buried oxide formed thereon. A single crystalline silicon body 106 is formed on the
insulating layer 104. A gate dielectric layer 108 is formed on the single crystalline silicon
20  body 106 and a gate electrode 110 formed on the gate dielectric 108. Source 112 and drain
114 regions are formed in the silicon body 106 along laterally opposite sides of gate
electrode 110.
Fully depleted SOI have been proposed as a transistor structure to take advantage
of ideal sub-threshold gradients for optimized on current/off current ratios. In order to
25  achieve ideal subthreshold gradients with transistor 100, the thickness of the silicon body
106 must be about 1/3 the size of the gate length (Lg) of the transistor or Tsi = Lg/3.
However, as gate lengths scale especially as they approach 30nm, the need for ever
decreasing silicon film thickness (T'si) makes this approach increasingly impractical. At

30 nanometer gate length, the thickness required of the silicon body is thought to need to
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be | ess than 10 nanoneters, and around 6 nanoneter for a 20 nanoneter gate
| ength. The fabrication of thin silicon filnms wth thicknesses of |ess
than 10 maiocneEssas i s considered to be extrenely diffiPchlus200@m2&az hand,
obtaining wafer uniformty on the order of one nanoneter is a difficult
chal  enge. On the other hand, to be able to contact these thin filnms 5 to
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have been propose IeV|ate t he S|I|con t hi ckness issue. The doubl e
gat e ( DGhagpNitess aQﬁJfﬁcurﬂ Ehélﬂzﬁge aof itd &R Haad o 20 2bleab ¥Bkabtthése thingiinat i ng
substrate 204. A gate dielectric 206 is forned on two sides of the silicon
body 202 iarfmdaiad Sogtsdialnndgiond® desrdasy jimctiadicsisiande, becomdsaligadte
dielectric 206 fornmed on the two sides of the silicon body 202. A

suf fi ci efrmpyssibidrsine tha shih ailicog 1dyayiarth@ 88irceddrain regioss bécvores wbnsuintd,
electrically isolates the gate el ectrode 15 208 fromthe top of silicon
body 202 dufiogitiiesgatyatich ¢iGjaridey tleensXolowisgdhe patk Pighland spager ¢kt kgvingne on
either side of the channel of the device. Because the double gate device
200 has @nsgéticéelmsﬂ@a@Hoéquéﬂtsapntt%ro“e%nnel thi ckness (Tsi) of the silicon
body can be doubl e that of si ng I e deV|ce a still. obtain a fully
depi et ed t r and} 49uble g#ie I3y S%VlceFﬁ‘é‘tl EISSS{"OWﬂrh W%%I @dgiaé S2ebte 200 a 20

LELL?QE? E?to}tggd & lreeRied F I, ﬁﬁ?%grﬁg‘ﬁe%ezv%%ﬁ%@?5@63@?’%@&%@@ ® Toqui res
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order to 81?& %have gsE eqeé? ts)fhdoﬂtb%g %f%cf%}%&@efe%trodé%ﬁs q@ldi¥ent to

desirabl e ress raphy occur wth respect to the

gate |en%eh%a(t gﬁ)ele%%co,z‘oétbﬁn&%xﬁth%k&&%fd@ﬁ@ft%@%hcéﬁ b&wm Aeptrcanagt

structure e the thickness of the i con | m(since there nowis a

gate on %ﬁalbﬁ{suﬁhﬁg 149r 2498 sedhaanglchn hit€ige, eﬁliécmtiallyliébﬁliates fhewatéelectrade
hi deously difficult to fabricate. For exanpl e, silicon body 202 requires a

15 208 from the top of silicon body 202.

Double gate (DG) device 200 essentially has two gates, one on either side of the
channel of the device. Because the double gate device 200 has a gate on each side of the
channel, thickness (Tsi) of the silicon body can be double that of a single gate device and
still obtain a fully depleted transistor operation. That is, with a double gate device 200 a

20  fully depleted transistor can be formed where Tsi = (2xLg)/3. The most manufacturable
form of the double gate (DG) device 200, however, requires that the body 202 patterning
be done with photolithography that is 0.7 x smaller than that used to pattern the gate length
(Lg) of the device. In order to obtain high density integrated circuits, it is generally
desirable to have the most aggressive lithography occur with respect to the gate length (Lg)

25  ofthe gate electrode 208. Although, double gate structures double the thickness of the
silicon film (since there now is a gate on either side of the channel) these structures,

however, are hideously difficult to fabricate. For example, silicon body 202 requires a



2 WD 2004/ 019414 PCT/ US2003/ 026242 silicon body etch which can produce a
silicon body 202 with an aspect ratio (height to wdth) of about 5:1.

BRI EF DESEBI2P/DNIOF THE DRAWNGS 5 Figure 1 is an il eeTreseoosnzeai2 a
cross-sectional view of a depleted substrate transistor. Figures 2A and
Figure 2B illustrate a double gate depleted substrate transistor. 10

ermboa mortcoRpobiatEhbEhiet? pigafe bR Gul APIRT S hed R RIGRIGRRES 0112

tri-gate“h&@?gf&%ﬁ{ ﬁ” accordance with an 15 enbodinent of the present
I nvention ure is an illustration of a tri-gate transistor in
accordance mnth an enbodi nent of the present invention. 20 Figures 5A-5J
illustrate nmethods of fabricating a tri-gate transistor in accordance wth
enbodi medEIEN DESERIFHONOF THEDRAOWINGRgure 6 is a plot which illustrates
body hei ghts and body w dths which can be used to obtain partially
deplesed and fully depleted tri-gate transistors having gate |engths (lg)
of 25 30nmand20nm 3 WO 2004/ 019414 PCT/ US2003/ 026242 DETAI LED

DESCRI PTI ON OFighirE]l RRESHNrdtiNBRz ctiss-Sentiopaled ewitof adepletedsnbstsitea novel
tri-gate transistor structure and its nmethod of fabrication. In the

f ol | owi n¢radsisior.i pti on numerous specific details are set forth in order to

5 provide a thorough understanding in the present invention. In other

i nstances, wel |l -known

Figures 2A and Figure 2B illustrate a double gate depleted substrate transistor.
10

Figure 3 is an illustration of a tri-gate transistor in accordance with an embodiment

of the present invention.

Figure 4A is an illustration of a tri-gate transistor in accordance with an

15  embodiment of the present invention.

Figure 4B is an illustration of a tri-gate transistor in accordance with an

embodiment of the present invention.

20 Figures 5A-5]7 illustrate methods of fabricating a tri-gate transistor in accordance

with embodiments of the present invention.

Figure 6 is a plot which illustrates body heights and body widths which can be used
to obtain partially depleted and fully depleted tri-gate transistors having gate lengths (1g) of
25 30 nm and 20 nm.



sem conduct or process and manufacturing techni ques have not been descri bed
in particular detail in order to not unnecessarily obscure the present

i nvent i orwObBaet/q@pagent invention i s novel tri-gate tran®CItuseomsioeeeat ure and
its nethod of fabrication. In an enbodi ment of the present invention, the
tri-gate transistor is a 10 sem conductor on insulator (SO) transistor.
The tri-a. i |.S\F de e depl eted substrate
transi st & is < atT: cludes a thin

sem conductor body formed on an substrate, the substate can be an
insulating substrate or a sem conductor substrate. A gate dielectric is

formed on t heﬂ@@rékﬁtfiﬂ%ﬁ@ﬂ%ﬁ Rc?veﬂrggéiﬁgygﬁsistef stf'dlﬁlrﬁﬁﬁ’a ﬁ?H‘%Eﬁ)Hfo body. A

gate el ectrode 1| ormed on the gate tric on the top surface of
the sem ¢anRhEd RN InIRIRIBN Fest@tiRchuAtrARaRbeitio dbRfs SRRt Hirglig6tdet ¢ for med
on the sidewalls of the sem conductor body. Source and drain regions are
formesl i prdvide a therdughnddeatanding dythe pra3pmasvdntiof] BUesthef inklaBe@akell-Rheft r ode.
Because the gate electrode and the gate dielectric surround the

sen condsahisonhety ppeceshamiemandasuriigiechiniques ihatonot bess dederiabd in gasculldir ee
separate channels and gates. The gate "width" of a transistor is equal 20
to the sdetedfin ewlchtoofot iheecetnagly alisdes thef predent Bwmitgomduct or body. Lar ger
"W dth" transistors can be formed by connecting several tri-gate

transi stors td8eprsent ipeationés navel wi-gatetranpiver seshraend dthasthed off ormed in
t he sem cqonduct or. body, the sem conductor body can be fully depleted when
the trand3btsicaion. g chedmesgt of thedressyt mté‘?ﬁwm%@mmétertﬁnﬁﬁtqrw of a fully

L s R e
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trane) ot SPIEOIE ey SaREER el R Gl SAABE &R iyl SRR T 1
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are equal to the gate length™of the device. Because the novel tri-gate
transi st of efsett®nBi@sEBYdyl MV Eié bieBird®Ns REnRABhAREStb Bielectric on the top

15  surface of the semiconductor body and is formed adjacent to the gate dielectric formed on
the sidewalls of the semiconductor body. Source and drain regions are formed in the
semiconductor body on opposite sides of the gate electrode. Because the géte electrode
and the gate dielectric surround the semiconductor body on three sides, the transistor
essentially has three separate channels and gates. The gate “width” of a transistor is equal

20  to the sum of each of the three sides of the semiconductor body. Larger “width” transistors
can be formed by connecting several tri-gate transistors together.

Because there are three separate channels formed in the semiconductor body, the
semiconductor body can be fully depleted when the transistor is turned “ON”, thereby
enabling the formation of a fully depleted transistor with gate lengths of less than 30

25  nanometers without requiring the use of ultra-thin semiconductor bodies or requiring
photolithographic patterning of the semiconductor bodies to dimensions less than the gate
length (Lg) of the device. That is, the structure of the tri-gate transistor of the present

invention enables a fully depleted transistor to be fabricated where the thickness of the
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a fully depleted manner, the device is characterized by ideal (i.e., very

sharp) subthreshold slope and a reduced drain induced barrier |owering

(DI BL) shwot2oetiapsiel effect of | ess than 5 100nV/ V and ipdeaiskgo3abed?r 60

nVYV which results in a | ower |eakage current when the device is turned
" OFF" resulting in | ower power consunption An exanple of atri-gate

transt st Qb A0l ARS0LARUSRNYL A0LCHBOCLIRNL, AL o PASSRR G bpn 2

|IIustrate -ga Frafsisy ubstrate

302. In ?%W&d'ﬂ&%se% I‘!}H’f gﬁ? ch.tésig%leﬁg&f reséxﬂl}ﬁ\;ern‘t%ﬁ c%nge b}?&r 84 in

|nsulat|ng substrate monocrystallinesi |con

substr at & @i¢ db'}ﬂ@t@d‘l’ﬁ'&nﬁ& th% debRE TEEhatAR1drDEY bg‘idéaﬁ% 56@1:}' sﬁ%g;% g&t&*astﬁﬁd a

silicon dioxide film Tri-gate transistor 30 e fornmed on

any wel | -gkgpRwid laRtedtcad dfieh mdBsdd RiGerIowims(IBIDS blicH Sfanhelr el off ERAMAI | | con
di oxide, nitrides, oxides, and shappires. 1n an enbodi nent of the present

i nvenbi ortOOtrhermﬁsdaraaItyab&%OQﬁW\bwhachsemumdu@xt/@rleata@sbmmwhsnl&te as but
not limted to 15 nonocrystalline silicon substrate and gallium arseni de
subst r at alevifeiis yated ‘O sesdtorg 1800w enpoiwed esnsangpéionconduct or body 308 f or ned
on insulator 306 of insulating substrate 302. Sem conductor body 308 can
be formed of ahyexeanple khoithgats dansisian3} inracemrdandearith sughbedimpuitofnot
limted to siljicon, (Si), germanium (CGe), silicon er mani um ( Si XGey),

gal | i um dHesh J@éer(t@ms)ﬂlusgrﬁtsé in Epgmre g gﬁtﬁr%wmaoﬂawmsé gn anQ

Sem conducfor body 308 can pe formed of any well -known teri.al mhlch can
be rever sﬁu siyat %tQ%rIé&an%em ﬁéﬁt%msrt@t ey eption %lbatr%ﬁﬁzet W&S‘%‘E H% by

PP ol RS R Phish rdTidehad e s BO s RePairT SR SPF A PRk  anei stor
300, is %ﬁﬁn dalﬂ mf %tl 586 sﬁﬁ?@%@ﬁﬂg&{ &6 éi%gqﬂtﬁt étg nﬁétg'lgéd:(‘)

crystall ranS| stor I's use rmance 25

appli cat ifisye ISE @%6@%% gaeﬂ%ﬂ%{vh%nsﬁla&ﬁ sﬁbstl%técgﬁcfi‘ﬁs é’utgh g mﬁ&ggssor

Sem conduct or can be a pdlycrystalline
transi st %orﬁ@ﬁlcbﬁ dHJ'%Fcﬂ: ht%dép&hﬂ&a&ﬁcpﬂﬁ dﬁl%i;u iITh laf} gm|b6§i§ne'?ﬁ bF e PRdsent

performance, such as in liquid crystal displays. Insulator 306 insulates
sem condugiéttioROWY siiBrafer IO AR BE @ lsyiBicdhiiolst sabbtta€Rusisut abelidited to
15  monocrystalline silicon substrate and gallium arsenide substrate.

