; e3ell F6TMP14435PCT TRI - GATE DEVI CES AND METHODS OF FABRI CATI ON BACKGROUND
PGHA3FRET | NVENTION 5 1. FIELD OF THE | NVENTI ON The present i | ates
to the field of sem conductor integrated circuit manufact ijmmwmumﬂm’mre
particularly to a tri-gate fully depleted substrate transistor,_and 1'Ts 10
met hods of fabrication. 2. DI SCUSSI ON OF RELATED ART In order 901’ ncrease
devi ce perform gl i n t i have 15 been
proposed for thmﬁatﬁaﬁ%{m&ﬁbﬁ ‘ﬁ@ﬁeﬁlﬁ%&@g@?g&%@%ﬁ N Figure 1
illustrates a standard fully depleted silicon on insulator (SO ) transistor
100. SO transistor 100 includes a single crystalline silicon substrate 102
havi ng an insul ating h as a buried oxide forned thereon. A

si ngl e SARGROUN 5 SeN¥06 is formed on the insulating |ayer |04.
A gaée dielectric layer 108 is forned on the single crystalline silicon 20
body~ 106 and a gate el ectrode 110 formed on the gate dielectric 108. Source
112 and . dray | formed in the silicon body 106 al ong
Iateralﬂy ﬂD%ﬁﬂTﬁE' bﬁ{te el ectrode 110. Fully depleted SO have
been proposed as a transistor structure to take advantage of ideal
sub-threshol d gradients for optimzed on current/off current ratios. In

order to 25 gHBiRNEntiifRAlioR HMILY BIRCHEd OF 3chiebiducir iftegrha giralior 100, the
t hi ckness of the silicon body 106 nust be about 1 /3 the size of the gate

| engt h (hethhifaRfurind SarldrAd}s ipaitietlally td 8 tri-gatk §i1B: ddpiuielibstras tradsistord adddishs scal e
especially as they approach 30nm the need for ever decreasing silicon film
t hi ¢@nessetiodsiof fabeikationt hi s approach increasingly inpractical. At 30
nanoneter gate length, the thickness required of the silicon body is

t hought to need to P14435PCT be | ess than 10 nanoneters, and around 6
nanoneter for a 20 nanoneter gate length. The fabrication of thin silicon
films wi2t DISEUSSHON(UERELATEILARASn 10 nanoneters, is considered to be
extrenely difficult. On one hand, obtaining wafer uniformty on the order
of one nanoneter is a difficult challenge. On the other hand, to be able to
contact these thin filnms 5 to formraised. source/drai i ons 1.0 decrease
junction resﬁ%Pﬁ%&gvnﬁgﬁﬁﬁggmﬁPW@?P”P%%S@?P%P%“EP%%%(Sﬂéﬁgﬁﬁﬁ%gﬂngon | ayer
in e saurce/ drai.n redions. he C . L ng: .t he h and

var 18us FPLEREoie R Pl PRI E AR it Biabit] HRbFB ) B0, o e

silicon s&%ﬁaﬁ%l&f%ﬂl&@@sig%ﬁrpﬁ‘ﬂsﬂggg {?({igﬂ%ﬁst&alt@. (SOPhrafl§¥bE B0 SUCh as

shown in Frgure and ave proposed to alleviate the silicon
t hi ckneggclbdsWingld\@ydRURt 6iliosH fubkiela 10EKAGEe 20RshiRGhEPS 1@45duch@on body
202 fornmed on an 1 nsulating substrate 204. A gate dielectric 206 is forned
on two Hueiesd ogide fdrthedithdrésan A sidyle 203 tallivet dligatbedell 66 isrfotdre@iBthes f or med
adj acent to the gate dielectric 206 forned on the two sides of the silicon
body 202nswhatiigfldyec i @ht Agatetdickctiin byerat08rig fdragd on Hgosinge etystalingjsilicenn
nitride, electrically isolates the gate el ectrode .