Tri-gate transistor 300 includes a semiconductor body 308 formed on insulator 306
of insulating substrate 302. Semiconductor body 308 can be formed of any well-known
semiconductor material, such as but not limited to silicon (Si), germanium (Ge), silicon
germanium (SixGey), gallium arsenide (GaAs), InSb, GaP, GaSb and carbon nanotubes.

20  Semiconductor body 308 can be formed of any well-known material which can be
reversibly altered from an insulating state to a conductive state by applying external
electrical controls. Semiconductor body 308 is ideally a single crystalline film when the
best electrical performance of transistor 300, is desired. For example, semiconductor body
308 is a single crystalline film when transistor 300 is used in high performance

25  applications, such as in a high density circuit, such as a microprocessor. Semiconductor
body 308, however, can be a polycrystalline film when transistor 300 is used in
applications requiring less stringent performance, such as in liquid crystal displays.

Insulator 306 insulates semiconductor body 308 from monocrystalline silicon substrate
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WO 2004/ 019414 PCT/ US2003/ 026242 302. In an enbodi ment of the present

i nvention, sem conductor body 308 is a single crystalline silicon film
Sem conduwOao4ae4308 has a pair of laterally oppositePsirdsaai3lo2624810 and
312 separated by a distance which defines a sem conductor body w dth 314.
Addi tionally, sem conductor body 308 has a top surface 316 opposite a

‘ ;Ji? g?eS@%E%E%%ﬁs%ﬁIo%‘ﬁ?esn‘%%eiﬁﬁi%éﬁo%fa%!%?"%dl@ﬁor"éé% EEMEAES I noan
_ _ U _ oh n a
caual tGralpbaedt R “Serh R LR Baly S R M STl dppBR RN O

the bodyaBARaiias sl By 2 afhiABewARNUtindPsdnfissndubtn b3y waRRL.er's and

ideal ly Tess than nanoneters. I n an enbodi nent of the present invention,

the bodyad8ifelighienidthdustob B6NERIB Hé3 alibe sy 316 deosstM HoGtor duirfres31he body
width 314. Tri-gate transistor 300 has a gate dielectric |ayer 322. Gate

di el gCt rfofmédyetubdRaeide2. The dRtnenbandetheunssirfice 816 mtbthedbtitemmsucfocaiuct or
body 308 as shown in Figure 3. Gate dielectric layer 322 is forned on or
adj acent3 18alesindeanbody 1Right 300. Irogm embddiment3 T heprdsaphinyentieuifha bedy height
sidewal | 310 of body 308 as shown in Fi/gure 3. Gate dielectric |ayer 322
can 15 MB20einyubwentiabyneywal tpethe badewitth 814 Inapegmbadiment of thsaiesBht of t he
present invention, the ate dielectric layer is a sjlicon dioxide (Si02),
si | i con inxgntions thedodwd a widtty3 4 anddesight 320 lesg thap0numemeies Bt ri ¢ | ayer.
In an enbodi ment of the present inventjon, the gate, .dielectri cdl ayer 322
is a silidedly lgssthan 20 prnometers.+ byanepmiasigentinf esenb VR 15 B9980A 10 an
enbodi ment. of the presept inventiagn, gate.dielectric. 322 is a high K
gat e1%20 %ﬁlg}té@bﬁ EgtWS%z,th%ﬁ%ﬁ‘gg 31[%?6% ey t 8%8?%%&3??’?%, such as but not
limted to tantal ent | de 0 : thh apd | I RO2).. Gate
dielectric la g-rgakg?nglgﬁrggéh%ﬁ.‘aeéiga ?g%}gmgl? 9%33% ﬁalctﬁj %‘Ffegéﬂtn??@@-g%%ﬁ as but
not limted to P ' iGE: Jas, 098334 .Gdt e

el ectrod Or@ﬁélo%gg%rro-}{rﬁéddﬁ%%gﬁ %\fggrghcﬁg%ateogygpgg% ?Iill(?ﬁ%layegu 322 as shown

in Figur &efégtfgq%@g g%% oA G2dr ddfadeRt 1RMAAIIDN 2, SbtopdiFBRI B ctamddater

dielectric on sidewal | "312 of sem conductor body 308, is forned
on gate gliglaetddidewdfl3 10UTHBEYy 908 id¥hotvaln Fiiias.e Galdlicittsiemiyenselictnor  body

08 15  be any well-known gate dieleciric layer. In an embodiment of the present invention, the
gate dielectric layer is a silicon dioxide (SiOy), silicon oxynitride (SiOxNy) or a silicon
nitride (SisNy) dielectric layer. In an embodiment of the present invention, the gate
dielectric layer 322 is a silicon oxynitride film formed to a thickness of between 520A. In
an embodiment of the present invention, gate dielectric layer 322 is a high K gate

20 dielectric layer, such as a metal oxide dielectric, such as but not limited to tantalum
pentaoxide (Tay0s), and titantium oxide (TiOy). Gate dielectric layer 322 can be other
types of high K dielectric, such as but not limited to PZT.

Tri-gate device 300 has a gate electrode 324. Gate electrode 324 is formed on and
around gate dielectric layer 322 as shown in Figure 3. Gate electrode 324 is formed on or

25  adjacent to gate dielectric 322 formed on sidewall 312 of semiconductor body 308, is
formed on gate dielectric 322 formed on the top surface 316 of semiconductor body 308,

and is formed adjacent to or on gate dielectric layer 322 formed on sidewall 310 of

semiconductor body 308. Gate electrode 324 has a pair of laterally opposite sidewalls 326
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and is forned adjacent to or on gate dielectric layer 322 fornmed on
sidewal | 310 of sem conductor body 308. Gate el ectrode 324 has a pair of
| at er al | ywoppesiipa4si dewal | s 326 6 WO 2004/ 019414 PCT/ UBR00B32@362¢222 and
328 separated by a distance which defines the gate length (Lg) 330 of
transi stor 300. In an enbodi nent of the present invention the laterally

T ect orvHeps o o d R Rishdeiiry B TaB bl B Sl ArRAE 00, 515 o
sem condugt RleniBini0Br R pRALR iRl GHibh APLaded1 @Bolif: dALHRA 396 Al ¥2SHf ! Al e

gate ele erra nan e e present Invention to gate

el ectrod :tP? gaf]te g&w&&é b iP? hﬁrg&%ﬁgﬁ ténﬁf%ula? kd he q’aﬁeﬁﬂg 6%)&% Sidewalls

concentr ensity between 1x101 ons/cnB - 1x102 ons/cnB. In an

enmbodi ”Bfmo%dtmo?géﬁi%%ddctb\f%eaj(%e.t he gate el ectrode can be a netal gate
el ectrode, such as but not limted to, tungsten, tantalum titanium and

t hei r 5ni t ri desGath Bledtodd 3 221828t FBiiedaf ahi euipibis g clectvatetmateridlhén gat e
el ectrode is forned froma nmaterial having a md-gap work function between

4.6-4.8 eMabddimérs of thdy@esppineehtidnad gatehdectratie 324 ewhprirte o8 pdlycrysfeldinaot
necessarily be a single material and can be ajgonposi ze stagk of thisn
films, sugdhconatopbdito meancentratioadenstybepveanclxlt artpmgsmsi+ 1eldh/ afepms(cm”.
el ectrode or a netal/polycrystalline silicon electrode. 15 Tri-gate
transi st ol a3@mbediment o6 thepecseaignventiondhagaie slegrederap bgiagnetalpate alggirads,

region 330 and drain region 332 are forned .in sem condugt ot body 308 on
opposi t e ichasgbutgiot le‘@gé%é%ﬂ@@&etaeﬁ@%éltgﬁ%aqﬁhﬂr&Efpgesslin ¥he source

regio

o e e B R R R R A TR P
ot o . AR . .

Eéﬁiiﬁt - o GRY O GPLER BETis0 AR ey [ o B HiiEyaled 1 B efhuce A5 70

an rain : i i i

aUbr eg ontehiSl AkeRf Y St Halih o Bl S RIRAERLPHL B pnly Tt ude

regi ons (é‘s\-@t noSIHIEEL O}?dlgbé%s‘%ﬁisiﬁgﬁhé’&?ﬁ]etal Bledto R AGhERMS ol RrystdlBndr esent

i nvention en transi st I
silicon electrode.

15 Tri-gate transistor 300 has a source region 330 and a drain region 332. Source
region 330 and drain region 332 are formed in semiconductor body 308 on opposite sides
of gate electrode 324 as shown in Figure 3. The source region 330 and the drain region
332 are formed of the same conductivity type such as N-type or P-type conductivity. In an
embodiment of the present invention source region 330 and drain region 332 have a

20  doping concentration of between 1x10", and 1x10*! atoms/cmS. Source region 330 and
drain region 332 can be formed of uniform concentration or can include subregions of
different concentrations or doping profiles such as tip regions (e.g., source/drain
extensions). In an embodiment of the present invention when transistor 300 is a
symmetrical transistor, source region 330 and drain region 332 will have the same doping

25  concentration and profile. In an embodiment of the present invention when tri-gate
transistor 300 is formed as an asymmetric transistor then the doping concentration and
profile of the source region 330 and the drain region 332 may vary in order to obtain a

particular electrical characteristic.



symmetrical transistor, source region 330 and drain region 332 will have

t he sanme doping 25 concentration and profile. In an enbodi nent of the
present iwoentd/amiwhen tri-gate transistor 300 is fornmedTas2@n3/0a¢rmetri c
transi stor then the doping concentration and profile of the source region
330 and the drain region 332 may vary in order to obtain a particular
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region may extend slightly beneath the 5 gate el ectrode throug for
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gate electrode length (Lg). In an enbodi ment of the present invention
channg gageleardafAhiongh,Tor éxaipie, diffusiciooetdiine n chanyst siglonrséighily smalfer 1 n an
enbodi ment of the present invention, channel region 350 is doped

nmonocr yst thhh ihreegat dleatode 1aMgen(Iehabre embekinent G5t presaid pedntian ¢heneslpi cal | y
doped to a conductivity level of between 1x1016 to 10 1x1019 atons/cnB. In
an enbodi regivn 350 is ngripsiesmmdoped manoaystatiinesilicore larareatiodinegit @hithies  doped
it is typically doped to the opposite conductivity type of_ the source
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characteristics or ‘exanpl e, reglions 350 can 1 nclude ™ well-known

“hal 0" r eQ&rﬂﬂ%tdviig‘th@' @ﬁdnh@ﬁeﬁiég WL PhOUbFHING p By SRR C SithBardy) v han gat e

el ectrode which Surrounds t
the source and drain regions are P type conductivity the channel region would be N-type

15  conductivity. In this manner a tri-gate transistor 300 can be formed into either a NMOS
transistor or a PMOS transistor respectively. Channel region 350 can be uniformly doped
or can be doped non-uniformly or with differing concentrations to provide particular
electrical and performance characteristics. For example, channel regions 350 can include
well-known “halo” regions, if desired.