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 (Tsi) makes this approach increasingly impractical. At

30 nanometer gate length, the thickness required of the silicon body is thought to need to

RIRm

*G00002*

1



15208 fromthe top of silicon body 202. Double gate (DG device 200
Pe4ys6PET al |y has two gates, one on either side of the channel of the device.
Because the doubl e gate device 200 has a gate on each side of the channel,
t hi ckness (Tsi) of the silicon body can be double that of a single gate
device and still obtain a fully depleted transistor operation. That is,

:m%te_rheaT Soeg'siffﬂﬁ@)%ﬁrﬁ%t‘ﬁ% S Adter it iR e bRt bt el o, o 0o
evic : . ' .that.the b i na. i
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[ engt h QOLQQ ﬁierﬁegs?digﬁc 111(.: ®On J)rﬂ: Hah erté[iHinﬁ%a%quﬁbﬂﬂi &pﬁlleto}‘dér RFEHL at ed
circuits, F Pl eher a y desirable to fave the no aggressive lithography

occur Wi &%%ﬁ%ﬁ?%uheuﬁ DEIQRLE (bx?glgtl?@?e& hénd, 20‘3%&%1& Recodicemeledid geg 208.

Al t houg e gate structures e the thickness of the silicon film

(singe YOk AR bctr@/@ahGesBnSbldeseastijdiotith rédiRaribBe06Ms dlRRSE Structures,
however, are hideously difficult to fabricate. For exanple, silicon body

202 r eqyinpEssible Ance thd 443 BREON lay&iih ieouledyais kedionstbiecémesavonpumetlice a
silicon body 202 with an aspect ratio (height to width) of about 5:1. BRI EF
DESCRI PHuifihg tHe gatdtetdbRdIVafiBuseléding fioltowling theagatd dt¢huastdrspacen etcbfleaying
cross-sectional view of a depleted substrate transistor. Figures 2A and

Fi gur e 2@uffidiens silisom 106 fhogilicen tpagrewdww| et ed substrate transistor. 10 Figure
3is an illustration of a tri-gate transistor in accordance with an

enbodi ment  ofA dovblogassdMe) qlqvgr@nwbﬁ.s shgvguindigyses 2A apd 2By havebsen on of a
it . . . .

i L'véﬁt: i %mpro%n@{gfailgﬁst'e%g sihoan thkesasou - Bie doubla Ok deisi BB or o

¥ st - andndseriiien 5P 2 oded pry s RS sRE A < R el PG isce

formed on two sides of the silicon body 202 and a gate electrode 208 is formed adjacent to

the gate dielectric 206 formed on the two sides of the silicon body 202. A sufficiently
thick insulating layer 209, such as silicon nitride, electrically isolates the gate electrode
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  of the 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



wi t-h. enbodi nents of the present invention. Figure 6 is a plot which
Pit4436RET at es body hei ghts and body wi dths which can be used to obtain
partially depleted and fully depleted tri-gate transistors having gate

| engths (1g) of 25 30 nmand 20 nm 3 P14435PCT DETAI LED DESCRI PTI ON OF
THE PRESENT | NVENTI ON The present invention is a novel tri-gate transistor
structurg and [ts .method of fabricatiaon.. Ln.the follown escription

nuner ou§1?‘§%g?4y| eédhﬁfk“éﬁlcgn produce st ‘Ef’r“tq??df"ﬁa%?”d a"taﬁp@wﬁtg’\ﬂg@gﬁtéot hor ough
understan@%ggfin tgi present invention. In other instances, well-known

seni condf %pB s and manufacturing techni ques have not been descri bed
in particular detail in order to not unnecessarily obscure the present
invention. The present invention is novel tri-gate transistor structure and
its net %quDﬁgémfcﬁwagﬁ%Emgmgmnt of the present invention, the
tri-gat uctor on insulator (SO) transistor

The gri-gate transistor is ideal for use in fully depleted substrate

transi stor applications. The tri-gate transistor includes a thin

seni conduct oFjduedly isf A illesra6ion 8Pa Sloesbdctibeal vidweobd dplaédsubstiatbe an

insul ating substrate or a sem conductor substrate. A gate dielectric is
formed eangister.t op surface and the sidewalls of the sem conductor body. A
gate electrode is forned on the gate dielectric on the top 15 surface of

t he sem conductor body and is fornmed adjacent to the gate dielectric forned
on the sidewalls of the sem conductor body. Source and drain regions are
formed in th&igess Loariliciewe 28oiliystoie o gpdde gate depletsd substrte tasistog| ect r ode.
Because the gate el ectrode and the gate dielectric surround the

seml@onduct or body on three sides, the transistor essentially has three
separ ate chagpel s andiﬁate.. Tgeggate "wi.dt h' of ? tranﬁ%stor is equal 20
to the sum of 'GEEH I5AN fIHYratiop gfa fi-gale tARSIFIREINACROTORCE WA GARRMMPNE, oo

"wi dt h" Eansistorslﬁ%n be formed by connecting several tri-gate

transi st }nggﬁgpﬁgF} Because there are three separate channels forned in

t he sem conduct or body, the sem conductor body can be fully depleted when
the transistor is turned "ON', thereby enabling the formation of a fully
depl eted tramghst QA ¥t MuS@itfon! TR RateQfankiSRP if 3BrddAceARitNanIONEt €r's Wi t hout
requiring the use of ultra-thin semconductor bodies or requiring

phot1gl i tehhadmmnt 6f PaptRémiim@ntbn.t he sem conduct or bodi es to dinmensions |ess
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 4 P14435PCT

sem conduct oFigwel§Banah ilustrationfof aite-geterttapeision it ascondense witlearequal to t he
gate length of the device. Because the novel tri-gate transistor of the
present cmbpdivgnbaf thg prosentdpeentiped in a fully depl eted manner, the device is
characterized by ideal (i.e., very sharp) subthreshold slope and a reduced
drain induced barrier lowering (D BL) short channel effect of |ess than

20 Figures 5A-5] 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 (Ig) of
25 30 nm and 20 nm.



5 T00nWN and ideally about 60 nv/V which results in a | ower |eakage current
Pid#sbPEhe device is turned "OFF" resulting in | ower power consunption. An
exanple of a tri-gate transistor 300 in accordance with an enbodi nent of
present invention as illustrated in Figure 3. Tri-gate transistor 300 is
formed on an substrate 302. In an enbodi nent of the present invention,
substra i i NS j [, which includes a | ower
m)nocryéﬁ&&i&bsggggwﬁlbﬁégﬁﬁpéggﬁﬁéu ﬁ{vw —+s fornmed in insulating

| ayer 306, such as a silicon dioxide film Tri-gate transistor 300,

however, can be formed on any well-known insul ating substrate such as
Substrates f j.] 1 LA [fck Q%dn mahs ghappires. In
an enbodi menf.ﬁl gﬁgts %{é%;?reggléljﬁﬁ%mr?&%ﬁﬁ %ﬁe trﬁ?‘eslidsrﬁgg%t}l at qutgén can %2 a

sem con ‘i‘&iﬁ{ggﬁorﬁ Uhghd %ﬁlgwf%’c&?ncrg?iohﬂ Rlus IspeBifi Cabtdif s PEMRAGHH | ne

silicon substrate an a seni de substrate. Tri-gate transistor 300
i ncl gdesgravideATheRMEH ShddrstRitiig 308e hREEHR thvehtién) Sl clie? instBe) vellGidhat | ng
substrate 302. Sem conduct or gDody 08 can be formed of any well-known

sen condefifcondudtsrrocebs andufdhuseniig tédhinidueshivechot beedl des@ibed (iBparticger mani um
(CGe), silicon germanium (Si XCGey), galliumarsenide (GAs), InSh, GaP, &GSb
and car kenilinomiktivamt uRikctsatilyabdeurt the poesdyt i80&tioan be fornmed of any

wel | -known material which can be reversibly altered froman insulating
state to a cdhdposenténentiorismpveltptgatatgansistas stratturs| and tits imeshodcafnt r ol s.