20 By providing a gate dielectric and a gate electrode which surrounds the
semiconductor body on three sides, fhe tri-gate transistor is characterized in having three
channels and three gates, one (g1) which extends between the source and drain regions on
side 312 of silicon body 308, a second (g2) which extends between the source and drain
regions on the top surface 316 of silicon body 308, and the third (g3) which extends

25  between the source and drain regions on the sidewall 310 of silicon body 308. The gate
“width” (Gw) of transistor 300 is the sum of the widths of the three channel regions. That
is, the gate width of transistor 300 is equal to the height 320 of silicon body 308 at
sidewall 310, plus the width of silicon body of 308 at the top surface 316, plus the height

8



sem conductor body on three sides, the tri-gate transistor is characterized
in having three channels and three gates, one (gl) which extends between

t he sour cwoand/deaun regi ons on side 312 of silicon boa¢gTAB003M26ez0Nd
(g2) which extends between the source and drain regions on the top surface
316 of silicon body 308, and the third (g3) which extends 25 between the

ui e (Roiariep ey 398 Ritn e o P, o iR Bl Pl O ©
ner ont | 320t el Bisgh o a TP bl RARIBURS 8O R Byl D 0

body of 3 face 316, plus the height 8 WO 2004/ 019414
PCT/ USZOO%?%%E%%%EC%[ %e(%n)'si | icon body 308 at sidewall 312. Larger "w dth"

transistors capehfis@iit 8hdiRe] RyionBSONsuittubied 6 Bhedd &% yQaR @ettioagepher

(e.g., multiple silicon bodies 308 surrounded by a single gate el ectrode

324) . Pecaisaitd disleciiarnng] raimiita30828n bs opdtited ins adlyatepldisdanamiet adeteyn gat e
el ectrode 324 5 and gate dielectric 322, transistor 300 can be operated in

a fully depéetradisomrBooris winesdeion” tivdhantel sepsos3 X uBPdeplstes tiranely providinghe
channel region 350 fully depletes thereby providing the advantageous

el ect ri catheetivandageens dedtieal gshatagteristivs aahperfarmagcd of 4 fullyslopleteddrangigiesi st or .
That is, when transistor 300 is turned "ON' a depletion region is forned
and a chahhasiis, whepitsnsigan3el isrivmes {ANa e depledes regien igyemmed andigechampdl aces of
region 350 (i.e., an inversion, 10 layer is forngd on the.side, surfaces and
top surf areglog3S0mtongayiil ghmysisinn 1aysy ) the pprdaces g ’é’ﬂgéqntﬁgbl G§eft FYESIPe sane

channdl s s Hime o b e S afeta P PGS RO TORHER PR EB° 1 out her e
bet . The tri.- i st f. t ' i . i,d t
Dot e PRl e L PR Shihel il 05 RSP Rk SR MR 1
the hori 2ol ANa@id bditveer e bl bl LlRinl e RRAII ARGl ROy AR The
epl etion regron depletes free carrrers fro eneath the i1 nversion | ayers.

The depl e} i108e . eﬂi%—%ﬁ% ERdsstd b ihep et fReRfiorC BANBSaid RO nonppdhar t hus the

. {
transi stor can be sal o be a "fully depleted” transistor. Fully depleted
transistor because the channel regions are formed in both the horizontal and verticle

15  directions in semiconductor body 308. The depletion region depletes free carriers from
beneath the inversion layers. The depletion region extends to the bottom of channel region
350, thus the transistor can be said to be a “fully depleted” transistor. Fully depleted
transistors have improved electrical performance characteristics over non-fully depleted or
partially depleted transistors. For example, by operating transistor 300 in the fully depleted

20  manner, gives transistor 300 an ideal or very steep subthreshold slope. The tri-gate
transistor can be fabricated with very steep sub-threshold slope of less than 80 mV/decade,
and ideally about 60 mV/decade even when fabricated with semiconductor body
thicknesses of less than 30 nm. Additionally, operating transistor 300 in the fully depleted
mannet, transistor 300 has an improved drain induced barrier (DIBL) low in effect which

25  provides for better “OFF” state leakage which results in lower leakage and thereby lower
power consumption. In an embodiment of the present invention the tri-gate transistor 300

has a DIBL effect of less than 100mV/V and ideally less than 40 mV/V.



transi stors have inproved el ectrical performance characteristics over
non-fully depleted or partially depleted transistors. For exanple, by
oper at i ngworaegiistier 300 in the fully depl eted 20 mannePCTdiSe@s/0e62ansi st or
300 an ideal or very steep subthreshold slope. The tri-gate transistor can
be fabricated vvith very steep sub-threshold slope of | ess than 80

cem condact o B8u5 S A dERgtebr M HEE PR afy B WARR stERFHGR fry At L i g
transisto So%gy'vxﬁ I:I'El)vllly 1%‘38% %1@%‘ ﬁ{f%%?fetedt %&ﬁf&l@%pf&ﬁﬁ ®'D)

i nproved drain’in uce arrt n ef ect ch”25 provi des for

better * %F"atéﬁéﬁs?sté&%ﬁag iR GIbK gsgyloff%hﬁl(%gwndlmﬁﬁg@m tp'é&'tﬁfel%by | ower

power consunption. In an éitbodi nent of the present invention the tri-gate
transi st of 23Qbhboadser oPliBloredcheibemtfon 88volifBeigh)Body/ Widilndnd gealdngthl ess
than 40 nmV/ V. 9 WO 2004/ 019414 PCT/ US2003/ 026242 Fi gure 6 is an

i |l usty at ireBhé¥en toiBavel ddinsnHER iamhiGO4 fublyi depletedttransiston with be hardyedh dn gher and
body wi dth which will produce either fully depleted (F.D) or partially

depl et ed gRbddiments;itheai-gate tansistot bassa bralyiheighy dody Medihtand geig)length 88hnm (602)
and 20 nm (604) respectively. 1In an enbodi nent of the present invention,

t he body ﬂlnei@Mlalbdmplmﬁtrmsmlgﬁl@eﬂength 5 are chosen to have di nensions
in which a fully depleted transistor wil|l be formed, In other enbadinents,

the tri-gate thaﬁlilsﬁnﬂloéimﬁﬁ§ theggespnhiaygrion tﬁtﬁﬁe Gangiskrra0d thasrseidt h such
that a partially deleteg nsi st o |sfor jE.} 0 glrrent of the
prelsent |¢F@E’|rﬁeg’(9ﬁs ¢4 inglydea i 19f PSPBFT $EBoq B"t% PrEg %ﬁ roglaﬁdraéodﬁn ns can
include a silicon o t conduct | m410,f d 10
seni ¢ du%?orﬁ&@réﬁ%g@r?ﬁ g, }fluﬁl%% E%ﬂé@g}plégé%cggggsem con ucr:]t or

film410 ca C

(S Goy) Sy a%la°°§1nbl%nd‘.9lﬂae5”€$‘f§£{°ﬁ§“a{ e B 882 00 0ot or 1

filma4l0 Lsy 11?1 ﬁ'lQerché; s idveRBon Be sbﬁ%&nﬁﬁd&? 181 ARAs Afsiddiec ﬁﬁﬁme
conductivity as the source region drain region I'n an

ebod! men;edn ﬁllﬁ?fo%%é 80 inel B RbAAILL 1P /9 ) ARAGHR gibi BV m@m a 15
oy such as silicon germani umwherein silicon conprises
appr oxi maeion 382t n 89 embodiment of the present invention the semiconductor film can be a
15  silicon alloy such as silicon germanium wherein silicon comprises approximately 1 to 99
atomic percent of the alloy. The semiconductor film 410 need not necessarily be a single
crystalline semiconductor film and in an embodiment can be a polycrystalline film. In an
embodiment of the present invention the semiconductor film 410 is formed on the source
region 330 and on the drain region 332 of semiconductor body 308 to form “raised” source
20  and drain regions. Semiconductor film 410 can be electrically isolated from a gate
electrode 324 by a pair of dielectric sidewall spacers 420 such as silicon nitride or silicon
oxide or composites thereof. Sidewall spacers 420 run along the laterally opposite
sidewalls 326 and 328 of gate electrode 324 as shown in Figure 4A thereby isolating the
semiconductor film 410 from gate electrode 324 as shown in Figure 4A. An embodiment
25  of the present invention sidewalls spacers 420 have a thickness of between 20-200A. By

adding a silicon or semiconductor film to the source and drain regions 330 and 332 of the

semiconductor body and forming “raised” source and drain regions, the thickness of the
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atom c percent of the alloy. The sem conductor film 410 need not
necessarily be a single crystalline sem conductor filmand in an

enbodi mrerwocas/ies1a pol ycrystalline film I n an enbodi meEmtUSR03t0b@4Dr esent
i nvention the sem conductor film410 is fornmed on the source region 330
and on the drain region 332 of sem conductor body 308 to form "rai sed"

source 20 and dr,ain regi ons. Sem nductor fil,m 410 n._b I £ I

i sol at ed YOMEH 344 JEAIR regqms ip ?I’(S’Eeéiseégtﬁelﬁ Y redyging the sOyFes ogr% rci%gfeag i %él\%\;aaﬁ?é Y
spacers 420 _such ilicon .nitri L1 Sl . i &I%po'te

t IEler eof . tgiqﬁag\sfﬁiiof gg%g%delr quﬁ\élggﬁttrsj ﬁggﬁﬁb%%dgﬁkl%sgﬁd@rfg%gom teSI si Zewal S
326 and 328 Ofm%teﬁ}kﬁ)ldﬁﬁ%{t%@&%géseﬂﬂn%%i’éﬁ d S FIGHLE 496 subehe Yt Aol ating
the sem conductor film410 from

gate el ectrode 324 as shown 'in Figure 4A

An enbodi iaRtd ®otihidnl §ilieide SEiBke] sTHCRTR bt cobhll 8itRldeSs ftaee of tHefuieve a
t hi ckness of between 20-200A. By adding a silicon or sem conductor filmto

the s@ur ceoRRd3dhal drdiefigtsds3 33 0n aneémb3dintnt bhe pesaitdandition ailichiedjinand
form ng "rai sed" source and drain regions, the thickness of the 10 WO

2004/ 019443 iPEF48 2003 Hm2izn 4 Koeff stlécoarbddy 868 as sheginanFigee “Ac rSShsidel

t hereby reducing the source/drain contact resistance to transistor 300 and
i npr ovi ngfiint 43@hewt¢ver cal alshbe fumed dieittyondmthegenr susfasaddé of siicembedybtl¥i ment
of the present invention a silicide film430, such as, but not Ilimted to,
tit ani um Borlexemgle, sificidk Silmi30icen be formred oasiiton bedy o3 b firss forgringa sidigon he
source 5 region 330 and drain region 332. | n _an odi menpt .of the.present

i nvent i onfile puchijagenppfened syipopdilmgnggsilenbody Pil‘g%nFP SHRLY) CHSUEYRG con
body 308 as sho in Figure.4A, Silicide, fi.l m430 however can.al.so

For welb i Peenign gpaupnd hedilidns papessobielstic Faces 2 sEP ey SEA0R R 430 1o o
silicide fi.lm 430, can he for n,sJ L1 con d 08 by f h.r 1 a
silicon ®i ﬁe$°%%%°%§enaﬂ°ﬁ?ﬁ18§§gag%%® Us lcfopll}ﬁ\%ﬂg 1§ ass?\é}f?aggﬁédn%rg%é%z%.,[ hen
conpl et el ] 10 the silicon filmduring the silicide process.