Sem conductor body 308 is ideally a single crystalline filmwhen the best
el ect ri daliricpiéert. dnpagowodimant ghthi prasent3gEntips, thetl-gate tragsftordg anpl e,

sem conductor body 308 is a single cr ﬁt alline fil m,\/\/hgn ransjstqr 300 is
usedOi n semigansiar o asator S Odhtsnststar; <y§ € tri-ggfe Aragsistop1s & %#Bﬂua% oy
circuit, sucBlSPs a mcr.\cﬁ)ﬁroc SSOr. m, condyct or bodﬁJS 8...however, can be

a pol yprd%llf’tz? aﬁ‘r%‘%ﬁ éﬁplﬁ’rcﬁﬁﬂ%‘?sst g8t ganﬂét&aw .dggﬁp}i%ati ons I
L O RS, R bl

| nsul at es sem conduct or stalline silicon

substra %eélicong%cgﬁg%té Og 'gaﬂerﬂi?&tﬁmngn b t&ﬂk@lrﬂa&?iﬁ?ﬂhe Lig¥watd on,

sem conduct or I's asingle crystalline silicon m Sem conduct or

body 308 fh@semidmtifictf bddg! f gtd e@RIRSd foBmed 8RR dafe BdlectAiBdn SHeopepar at ed
by a di stance which defines a sem conductor body wi dth 314. Additionally,

S eni § 0NQAuFARI of fieiem3Ebhdi@sr Bodyad ssfohinedaddcenowihs pite divldeaid formediod ace 318
5 fornmed on substrate 302. The di stance between the top surface 316 and the
bot t om sh §ideeal 3 b8 tlbakmiwndactdshydy hSougddt andi2Bainiregions aerfwohedimtheof t he
present invention the body height 320 is substantially equal to the body

wi dt h 3sdmidondentordiedy di wepesitosidesef the @ate slecirodee rdcawse thigatpelggtradlR8 has a

w dth 314 and height 320 |l ess than 30 nanoneters and ideally . less than 20
nanonet énd the gatediclentis grmannd the senpgondugtog Redy ?ﬂ/&'ﬁ?‘? Hes, 'Sﬁéra%ﬁV 10 hei ght

320 is b %2 t he bod i d 3 i .t.he, bod .dth 3

Tri - Ig:tt «f%%e\r{\‘,ﬁ%?x E%séﬁregﬁ?%fé%wﬁntﬁgh énlqdjfgaté‘%eﬁ}\tc: nEIsé&}Et?‘ 383%&3@&%@ 18Fi¢aéct ric

| 322.s § d ar. th i 1 s 308

shoal i 0 Aleupeogath B ted Bref HAHE e Uele gy B3 TARGR CRHEE o POP 26

si deval | %@forﬁ{ég.tbgl%orﬁ&é%fiﬁ%gev Paﬁtrﬁgﬁe B’&ns%t?é%ge t to sidewall 310 of body
igure 3.

308 as shown 1 n te diefFectric laye 2 can 15 be any
wel | - known gadRaike Shé?€ hie'threk 8offafate EHanAéls %ﬂ?ﬁﬂ!imtse&fcoh&&tmgﬂhe o
invention, the gate dielectric layer is a silicon dioxide (Si02), silicon
oxyni t r i @midont 6MHHod9 cabs full iyaiepleteidtvitied hd Lar3INr isltuehedCION'G thetgbgr . |1 N an
enbodi mrent of the present invention, the gate dielectric layer 322 is a

- si licon enahlitigtthe fembitidnmrof ofullydepleted tiahsisthneith gote laethsadiess 1120480 | n an
enbodi nent of the present invention, gate dielectric |ayer 322 is a high K
gat @520 mhemetetsrwithdutigegpiringuibduseof altreethin semitetelugiorbedies graequinieh as but not
limted to tantal um pentaoxi de (Ta205), and titantium oxide (Ti02). Gate
di el ect rmhetalithegrapbicpattgmingofghe gamiequsiustopbodieyte dimgnsensdessithan thegdfeas but
not limted to PZT. Tri-gate .device 300 has a gate el ectyode 324. Gate
el ect r odengib 4Lg)of therdenteeod hatris the Srnehrg af e diigpisdransistor g @’P pEsentas shown in

Figure 3. Gate electrode 324 is forned. on or 2 djacent. to dielectric
5991 or e n eheitcen %M Tareara eta E?gw%%ﬁwit kGt n gate
dielectric 322 formed on the top surface 316 of sem conductor body 308, and
is formed adjacent to or on gate dieldctric |ayer 322 formed on sidewal |

310 of sem conductor body 308. Gate el ectrode 324 has a pair of laterally
opposite sidewalls 326 6



P14435PCT and 328 separated by a di stance which defines the gate length
P{4485P@B0 of transistor 300. In an enbodi nent of the present invention the

| aterally opposite sidewalls 326 and 328 of the gate electrode 324 run in a
direction perpendicular to the laterally opposite sidewalls 310 and 3l 2 of
sem conductor body 308. 5 Gate el ectrode 324 can be fornmed of any suitable
gate el ectrod eri al enbodi nt f t he vent to gate
el ect roé"émSQQFF“E&'r%P?l%@? ‘B‘Idr}bgqnt;}?:ﬁ?’élf% UCHPa Q?W ?r&?ﬁ %i‘bgﬁgﬁ ?‘%%ﬂgent ration
density ween

t hehpr et eV}cﬁV gﬁfqudﬁg'teﬁlgvgaﬁl'egag tea&sﬁsicl?d of é.‘grp r%tgg ngp il ng%ﬁ? (?ﬁfo(rjrgnt °
fnu'f ri SZQ%?yngegLet#a%gébﬁg%\{l&gg %%%Qcterﬁ%@étﬁ 1&’6{5}19eﬁb@1§1 gﬁ?} ﬁ’% ga%“teagq ectrode
> Or et A0 ?ed[r@édearm'mcgﬁxa Bérier mngg@) ) fShdt Bk O REE $AER thard- 4. 8
ev. e tr o

_ appreci ate e gate e 4 need not necessarily be
a S'{;g' ?0 Wa&dld%@& B & nﬁrquvmaﬂeketsslh%qkweﬁemgecﬁﬂréﬂmleﬁmeh as but

not imted to a po Ilne silicon/nmetal electrode or a

net al / pakvied ¥hirabd FOEFSidshlfng irfloRet powé cordundptiongat € transi stor 300 has a
source region 330 and a drain region 332. Source region 330 and drain

regi on 332 apm dxampletbfiartriqats teansidtos 300 irhadyrdaf@ with aparabodimesi afes of gate
el ectrode 324 as shown in Figure 3. The source region 330 and the drain
regi on pBRemrinvehtomedillostratbindigwe So Auiugate transyston 398 isfrsmedonmnt ype or
P-type conductivity. In an enbodi ment of the present invention source

regi on 3@Gtratecd0dr & an eubodimeniad thepreseat yertin, Apstain LA i 2t NFHAEAE bet ween 1
x 1019, and 1 x 1021 atons/cnB. Source re i on 2 dr ai egi on 332 can
be #@r rr@@bsaﬁteufrhwlbmwsmmeratqne?rydﬁlhese COR: Eatg38 PP ‘cgfls di ff erent

trat f . q.., [ dr ai
cxt ons! GSied I HSHIHOBRBBE ompucles A ICBPB iy e Gadior 38her ot or 300
t | t 33 d d il
hove ¢ hOOBETD G e R e e P Re sth 3 Rl Rormdd o
present fowgﬂ&no{lﬂmg rhlt'frirdks IRidfes, Lha dp?ﬁr% Iﬁ%re'nﬁal P eg-?Gf ﬂrg pRéiefSY MEt | ric

transi stor CfO 1 ng ’concéntration an source regl on

330 and i \natioH I subSigite 90233% E@s)’se}iﬁédﬁdh&opﬁﬂﬁfrat& GuelRhabut ndt Rditkd g1l ar
el ectrical characteristic. P14435PCT The portion of sem conductor body