Di el ect ri%sagfé%g)?é&gao enables silicide film430 to be forned on

som pondct o HagtoAl Bl yE Al LIUELRAR astinabhfaatuanasess (1.
i nventi Onsiﬁc&f’ﬁin?@I@é%ta%o Y formed é)n the top of gate electrode 324 as can a silicide film

15 450 on the top surface gate electrode 325 as can be a silicide film 450. Silicide film 450
and silicon film 440 are typically formed at the same time as silicide film 430 and silicon
film 420 on silicon body 308. The formation of a silicon film 440 on silicide film 450 on
the gate electrode reduces the contact resistance to the gate thereby improving the
electrical performance of transistor 300.

20 As stated above the gate “width” of transistor 300 is equal to the sum of the three
gate width created from semiconductor body 308 of transistor 300. In order to fabricate
the transistors with larger gate widths, transistor 300 can include an additional or multiple
semiconductor bodies or fingers 308 as shown in Figure 4B. Each semiconductor body
308 has a gate dielectric layer 322 formed on its top surface and sidewalls as shown in

25  Figure 4B. Gaite electrode 324 is formed on and adjacent to each gate dielectric 322 on
each of the semiconductor bodies 308. Each semiconductor body 308 also includes a

source region 330 and a drain region 332 formed in the semiconductor body 308 on

opposite sides of gate electrode 324 as shown in Figure'4B. In an embodiment of the
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silicon film440 can also be forned on the top of gate el ectrode 324 as can
a silicide film 15 450 on the top surface gate el ectrode 325 as can be a
silicide WODI20044B8414Si | i cide film 450 and silicon film 420TAarseomsypéeal | y
fornmed at the same tine as silicide film430 and silicon film 420 on
silicon body 308. The formation of a silicon film440 on silicide film 450

| mpr LC?ngpar%%g? PR o ?9%1@51?%%?%#8@ 37 VARG phes Rt e o0Y o
the gate 1c ! Ps) Llnd (gtﬁ&sée dﬁagr f()jcﬁi %@%o f[ﬁ QnExlﬁsoc‘ﬁHféhPéf ﬁl@‘ﬁretsgﬁtee gate

width cre rom'sem con transi st or In order to

fabri cat einvérgﬁnteﬁéﬁ' (Eeolre %l? b2 @8 188bRs ¥ dbMfe sérﬁﬁaﬁdtﬁztt&'boaﬁg 308N

i ncl ude an addi ti on sem conduct or bodi es or fingers 308 as
shown i n ki gleegicdBy cﬁ@ﬁé&@géﬂl H6 béhichithétor Hferiid gsell t9dben di el ectri c

| ayer 322 formed on its top surface and sidewalls as shown in 25 Figure 4B.
Gat e @ ecdonfclshdaddr bedy 303 Bdoen a socatindingpad 460 ead b dgdd Bandinglpad #80 es 322 on
each of the sem conductor bodi es 308. Each sem conductor body 308 al so

i ncl udes showadnFignre 4Bi GviteBBfivelygtha sourat regiengiddn aB@ drafwrageuhsida2 chebe

sem conductor body 308 on opposite sides of gate electrode 324 as shown in
Fi gur e4B. cdupledriogathrdiyrhighter tevelsiod metalizoWdreGoz, 0gtoll. medR, usLFa/. Deedio
present invention each sem conductor body 308 is formed with the sane w dth
and hei ghelectieallyoriseconneci yaxious teangisiors 3 loaefherdintey fupgiinnakcingygts. iThe gafe
enbodi nent _of the present jnvention each so%r

33 dd
[egl ons 3wzitlbpftrw15§<§rﬁ0§&ﬁam%rn g world S(r:eguéﬁ Ig?epsi%ﬁfhﬁ)@}gg@)tﬁﬁ{ 1@@”
oget er sem t t f d bod
308 11 1 ok B G A S EPEioR BE S e oY e S A0 200 shoun
in Figure e e 330 d d 332
can be %‘15‘51 e'AI %‘B‘@ﬁf\'&ﬁy %%ﬁ“’ﬁ““@‘ﬁ d?:s él\sgl ;eg:‘ Oxt ali Z:?I onr?iangreglrrg?; 1,
metal 2, metal z3.ndg Hfﬁgn&ﬁmg%ltﬁ arié { sYor 119&(%0?@&3@@%&%%@%@1{@ GfgLstors

300 together into Tunctiona irc ate wd of transistor 300 as

shown in fe%ﬁleﬁwéﬁtlé{ﬁ’ié ifudtBtadH %g&r& 5/(1@] 5 q@e?ﬁbﬁdﬂﬁoﬂ@f @trWFQt% radélstef eat ed

by each o sem con uctor bodies 308. In this way, ri-gate
transi st opegdtiQyith substrate 502. A silicon or semiconductor film 508 is formed on substrate 502

15  as shown in Figure 5A. In an embodiment of the present invention, the substrate 502 is an
insulating substrate, such as shown in Figure SA. In an embodiment of the present
invention, insulating substrate 502 includes a lower monocrystalline silicon substrate 504
and a top insulating layer 506, such as a silicon dioxide film or silicon nitride film.
Insulating layer 506 isolates semiconductor film 508 from substrate 504, and in

20 embodiment is formed to a thickness between 200-2000A. Insulating layer 506 is
sometimes referred to as a “buried oxide” layer. When a silicon or semiconductor film
508 is formed on an insulating substrate 502, a silicon or semiconductor on insulating
(SOI) substrate 500 is created. In other embodiments of the pesent invention, the substrate
502 can be a semiconductor substrate, such as but not limited to a silicon monocrystalline

25  substrate and a gallium arsenide substrate.

Although semiconductor film 508 is ideally a silicon film, in other embodiments it
can be other types of semiconductor films, such as but not limited to germanium (Ge), a

silicon germanium alloy (SiXGey), gallium arsenide (GaAs), InSb, GaP, GaSb, as well as
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can be forned with any gate width desired. A nethod of fabricating a
tri-gate transistor in accordance wth enbodi nents of the present

i nvent i orwD0dd/d1sstir at ed i n Fi gures 5A-5J. The fabri cat ipom/uskow/opé2u2 gat e
transi stor begins with substrate 502. A silicon or sem conductor film 508
is formed on substrate 502 15 as shown in Figure 5A. In an enbodi nent of

the present inventjon, the substrate,502 is. 4 NS I , such
s shoun CHPoRRYGEPGAT e SR ERisaEbFibRBresh T g Bl Rcat Rk 54 &

i nsul at i .substrat e 'Nglon’ a t 14 ol ipbstrate
504 and B PSR uRRed iR h B BRRRCH %%?‘#h@.?ds%%%?‘*?ﬁo%‘f%
silicon Qio})édﬁ)ea%t Ror nltiised ottty aVeT 2 Sdieentiioall &l BeicenIELE L arx 1611 m 508
from substrate ? , and 1'’n 20 enbodinment is formed to a thickness between
200- 2000A¢torh#ismt asémiohaysr fAR6508canbeimdifurdeped Efegrdoped tvhila s isdédnusiteddd

oxi de" layer. Wien a silicon or sem conductor film 508 is forned on an

i nsul 8t i ng depabiftertites ditheddnubiteatns 02 bysforecamsla ddroimplantatien | Roping aft¢rSAl )
substrate 500 is created. In other enbodi nents of the pesent invention, the
subst r at dormi@Ddnomablbebeth PAIOS and DIMOB tg+gattdesices tshacfabreatéicasdponitieni ted to
a silicon nonocrystalline 25 substrate and a gallium arseni de substrate.

Al t hough ssewiigsotedingtsobstfatd. T IB0RPing levd of the samigandeesar bedymt thinpeiher

enmbodi nrents it can be ot her tlélqpes of sem conductor filns, such as but not

IR i e o AR
PCT/ uszoog/ A A A KBSt e SPBTO TR r e

11 mit) e REEDCREBHT o e Pl B il obly SpelFREEE ,°1 070,
1 YD OGNS SRSl LN sk B behdgle
oo oA st e LSBIRBABe iyBES  dgra o
tri-gate fayneRss. g]g a?%nfb%@fnh&ﬁb?ﬂ'xe PRASsEANnAibASsenSaRIuC RS BlABDRE BrAsd r at e.

The dopi ng | evel he sem conductor body at this point

to the thickness approximately equal to the gate “length” desired of the fabricated tri-gate

15  transistor. In an embodiment of the present invention, semiconductor film 508 is formed
thicker than desired gate length of the device. In an embodiment of the present invention,
semiconductor film 580 is formed to a thickness which will enable the fabricated tri-gate
transistor to be operated in a fully depleted manner for its designed gate length (Lg).

Semiconductor film 508 can be formed on insulating substrate 502 in any well-

20  known method. In one method of forming a silicon on insulator substrate, known as the
SIMOX technique, oxygen atoms are implanted at a high dose into a single crystalline
silicon substrate and then anneal to form the buried oxide 506 within the substrate. The
portion of the single crystalline silicon substrate above the buried oxide becomes the
silicon film 508. Another technique currently used to form SOI substrates is an epitaxial

25  silicon film transfer technique which is generally referred to as bonded SOI In this
technique a first silicon wafer has a thin oxide grown on its surface that will later serve as

the buried oxide 506 in the SOI structure. Next, a high dose hydrogen implant is made

into the first silicon wafer to form a high stress region below the silicon surface of the first
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determ nes the doping |l evel of the channel region of the device.

Sem conductor film508 is formed to a thickness which is approximately
equal to woQoedadhei ght desired for the subsequently forPegEdssesioceaziuct or
body or bodies of the fabricated tri-gate transistor. In an enbodi nent of
t he present invention, sem conductor film508 has a thickness or height

;Egogi ULESanSftr " i 88 OlriTST 0 BBRG o SBon0R A R rRR o B R e ",
e thc nei?r? iﬁ‘gaa %rgf(\%(%%{ {5 tHert¥Red taﬁ)né e Igg% ?tresmg)[h% %ea%ﬁ%‘y&ﬁ%ﬂfro dhe

fabri cat e ransi stor. [n”an erbodi ment e’ present

i nventio rlmtpﬁagﬂfﬁ A1 ggﬁhg fn { Sbmfﬁ%ﬂe nzvif[hoi ﬂfﬁﬁﬂsﬂiédﬂ Y& onttBANhE Biddeski@at e

| engt h of ‘devi n an e nt of the present invention,

sem conduglieiehthlall 288p bBtHeQIPRScry Ralfiné biliedh afbstritel WelikhdweRabdthinghe

fabricated tri-gate transistor to be operated in a fully depleted manner

for i6s degindfirs, saah &s Hengidotiihgpr ciidatit ardhaticd pblishing (BVPavarbise dsedmed on
i nsul ating substrate 502 in any well- 20 known nethod. In one nethod of

f or mi ng aoSsirobthathe eop sunfackt of emisaridsttonfiby 588 avits desiredéhickBler4OX t echni que,
oxygen atons are inplanted at a high dose into a single crystalline
silicon subst rat thisste, tifdesiradrisalitianaegionsinoh shayin)iced be fergwdsne S%t hi n t he
substrate. The 6)o_rti on of the single crystalline silicon substrate above
the buri etbsitel80bucuderdodsedate die vagions Tanisipioretp bofosmad therds AIOMRRS current |y
used to form SO substrates is an epitaxial 25 silicon fjl mtran%{ler

te](c:hni queanafiies hisplatign rreiens|opn Pe famed oy eishing FwyRogtians of thesybgirde I hni que
a first silicon fer has a thin qxide gro op.its sur e that wi.ll |ater
?]e rv é%as SQrurgRdiag 2 Hieale t%ﬁlsﬁoﬁ%tyﬁgr @%ﬂ@%ﬁ@#&?‘éﬂn pﬁg@%l%r ar?ﬁbchangos e
ydrogen i.npl apt, i.s made, ..i n{ 0.t fi.rst .sili . . i
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PCT/ US200g(f)26242 wafer. This first wafer is then flipped over and bonded
to the surtdace of a second silicon wafer. The first wafer is then cleaved

al ong the hi 0hy3hi&ss rtied B-6e BaRdlubor fbshiug 5008 phd:sRkidNthask BIDSs r esul ts

ina SO structure wt n silicon layer on top, the buried oxide
under neat f3kd 0 SorhRBndctdr FEmSI 03 Gk héy il Bikshie 5B, SThd shdtorssiftshasatsa 0

Vel | - known snoot hi ng

15  contains a pattern or plurality of patterns 512 defining locations where semiconductor
bodies or fins will be subsequently formed in the semiconductor film 508. The photoresist
pattern 512 defines the width 518 desired of the subsequently formed semiconductor
bodies or fins of the tri-gate transistor. In an embodiment of the present invention, the
pattern 512 define fins or bodies having a width 518 which is equal to or greater than the

20  width desired of the gate length (Lg) of the fabricated transistor. In this way, the most
stringent photolithography constraints used to fabricate the transistor are associated with
the gate electrode patterning and not the semiconductor body or fin definition. In an
embodiment of the present invention, the semiconductor bodies or fins will have a width
518 less than or equal to 30 nanometers and ideally less than or equal to 20 nanometers. In

25  an embodiment of the present invention, the patterns 512 for the semiconductor bodies or

fins have a width 518 approximately equal to the silicon body height 509. In an

embodiment of the present invention, the photoresist patterns 512 have a width 518 which
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5 techni ques, such as HC snoot hing or chem cal nechani cal polishing (CWP)
can be used to snooth the top surface of sem conductor film508 to its
desi red twockewE9414At this time, if desired, isolation Pegiusa@3(0nei2 shown)
can be fornmed into SO substrate 500 in order to isolate the various
transistors to be fornmed therein fromone another. Isolation regions can

a1 gausbinart fubapamgyndiors3at P IR SHRERIEIR e p MR UL TG 1O

et ching tec ni;gyes, and then back filling the etched regions with an
insulatirﬁ1 P "such as SiQ2. In order to forma tri-gate transistor on

bstrate 500, 5 ay: ' i ' i1 m 508
substrate %ﬁdrlg&%@g[ ﬁéh%ﬁfiﬁ%&u?éﬁ?s) the gﬁ&tbf‘éﬁﬂt RBASISSTY CANMGhaAE i | m

as shown in Fi e photoresi st nask 510 15 contains a pattern or

plurali t?/pagéme%ﬁ&%ﬁ&'mé?& d?ﬁﬁih@ SGtibRCwhdre BSursb RIhins Patls antldisindandingli es or

l
fins wl e subsequently forned in the sem conductor film508. The

phot oBesigilds, redlet®Fely, ateltodRifbfigs. T MdihdpaikGat &s useitocbnhdretogutisetiaent | y
formed sem conductor bodies or fins of the tri-gate transistor. In an

enbodi nmenfarehis diecqregantnd ovenhéw mgetheethepatives drabii2gives phteffabrated bodi es
having a width 518 which is equal to or greater than the 20 wi dth desired
of the gatmsisergThe phopresist mbsk § Hheandetfedned tynweldkoewn photolithogigalic t he nost
stringent photolithography constraints used to fabricate the transistor are
associ at edchwiques indheligmmesking cxpoties, pad develomag ahimkeideppited PhoEssfict or
body or fin definition. In an enbodi nent of the present invention, the
sem condudier bodies or fins will have a width 518 less than or equal to
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sem condugt %ﬁd&%ﬂg b&l’féid%dquger 506 is exposed. Well-known semiconductor etching
techniques, such as anisotropic plasma etching or reactive ion etching can be used to etch
15  semiconductor film 508 in alignment with mask 510 as shown in Figure 5C.
After semiconductor film 508 is etched to form semiconductor bodies or fins 520
(and source/drain landing pads 522 and 524, if desired) the photoresist mask is removed by
well-known techniques, such as by chemical stripping and O ashing, to produce the
substrate shown in Figure 5D.
20 Next, a gate dielectric layer 526 is formed on and around each semiconductor body
520. That is, a gate dielectric layer 526 is formed on the top surface 527 of each of the
semiconductor bodies 520 as well as on the laterally opposite sidewalls 528 and 529 of
each of the semiconductor bodies 520. The gate dielectric can be a deposited dielectric or
a grown dielectric. In an embodiment of the present invention, the gate dielectric layer
25 526 is a silicon dioxide dielectric film grown with a dry/wet oxidation process. In an
embodiment of the present invention, the silicon oxide film is grown to a thickness of
between 5-15A. In an embodiment of the present invention, the gate dielectric film 526 is

a deposited dielectric, such as but not limited to a high dielectric constant film, such as

15



Addi tionally, as shown in Figure 5B, the photoresist mask 510 can al so
include patterns 514 and 516 for defining | ocations where source | anding
pads and wpaoewdiandi ng 5 pads, respectively, are to be fromrmsdoo3Nbe4t andi ng
pads can be used to connect together the various source regions and to
connect together the various drain regions of the fabricated transistor.
The photoresist mask 510 can be formed by well-known photolithographic
t echni quesctahexidelilistpciries ichgs taialvminegtaosidg (Heakds) epd Hepnamg p3idR é%@iﬁ 96si t ed
photoresist film 1 QAfter form ng photoresist mask 510, sem conductor
film 508 qtberénghrgcﬂlplﬁctaps,gh@kb%ﬁPZm%Bﬁ“ﬁoﬁohléé figjectrgonstapt ﬁléﬂ EBYBR one or
nore silicon bodies or_ fins and source and .drai | andi ng..pa {f desired)
as shown formed By,#wy well-kepwn teshaigue Sl 79 by disarical vapr HO%WFI} Mxe

et SET g E egﬁﬁﬁ%e%,xsihgﬁehg EBud o St BT sl TR Tof TR SRERVE Pon

f ohi . TyE o . 08, ! b
Lo 28 8 20, UR5 g ShE NS ASGSHNRLIA ) VAR . S RL D
form sem slceﬁﬂcgdéhﬂhgtror ?chhﬁﬁ(f)d’ndfik Rstnd O of Eﬁﬁgce?f?w ﬁl@/ggfegdgaeétﬁggﬁg GrRRdS 522

and 524, sired e photoresist nask 1s renov wel | - known

techni queg, Isﬁzﬂ:,eﬂtsto RiYe SASMIGR28Shd 5PP bNEach M t1seAsitndetof BoddéLbBewhhe
substrate sho in Figure 5D. 20 Next, a gate dielectric |layer 526 is

fornmed onpgnguresEU Mthe@atebiscaistie S80I HA Diop Radice 32@ppdiitofibditom sysface
dielectric layer 526 is formed on the top surface 527 of each of the

sem condufiged be dicdasfidthganbwedtd SeSamihas gairaiféatedally oppysits isidewsllsiBal | s 528
and 529 of each of the sem conductor bodies 520. The gate dielectric can
be a 1eposid ¥6. diteldistance between sheglatevailydippbsitt sidesvalls 134 ané pdodéfimsrihe of t he
present invention, the gate dielectric layer 25 526 is a silicon dioxide

di el ect ri gaté lengthy(Lgnh3&pfithe tri-gnaty trapsistoxi Cateietasirpdoddsean teforned Bnpladkatent

of the present invention, the silicon oxide filmis grown to a_thi %kness of
bet ween 5depmaiting & saiatdeBdia leetedegnaterial e thesubstialcesoran Fighee ghy 4 be

2 i gh 0 BN ekPTRdetanDe SR A hEtheRe S5 fmess 200 500K 1 iBoamtdit ' ¢ 1€

the gate electrode has a thickness or height 533 of at least three times the height 509 of

15  semiconductor bodies 520. The gate electrode material is then patterned with well-known
photolithography and etching techniques to form gate electrode 530 from the gate
electrode material. In embodiment of the present invention, the gate electrode material
comprises polycrystalline silicon. In another embodiment of the present invention, the
gate electrode material comprises a polycrystalline silicon germanium alloy. In yet other

20  embodiment of the present invention, the gate electrode material can comprise a metal
film, such as tungsten, tantalum, and their nitrides. Gate electrode 530 can be formed by
well-known techniques, such as by blanket depositing a gate electrode material over the
substrate of Figure 5D and then patterning the gate electrode material with well-known
photolithography and etching techniques. In an embodiment of the present invention, the

25  photolithography process used to define gate electrode 530 utilizes the minimum or
smallest dimension lithography process used to fabricate the tri-gate transistor. (That is, in
an embodiment of the present invention, the gate length (Lg) 538 of gate electrode 530 has
a minimum feature dimension of the transistor defined by photolithography.) In an
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WO 2004/ 019414 PCT/ US2003/ 026242 netal oxide dielectric, such as tantalum
pent aoxi de (Ta205) and titani umoxide (Ti02) or other high-K dielectrics,
such as P¥0 a0 1BS8T. A high dielectric constant fil m camChas2é6isreed2 by any
wel | - known techni que, such as by chemi cal vapor deposition (CVD). Next, as
shown in Figure 5E, a gate electrode 530 is forned. The gate electrode 5

530 is f ) t di el i.c |

s27 hf e%%ﬁp%gfrﬁ{rﬁe?ﬁgeﬁﬁés%awhﬁ@ﬁ%% {56 e BSLa S3s LT Pl e 638 200N
o the gate die tr.] i i

590 of SdEROBFEIIAGIN IR RPTE (gt 20 nAGER! [0 L0e B b oate

el ectrode 530 \4as &ut@lnd ?%%ﬁgé%&éﬁ%ﬂﬁ@%ﬁiﬁop&e oYt cAmh SethicBs@uctdrdoapd on

the insul ating substrate as a pair of laterally opposite sidewalls

534 10 a@o%%ppgﬁfe s‘i'('le%to@'g% cRREVESH (. A ahdhfodirheht epePréRnsind@itidnl s 534
and 536 define the gate l'ength (Lg) 538 of the tri-gate transistor. Gate

el ect sodenhd dhrépdhdiRain@egiest iaylubt dploebtourctgati dxitergion sgiohalHoercgané
el ectrode material over the substrate shown in Figure 5D. The gate

el ect r odeirgiarxteasiba tegiohst @0ant 512 kegestiGdg dar bademcady-Badaxdopants44

enbodi mrent the gate el ectrode has a thickness or height 533 of at |east
three ti ne® shicdudiight b&lies 20 ohdbosle sidet?Puédbpf gaielcleatrasiedd30Tinordpata

el ectrode material is then patterned with wel|-known photolithography and
et chi _ngI tfoth mlpgbggins 0 andridg e shewe it Figws ﬁscﬁwm@ﬁéalgé%@mgd?aé&é%de
material. In enbodi ment of _the present invention, the t | ect
mat eri al andoRfarere SE%‘W@F@%P@F P t%%?‘it"éd ustiagp %ﬁ%ﬁtﬁ%gtﬁgﬁﬁ%a‘%ﬁﬁéﬁ%%g?' t he
present invention,  t ate electr mat eri a i .ystal li
Bl 6n g pens g remagndig pyBisBaand 4D B f RagRe e & 1 e
i nvention, t l.ect r ode terial i . fi h

t ungst en, 416% ogl%a{pﬁogﬁﬂ-gaf]eetﬁnsﬁoﬁt 88%@%@?1%?%}%{5 t% (r?(l))g%lg%g%d are ¢ 'ogééﬂ tfoza%rredagy
vel | - knowg, SEHLANESandty SRofnki& BkEl peRplirki 673 aoraate’ el r ode

mat eri al strate of Figure 5D and then patterning the gate

el ectrod i i - } ey
Fechni quesVEyS rgite WahdloliE the %@%&uﬁ?ﬁ%ﬁ*ﬁ%ﬁ?&%@“@? e

phot ol i t hQ@aRRNtyRERCB ScolEREation Befieare] 8 g eCtatodecm30 it | i zes t he
m nimumor snal'est dimension |ithography process used to fabricate the
tri-g# e &hedinshtT thd Jldgdnt inentioh, the silicon films are doped by ion-implantation. In
an embodiment of the preseﬁt invention, the ion-implantation occurs in a vertical direction
(i.e., a direction perpendicular to substrate 500) as shown in Figure 5F. When gate
electrode 530 is a polysilicon gate electrode, it can be doped during the ion-implantation
process. Gate electrode 530 acts as a mask to prevent the ion-implantation step from
20  doping the channel region(s) 548 of the tri-gate transistor. The channel region 548 is the
portion of the silicon body 520 located beneath or surrounded by the gate electrode 530. If
gate electrode 530 is a metal electrode, a dielectric hard mask maybe used to block the
doping during the ion-implantation process. In other embodiments, other methods, such as
solid source diffusion, may be used to dope the semiconductor body to form source and
25  drain extensions.
In embodiments of the present invention, “halo” regions can be formed in silicon

body prior to the formation of a source/drain regions or source/drain extension regions.

Halo regions are doped regions formed in the channel region 548 of the device and are of
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an enbodi ment of the present invention, the gate length (Lg) 538 of gate

el ectrode 530 has a mninmum feature di nension of the transistor defined by
phot ol i t wOrapini9di4l n an 16 WO 2004/ 019414 PCT/ US2003/ 0262AB20030b6xd2 nent of
the present invention, the gate length 538 is |less than or equal to 30
nanoneters and ideally less than or equal to 20 nanoneters. Next, source

d drai for. . ' . ' '
oS08 L T B R Qe AP 520
| nventi on Bt 36 SRUGE 13k Bad 69FPARA 'o?gdr#“-' lgﬂt&il%d(%ﬁﬁfsq)%ﬁéi&@’iﬂ%

. Te
ext ensi on %egl ons. gour ce an rarn extens regi ons 540 and 542,

respect i Vehyel di a2y aRb8C i RdintRRARIch 5dfhiqieat 0 semi conduct or
bodi es 5 oerjle ot ﬁhbgi des{}%SaZI% 5%3 of gggg el ectrodeq 530 in order to form

tip regions 54Qeand dedredatheSiBiatd showindH Feobé ST SanbE furthbeipideessed tooth ng
pads 522 and 524 are not shown in Figures 5F-5J to better illustrate
aspects ofdditiehapfeameds) such\ae htavily.dopd sdurssddmaieconatdt chigiing, depositedgilpads 522
and 524 are utilized, they nay be doped at this time also. For a PMOS
tri-gate o thesbsiconnd dfhm sgivns andelt bothefgateselantrodedind sh&@matien ofopkdde o a p
21 type conductivity and to a concentration between 1x1020-1xlI O atons/cn8.
For a NMBSthespumge/demin ceniadt segions astveelisasrindbagafe elsetredeans or bodies 520 is
doped with n tﬁ)e conductivity ions to a concentrati on between

D g e varon, (e
present i MH@ P8 fe S?‘Ffé"‘i”éé-f F}Wrﬂaée%%ﬁtﬁogﬁ' gg‘gﬂ’ﬁb SP?F%EF ‘%‘8 Oi“bﬁ%?‘tﬁosgéstf{]gn
)
g][ e;/ﬁgt t F%a_é;?lgﬁ@%pﬁlgﬁggﬁ gﬁtl 5t ep @r%&%h %gﬁ ng {)%g %ﬁaﬁne% 1rne.gsl"ao%1 S) 548
r&y@s& g%}"c r(ﬁ;l(r}gftlcgg@gn thUE%Hf&Q AP Blaid Eé%g)glg aggfgll'rﬁ oh % g ROEIEERIOf t he

silicon b eneath or surro the gate el ectrode 530.

It gate ghiel'QfBe IRtheibydiREBAepBLBAE ARERforBaltifleaE Hilk J38] $hoARs kutmay be
used to block the

not limited to silicon nitride, silicon oxide, silicon oxynitride or combination thereof over

15  the substrate 500 of Figure 5F. Dielectric film is deposited in a conformal manner so that
it forms to substantially equal heights on vertical surfaces, such as sidewalls 534 and 536
of gate electrode 530 as well as on horizontal surfaces, such as on the top 526 of silicon
film 520 and the top of gate electrode 530. In an embodiment of the present invention, the
dielectric film is a silicon nitride film formed by a hot wall low-pressure chemical vapor

20  deposition (LPCVD) process. The deposited thickness of the dielectric film determines
the width or thickness of the formed spacers. In an embodiment of the present invention,
the dielectric film is formed to a thickness between 20-200A.

Next, as shown in Figure 5G, the dielectric film is anisotropically etched by for
example plasma etching or reactive ion etching to form sidewall spacers 550. The

25  anisotropic etch of dielectric film removes the dielectric film from horizontal surfaces,
such as the top of gate electrode 530 (as well as the top of landing pads 522 and 524 if
used) and leaves dielectric sidewall spacers adjacent to vertical surfaces, such as sidewalls

534 and 536 of gate electrode 530. The etch is continued for a sufficient period of time to
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doping during the ion-inplantation process. In other enbodi nents, other
nmet hods, such as solid source diffusion, nay be used to dope the

sem conduwOaoodmagar4t o f orm source and 25 drai n ext ensi om€T/USR003REA2 ment s
of the present invention, "hal o" regions can be formed in silicon body
prior to the formation of a source/drain regions or source/drain extension
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angl ed ion-inplantation techniques. Ne esire € shown

i n Fi gur e obfidewall $pacés 550 @Mhidh @6 aisetnd adfesdio Sdavdi s3007] sfeatures, such
as heavily doped source/drain contact regions, deposited silicom on the
sour ced andlediradert30exyisbowen asFigatd SHAs t he gate el ectrode, and the formation
of silicide on the source/drain contact regions as well as on the gate

el ectrode. | n dietiodf desineds agkmidoadpetesitint 56heaartei formedibrethe ekposed sindssas! |
spacers 55£ can be formed on the sidewalls of the gate el ectrode. Sidewall
spacers cahsepacendurtos bedst 22 0fes it as v landing pads 622 etdi524) s showmirt Figngel ant s,
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a sel ect i v SYdditimaliydbdesined Gheepriepndystos filin §62 aan brefommed oh thetop of gate de
process t sQurce and . drain regions as well as on the
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filmis a silicon nitride filmformed by a
vapor 528 and 529 of silicon body 520. In a selective deposition process the silicon film does

15 not form on dielectric areas, such as sidewall spacers 555. When gate electrode 530
comprises a polycrystalline silicon film, silicon film would also selectively form on the top
surface of gate electrode 530 to form silicon film 562. In an embodiment of present
invention, a silicon film 560 is formed to a thickness between 50-500A. In an embodiment
of the present invention, the silicon film is formed to a thickness sufficient to provide

20  enough silicon to be used or consumed during the formation of a silicide film on the
source and drain regions. The silicon film can be insitu doped (i.e., doped during
deposition) or subsequently doped by for example ion-implantation or solid source
diffusion. The silicon film is doped to the conductivity type desired for the source and
drain regions of the device. In an embodiment of the present invention, the deposited

25  silicon film 560 and 562 are intrinsic silicon films (i.e., undoped silicon films). The
deposition of semiconductor film 560 forms raised source and drain regions which -

improves the parasitics of the device.
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20 deposition (LPCVD) process. The deposited thickness of the dielectric
filmdetermnes the width or thickness of the forned spacers. In an

enbodi mrenwoabo4/ie4ipr esent i nvention, the dielectric filPemies206roped2to a

t hi ckness between 20-200A. Next, as shown in Figure 5G the dielectric film
is anisotropically etched by for exanple plasma etching or reactive ion
etching to formsid

. , i sot ropi h.of dielectri
Fi i removes. « RS RPRTAR erbiaior on iR CinrReeat G trsded he top
of gate eliesl AflesePthd 56 NEbndfo il'aﬁ-g%lg&n%fﬁohgpﬂkiﬂg aRRfiRPRA. and 524 1

used) and leaves dielectric si cers adjace to vertical surfaces,

such as sj 1 ar%?élﬁm ; %“&o? : : i i nued
for a suf %‘t?lg?‘gh%(ﬁlperl od of Oté?%'gm;ng&%%\r/%%oo ? %ﬁxg}%ﬁosﬁc—é@% %%%%g%‘}l Ssgggﬂg
renove t hthedilizbadbdy 520 Idcaned underaddth foor cnoaitaltion befraes 3x 107 - B 0éhbodi ment

of the present jnvention, an over etch is utilized so that the spacer

mat er i%al atonshven & fdewa domrosfcontaet regionis¢0nddie denin bath@ sedidd 573 Sidowsied as
shown in Figure 5G The result is the formation of sidewall spacers 550
whi ch r unspkem §5anifsa diawante/dreinsiodmehinipl &daicarstepbidd defing dicetigs regiend asode
530 as shown in Figure 5H. Next, if desired, a senm conductor film560 can
be f or meda ggiarhes thx gepsddsilivonfradybencath Sdawablopderrt560. Bbeyb&Gefeament! | as on
| andi ng pads 522 and 524) as shown in Figure 5H Additionally, if desired,
a seni conPi9eess fomys| seisg egians 1 andrdsein regionsy 2twhiclheachpomprist aéipregien 530.
The sem conductor filmcan be a single crysfallipne filmor a

pol ycryst %qu‘? Htachragiqy, ﬂ%lmg%6%eﬁ%Pg Bft thsﬁésceﬂmi??%%hcetﬁd lbeneath .
sem ductor filmb5 i S, an it axi al singl e cryst. ine) silicon film
b uarral e sne Thetuii e bR RuR il EhRoos P80 ot or o
by a sel egt| y id:.on es r i.l.icon is.forned.only o

eipos ed rg |oglg%&mﬁ%§hﬁl%:noﬂ¥1§ﬁ%?es?ﬁ?c\gg% ,c’%g%%lﬁﬂg%e §8 Oigjﬁoslé‘&gvalndsﬁ?ag%§ ?%)ce 527
and side S My . >t jve. ition
Process. thelgopAREIRALRERcll ofisniGERpRANAL e splhel aRE R LG ITRAT

si dewal | spagGRIr45apn WeH1 0ate el ectrode 530 conprises a polycrystalline
silicon film silicon filmwould also selectively formon the top

Next, if desired, a refractory metal silicide 580 can be formed on the source and

15 drain contact regions as well as on the top of gate electrode 530 (or silicon film 562) as
shown in Figure 5J. A refractory metal silicide film 580 can be formed with a self-aligned
process, such as a salicide process. In a salicide process a refractory metal film, such as
titanium, tungsten, nickel, cobalt or alike to blanket deposited over the substrate of Figure
5J. The substrate is then heated to a suitable temperature to cause the refractory metal film

20  toreact with silicon portion of substrate 500, such as silicon film 560 formed on the
silicon bodies and silicon film 562 formed on the gate electrodes in order to form a
refractory metal silicide. Locations where silicon is unavailable to react, such as dielectric
spacers 555 and exposed portions of buried oxide 506, do not react and remain as
refractory metal. A selective etch, such as a wet etch can then be utilized to remove the

25  unreacted refractory metal and leave the refractory metal silicide on the contact areas. In
this way, a metal silicide film can be self-aligned to the contact regions of a tri-gate
transistor. This completes the fabrication of a tri-gate transistor in accordance with the

present invention.
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surface of gate electrode 530 to formsilicon film562. In an enbodi nent of
present invention, a silicon filmb560 is formed to a thickness between

50- 500A. wp 2aen/apd1edi nent of the present invention, thecgiuseasm2déutmis
formed to a thickness sufficient to provide 20 enough silicon to be used or
consuned during the formation of a silicide filmon the source and drain
regions. The silicon filmcan be insitu doped (i.e., doped during
deposition) or subsequently doped by for exanple ion-inplantation or solid
source diffusion. The silicon filmis doped to the conductivity type
desired for the—source and draim regions of the device. |In an enbodi nent
of the present invention, the deposited 25 silicon film 560 and 562 are
intrinsic silicon films (i.e., undoped silicon filnms). The deposition of
seni conduct or fridsMroefle fr@isiFors ahg atktifody bE abeiostici aive be@gdasgbathi ch

i mproges the parasitics of the device. 19 WO 2004/ 019414 PCT/ US2003/ 026242
I n an enbodi nent of the present invention, as shown in Figure 51, the
deposited silicon film560 and 562 are doped by ion-inplantation utilizing
a vertical ion inplantation angle. The ion-inplantation process dopes the
deposited silicon film560 and the silicon body 520 | ocated underneath to
a concentration between 1x1020-1x1021 5 atons/cnBto form a source contact
region 570 and a drain contact region 572. Sidewall spacers 550 offset the
source/drain contact inplantation step and define the tips regions as a
region of the doped silicon body beneath sidewall spacer 550. The above
referenced process fornms source regions 570 and drain regions 572 which
each conprise atip region and a contact region. The tip region is the
region of the silicon body 520 | ocated beneath 10 sidewal |l spacers 555. The
contact regions are the regions of the silicon body and deposited silicon
filmwhich are adjacent to the outside edges of the sidewall spacers 550.
Additionally, the source/drain contact regions include the source and drain
| andi ng pads 522 and 524 when utilized. Next, if desired, a refractory
metal silicide 580 can be fornmed on the source and
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15 drain contact regions as well as on the top of gate el ectrode 530 (or
silicon filmb562) as shown in Figure 5J. Arefractory netal silicide film
580 can bwofoesmadimi th a self-aligned process, such asPaTdskomsiode4pr ocess.
In a salicide process a refractory netal film such as titanium tungsten,
ni ckel, cobalt or alike to blanket deposited over the substrate of Figure
5J. The e ls,then heated to a suitable tenperature to cause the
refractoiﬁgﬁgégﬁ¢¥¢ﬁ%120 to react with silicon portion of substrate 500,
such as silicon film560 formed on the silicon bodies and silicon film 562
formed on the gate electrodes in order to forma refractory netal
silicidexvggﬁﬁhions where silicon is unavailable to react, such as
dielectric "spacers 555 and exposed portions of buried oxide 506, do not
react and remain as refractory netal. A selective etch, such as a wet etch
can tgen be utilized to renove the 25 unreacted refractory metal and |eave
the refractory netal silicide on the contact areas. In this way, a netal
silicide {fil mgammben@ridrdlicoreslptiging:ne contact regions of a tri-gate
transistor. This conpletes the fagrication of atri-gate transistor in
accor dance W tgsehhi€ondptesBody havwen fopBurfa@ MO1ae0My 0ppekit sREFALISROE(026242
Thus, tri-gate transistors and nethods of fabrication have been descri bed.
5 21 WO 20Q44ubdoatd 41RCT/ US2003/ 026242 I N THE CLAIMS W claim 5 1. A

sem conduct or device conprising: a sem conductor body having a top surface
and | ateral | y ogpeodictestrii fdoned o5 saidtopesyrfaemofsais slieandodyrapd g saidgat e

dielectric formed on said top surface of said silicon body and on said
10 laterally opposite sidewalls of said silicon body; and

a gate electrode formed on said gate dielectric on said top of surface of said
semiconductor body and adjacent to said gate dielectric on said laterally opposite sidewalls

of said silicon body.

15 2. The device of claim 1 wherein said semiconductor body is silicon.
3. The device of claim 1 wherein said semiconductor body is a single crystalline film.
4. The device of claim 2 wherein said semiconductor body is intrinsic single

20  crystalline silicon.

5. The device of claim 1 wherein said semiconductor body is a semiconductor
selected from the group consisting of silicon (Si) germanium (Ge), silicon germanium

(SixGey), gallium arsenide (GaAs), InSb, GaP, GaSb as well as carbon nanotubes.

25
6. The semiconductor device of claim 1 wherein said substrate is an insulating
substrate.
7. The semiconductor of claim 1 wherein said substrate is a semiconductor substrate.
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10 laterally opposite sidewalls of said silicon body; and a gate el ectrode
formed on said gate dielectric on said top of surface of said

sem conduwwODanodagyi4and adj acent to said gate diel ectricPon/tsadid/ob@ueral |y
opposite sidewalls of said silicon body. 15 2. The device of claim1
wherein said sem conductor body is silicon. 3. The device of claim1
wherein said sem conductor body is a single crystalline film 4. The
device of claim2 wherein said sem conductor body is intrinsic single 20

crystallige SDLE%%&EugnﬁL%?Fgﬁﬁﬁ%§$Of claim1l wherein said sem conduct or
Sel'e

body is a‘sem’cong@uctor cte romthe group consisting of silicon (Si)

ger mani um ( Ge), hﬁgﬂe LARANERI RO BBy Eopnt @8} an igkddting Busdisenkala sfiisansddy | nSb,

GaP, GASb as we as “car bon nanotubes. 25 6. The sém conduct or devi ce of

clai m 1 wRensidtos dindaceuha itfr@tlaRd s&cond 1tES1Y appdide sRlsRalig;ate. 7. The
sem conductor of claim1l wherein said substrate is a seni conduct or

substpate. 22 R dRR4GR1BANK RAUBAUTAER2EAR siliconfbodyiandah eaitlfistsi st or
conprising: a single crystalline silicon body fornmed on an insul ating
subst r at endsatchddateratlgroppaodity sidesallngf sid shcaibddyce and first and second

| ateral |y opposite sidewalls; 5 a gate dielectric fornmed on said top
surface of saiaigaé blectooleforyedortsaihgaa digleciriosan saithtwpsetfaeriof satdesiligony
opposite sidewal | s of said silicon_body; a gate electrode formed on said
gat e di eltodyrand adiacevieisaidgate dielestiic oF Saahiiest and said pecopd ijerabyoprpseent to
said gate dielectric on said first and said second laterally opposite

si dewal | siggwadlgjodisaif silicgn bpdaynd and 10 a pair of source/drain regions

For m%(a 'nosal da galtillr Iofc s%ﬂrc%?dqrgin(%ggig P o?rlnéde in‘sat ssllic(:)c;n bso%ly%n o%%gseiteeslicﬁe(s:to (s)aqg '

gate electrode.

9. The tri-gate transistor of claim 8 wherein said transistor has a gate length (Lg)
approximately equal to the distance between said first and second laterally opposite

15  sidewalls of said silicon body.

10.  The tri-gate transistor of claim 8 wherein said transistor has a gate length (Lg)
approximately equal to the distance from said insulating film to the top surface of said
silicon body.

20
11.  The tri-gate transistor of claim 8 wherein the distance between said laterally
opposite sidewalls of said silicon body is approximately equal to the distance from said

insulating substrate to the top surface of said silicon body.
25 12.  The trigate transistor of claim 8 wherein the distance between said laterally

opposite sidewalls of said semiconductor is between ¥4 to two times the thickness of said

silicon body on said insulating surface.

23



9. The tri-gate transistor of claim8 wherein said transistor has a gate

|l ength (Lg) approximately equal to the distance between said first and
second | awerabdop9apposite 15 sidewal | s of said siliconPooas20030262Fhe
tri-gate transistor of claim@8 wherein said transistor has a gate |ength
(Lg) approximately equal to the distance fromsaid insulating filmto the

top surface of_ said ili.con dy. o20 11. The. tri - . j ..of claim
8 wher ei igt hechE‘P g%'&ﬁ@i%@ﬁ%ﬁ%@ %“’i%gfeér} %ﬁlﬁlilflm%%pcﬁgs? dﬁléé gsllﬁg@vg(f s®of said
silicon qu%.isi£$§roxinately equal to the distance fromsaid insulating
subst rat & ﬁfﬁé Op surface of said silicon body. 25 12. The trigate
transistor of claim8 wherein the distance between said |aterally opposite
sidewal | s of said sem conductor is between % to two tines the thickness of
sai d = si hicon Thegy. oo Hakidior BEShR B Rehesdi §A€ 8ingRTrVRIRAOLOIDH is

PCT/ US2003/ 026242 ~13. The tri-gate transistor of claim g whergin said

si ngl & cudypddadold fivet Snducivitylpshywitls a comteniraisincoftiekwesnrlx104 - 1Xh@ tri - gate
transi stor of cgtai m 8 wherein said single crystalline silicon body is 5
doped toatonis/erst. conductivity type with a concentration of between 1x1016-
1x1020 atons/cnB. 15. The tri-gate transistor of 14 wherein said single
crystalline silicon body is doped to a first conductivity type with a
concentration of 1x1016 1x1018 atoms/cnB. 10 16. The tri-gate transistor of
cl ai m 8 flar t hdhe dorgetc teansigtos op ¢ whetreinssabsiagle ceystadline sik ya§ dangd to

| ateral ly opposite, sidewalls of said.gat Bctrods. 17. The tri-gate
transi st @rirgfcopfugtivity typsavith ?1cgl}ﬁeﬂtrfﬁ%r(’fgf‘?éoﬂﬁég(?draéﬁrﬂy #Bgi ons further 15

conpﬁbse silicon formed on and around said silicon body.

16.  The tri-gate transistor of claim 8 further comprising a pair of sidewall spacer

formed alohg laterally opposite sidewalls of said gate electrode.

17.  The tri-gate transistor of claim 8 wherein said pair of source/drain regions further

15 comprise silicon formed on and around said silicon body.

18.  The tri-gate transistor of claim 15 wherein said silicon on said source/drain regions

is epitaxial silicon.

20 19. A transistor comprising:
a plurality of semiconductor bodies each having a top surface and a pair of laterally
opposite sidewalls formed on a substrate film;
a gate dielectric formed on the top surface and sidewalls of each of said
semiconductor bodies;
25 a gate electrode formed on the gate dielectric on the top surface of each of said
plurality of semiconductor bodies and adjacent to said gate dielectrics formed on each of

said first and second laterally opposite sidewalls of each of said silicon bodies; and
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18. The tri-gate transistor of claim15 wherein said silicon on said
source/drain regions is epitaxial silicon. 20 19. A transistor conprising:
a plural iwg 2064/e4mitconduct or bodi es each having a top s®ecfraseomnds2az pai r of
| aterally opposite sidewalls forned on a substrate film a gate dielectric
formed on the top surface and sidewalls of each of said sem conductor

bodi 25
surf ace of eachPro %ﬁ%%”d%%a e e e T L R

sai d gat e ach of said first and second Iat erally
opposite sp%aﬂe ﬁq‘lflerso ald%(r:%e ?C(?Ilsag?d silicon bodies; and 24 WO 2004/ 019414

PCT/ US2003/ 026242 a pair of source/drain regions fornmed in each of said
sem conduct or bodies on opposite sides of said gate el ectrode. 20. The

transi st 059, of EheArdRsiktor\Wielafth N 9Sicteifl 84i piledtiathodf sarli tehristondd stor is 5
approximately the sumof the gate wi dths of each of said sem conductor

bodi e$ Whgiedsimafeliethg st ofittet gatowidihssefsacipofiaid ssmibadincios bodies tvhaein t he

hei ght of the sem conductor body plus the distances between the |aterally
opposi t e thk gateatitith. of a2tmictindudtor baglytietwo tmss thedreight ofthaisemicondunserdiodyt he

di stance between the laterally 10 opposite sidewalls of each of said
silicon bulds te diganeppbawieemthellgteraiy oppenite siigwalthe transi stor of claim 19
wherein each of said source regions are coupled together and each of said
drain regions are coupled together. 15 23. The transistor of claim 19
wherein said substrate is. an i

in subtrate Th ransi st or of
cl ai m'19 %her eTlPP @agaae gr@gb%qt?raquia,ngl whigpind ‘?:Iél‘é%?e é%?fg‘:f fi{eiatera 5, Afully
depl et ed sem | uct on | tor t.r ansi.st or Al . 20 a silicon
body for nRPO e%i e"i’ar]r f&?‘? %Wcogb@gfeélﬁ?p@r%fl\g?&yﬁi&s%@a on and ar ound
said silicon body;

22.  The transistor of claim 19 wherein each of said source regions are coupled together

and each of said drain regions are coupled together.
15 23.  The transistor of claim 19 wherein said substrate is an insulating substrate.
24.  The transistor of claim 19 wherein said substrate is a semiconductor substrate.

25. A fully depleted semiconductor on insulator transistor comprising: -
20 a silicon body formed on an insulating film;
a gate dielectric formed on and around said silicon body;
a gate electrode formed on said gate dielectric on and around said silicon body;
a pair of source/drain regions formed in said silicon body on opposite sides of said
gate electrodes;
25 wherein said gate length of said transistor is less than or equal to the width of said
silicon body; and
when said transistor is turned “ON” said silicon body between said source/drain

regions is fully depleted
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a gate electrode fornmed on said gate dielectric on and around said silicon
body; a pair of source/drain regions forned in said silicon body on

opposi t e wpdest/aap418ai d gate el ectrodes; 25 wherei n sai g#cgaiseodsoneih of
said transistor is less than or equal to the width of said silicon body;
and when said transistor is turned "ON' said silicon body between said
source/drain regions is fully depleted 25 WD 2004/ 019414 PCT/ US2003/ 026242
26. The transistor of claim?25 wherein said gate length is |l ess than 60

nanonet er 27 T I.§kQr claai vy&fgg k i =N th is less
t han 30 n%ﬁorre Iéertlgfﬁlsg‘g&gg’ic%@ 2t5 S’g}}leg%lgtsgp%gtfe o ?WS@&%@?@% sald gate
|l ength is |l ess than 20 nanoneters. 29. The transistor of claim25 wherein

said gate length is less than or equal to the height of said sem conductor

body on sz d iTgdiradsishd driclditn 25GviRPein Biig chfedBsdts isdessGthat@himozietmber ei n
said sem conductor body is a single crystalline silicon film 31. The

transisgstor of claim 30 wherein said single crystralline silicon filmis
intrinsic 15 silicon. 32. Afully depleted silicon on insulator transistor
conpri si n28. aTlkd tramsostoriadatiaih@Sveltbrein said gaedegih islgsssbis20 asmmetergat e
dielectric formed on and around said silicon body; 20 a gate el ectrode
formed on and adjacent to said gate dielectric forned on and around said

silicon body; a pair of source/drain rggions formed on opposite sides of
sai d gat e2%1 ecThowansistor of glaims5| wheseiniseiggatedgpgth is less than or equal to the

height of said semiconductor body on said insulating film.
10
30.  The transistor of claim 25 wherein said semiconductor body is a single crystalline

silicon film.

31.  The transistor of claim 30 wherein said single crystralline silicon film is intrinsic

15  silicon.

32. A fully depleted silicon on insulator transistor comprising:

a silicon body formed on an insulating subsirate;

a gate dielectric formed on and around said silicon body;

20 a gate electrode formed on and adjacent to said gate dielectric formed on and

around said silicon body;

a pair of source/drain regions formed on opposite sides of said gate electrode in
said silicon body; and

wherein said transistor has a very sharp sub-threshold slope of less than 80

25 mV/decade and a drain induced barrier lowering of less than 100 mV/V.

33.  The transistor of claim 32 wherein said drain induced barrier lowering is less than

80 mV/V.
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wherein said transistor has a very sharp sub-threshold sl ope of |ess than
80 25 nW/ decade and a drain induced barrier lowering of |Iess than 100

mv/ V. 33.woheodaias18i stor of claim 32 wherein said drai nPCrdlsee@d/obenz i er
lowering is less than 80 nV/V. 26 WD 2004/ 019414 PCT/ US2003/ 026242 34.
The transistor of claim 32 wherein said sub-threshold slope is about 60
nv/ decade. 35. A nethod of formng a sem conductor device conprising: 5
form ng a sem conductor body having a top surface and laterally opposite

si dewal | on ubstr d ] ' L j

surface éf‘ ) sai@le % 1§t8géﬁ%1%18$ gsbgg’glregﬂn%%o%bg@%ﬁ%%h%@%f ?@%g%?ﬁ@%&%
sidewal I s of said sem conductor body; and form ng a gate el ectrode on said
gate dielectric and adjacent to said gate dielectric 10 on said laterally
opposi t e sgi de%iﬂeaqoafoﬁ@ﬂnqn%@aérﬁfeegmardeb@emmgﬁsmg;he device of claim 35
wherein sald sem conductor body conprises single crystalline silicon. 15
37. The devi cap@hing habmMicdadvhierRIdR hasing asomgireace ayd tasdrhilnepmisite sidewdlbdy i s
intrinsic silicon. 38. The device of claim35 wherein said sem conduct or
body is sgleabeehté fian) the group consisting of silicon (Si) gernmanium (Ge),
silicon germanium (Si xCGey), gallium 20 arsenide (GaAs), InSh, GaP, GaSb as
wel | as car borfonaingtugatesdield@ric theaiddomefiase of spidiemicopducia\biods af 0% | ai m 35
wherein the thickness of said sem conductor body fromsaid insulating film
to said seidleteradiycppesitssddeviadp of spid sraicprducis hed¥iavgdt el y equal to the

di stance between said laterally opposite sidewalls of §ai d 2§ ai iig_lon body.
27 WO 2004/ 01damainpaeatesierirode on said gate dielectric and adjacent o said gate dielectric

10  on said laterally opposite sidewalls of said semiconductor body.

36. The device of claim 35 wherein said semiconductor body comprises single

crystalline silicon.

15 37.  The device of claim 36 wherein said single crystalline silicon body is intrinsic

silicon.

38.  The device of claim 35 wherein said semiconductor body is selected from the
group consisting of silicon (Si) germanium (Ge), silicon germanium (SixGey), gallium

20 arsenide (GaAs), InSb, GaP, GaSb as well as carbon nanotubes.

39,  The method of forming the device of claim 35 wherein the thickness of said
semiconductor body from said insulating film to said semiconductor body top surface is
approximately equal to the distance between said laterally opposite sidewalls of said

25  silicon body.
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40. The nethod of claim 35 wherein the thickness of said silicon body from
said insulating layer to said top surface is between two tines to %2 the
di st ance wetver(194the |aterally opposite sidewalls. 5 4PCTNseoaswéraz of
claim 35 wherein said substrate is an insulating substrate. 42. The net hod
of clainms 35 wherein said substrate is a sem conductor substrate. 43. A

ot torni rida. o PR Bl RatEdh Bl hickbRRRE R T BRI P L Feea i1 con

body havj I k f) 3 i

msul at; ngPeiag PRegH i, RRGEL Sorleaioa S b2 SE AIRDBRANY ) ..

form ng ahg%ﬂgugbggggﬁa&ﬁﬂkayer on said top surface of said silicon body
and on said sidéwalls of said silicon body; 15 depositing a gate materi al
over said silicon body and over said insulating substrate; patterning said
gate material to forma gate electrode on said gate dielectric layer on

sai d thop 4Lrf aCke ekthddiod chirh 36 evhebeinl yaid Babsadicde eninsidtifgbgbs@atee di el ectric
on said sidewalls of said silicon body, said gate el ectrode having

| aterally opposite sidewalls which run perpendicular to the laterally
opposite sidewalls of said silicon body, and 20 form ng a pair of

sour ce/ dré4d-n r'eg wethopof shirds 33 whersin dagbisubsiate pposinicomiudios sdfstretzi d

| aterally opposite sidewalls of said gate el ectrode. 44. The method of

cl aim 43 wherein said distance between said laterally opposite sidewalls

of said si|icon bo i s.approxijmtely equal to the thickness of said
silicon b%%y Banghoasf isihires SO PGB PR FISise CAIPHSEE 010414
PCT/ 003/ 0262 .45. The nethod af claim43 wherein. the di stance between
ilic g@ 3 1 E t g ;
sai d T-at er al | yPOSHUEF £ &8¢ P ANAPHLHINESURFIEALG 1R SR BOGYengt h) s
| ess tha . I t ' laterally . .opposite si I I's of
R IR N T SR A
bet wveen sg|fhebiLnldY PRBAR ddewalls;
forming a gate dielectric layer on said top surface of said silicon body and on said
sidewalls of said silicon body;
15 depositing a gate material over said silicon body and over said insulating substrate;
patterning said gate material to form a gate electrode on said gate dielectric layer
on said top surface of said silicon body and adjacent to said gate dielectric on said
sidewalls of said silicon body, said gate electrode having laterally opposite sidewalls
which run perpendicular to the laterally opposite sidewalls of said silicon body; and
20 forming a pair of source/drain regions in said silicon body on opposite sides of said

laterally opposite sidewalls of said gate electrode.
44,  The method of claim 43 wherein said distance between said laterally opposite

sidewalls of said silicon body is approximately equal to the thickness of said silicon body

25  onsaid insulating substrate,
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sidewal I s of said gate electrode (gate length) is less than or equal to the
t hi ckness of said silicon body on said insulating film 47. The nethod of
claim 43 wbheoeic9sai d silicon filmis single crystallin®@CTius2asn262410 48.
The met hod of claim47 wherein said single crystalline silicon filmis
intrinsic silicon. 49. The method of claim43 further conprising formng a

B deval | 45 e BASEOEF 8% #3 B0RRENEe e#%c%ééta%s#?%?@e ¥ oPBRRE 4 ar ouna
said sili eﬁaﬁg%}‘seﬁ& at%%le%ﬁrggé gg&%% 1§€§; ?%s%%l&e BAGE fir: d[lsﬁg}lcemﬁvé@ﬁt hod of

claim 43 Fisin said silicon film 20

formed Oq?ﬁ%%@sc’%&l%%%ﬂg‘)f%d Sﬂ'ggng@&(}hod of claim43 wherein said

silicon f ormed by a ective eposition process. 25 29

5 46.  The method of claim 43 wherein the distance between said laterally opposite
sidewalls of said gate electrode (gate length) is less than or equal to the thickness of said

silicon body on said insulating film.

47.  The method of claim 43 wherein said silicon film is single crystalline silicon.
10
48.  The method of claim 47 wherein said single crystalline silicon film is intrinsic

silicon.

49.  The method of claim 43 further comprising forming a pair of sidewall spacers on
15  opposite sides of laterally opposite sidewalls of said gate electrode; and
forming a silicon film on and around said silicon body and adjacent to said

sidewall spacers.

50.  The method of claim 43 further comprising forming a silicide on said silicon film

20 formed on said silicon body.

51.  The method of claim 43 wherein said silicon film is formed by a selective

deposition process.

25
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