30815 0C af@dchSlalRRRil o kel raRGne Balfich Aswhidsabsirategi on 332, defines the
channel region 350 of transistor 300. The channel region 350can al so be

defined as t ITei-gateaasistér 3009 actudes ndemicondixetybodd 808 dermed mdaosubatot 36 gat e
el ectrode 324. At tines however, the source/drain region my extend

sl i ght | yof iresnlating subisgrats 3gat Semioenduc@ddmﬂhﬁﬁ&gzm bef formedkefrgmly evellekrfonsi on t o
define a channel region slightly snmaller than the gate, el ect rode | engt h
(Lg). | riemivondisieti matetalofuch ﬁ%b?ﬁrn@é bmited tr,Heqnd§ e geImBaiun €3p)oplienny j s

d | d f the
'pr”teé'eﬂf RO S %érgﬂﬁﬁ%ryai%? G50} bisofiar, GisteRarar ERe S | con.
I d t | | duct t
v ep” o Septrapionho 08 i bE et bohdy S Bl R RRP SRR BB e of ¢ e
present rb%\fﬁglgf'aﬂgredm?rpad ﬂl@ulﬁiﬁ@ﬁﬁl& td ggbrﬂfﬁcfﬁe 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

5



doped it is typically doped to the opposite conductivity type of the source
PA¢4P5B@T 330 and the drain region 332. For exanple, when the source and drain
regions are N-type conductivity the channel region would be doped to p type
conductivity. Simlarly, when the source and drain regions are P type
conductivity the channel region would be N-type 15 conductivity. In this

T AP SO0 LR T M A e o
60, SRR P
char 8ot 8L ShA 5P o AT Sp OB L R9L SO ATREA PG L - kv

el ect 1 0deyiflnGlly, Sefni@Y g oﬁﬂbﬂiyg@@h&@é‘@g%ﬁﬁﬁcebﬂ@%ﬁﬁﬂsﬁemlﬁﬁmﬁi Hfface $1¥

tri-gate transistor 1s aracteri zed | aving three channels and three

gat es, qhEnddbnlsubstidid S0, eptieQiidinR BLWRRA thd8p SREES 1838d tHetohomagiifags on
side 312 of silicon body 308, a second (g2) which extends between the

source 3ng defidsi Hoﬂg height 370, tThan eMPoditichBefthe ples@it ibiehiiedthe body heigft, and
the third (g3) which extends 25 between the source and drain regions on the
si dewal 1328 1subktastidliyequallio the A widthe 1daiead swnbddithegt@ftheopretentinsi st or 300
is the sumof the widths of the three channel regions. That is, the gate

wi dt h ofintentios,itb¢ bedy308 hias a sddthi3 14 end heightsi2gHess 3@m K nagpimetsorandody 308 at
sidewal | 310, plus the width of siljcon body of 308 at the top surface 316,
pl us t hddesdly dass than 20panorsetpeT I amembodimeniceftheprgsent pyentions thedgdy| 312.

Larger "w dth" _transistlors can b ai ped b si.ng.nul tipl e devices
cougSed heiphbd Hbis b@%“.’“ﬁ’.‘ﬁ%l"?ﬂb}”éﬁggﬁ Bbﬁt‘%ﬂ%@iogbg"gﬁﬁﬁﬁunded by a single
gate el ectrode, 324). Bec the ¢ nel. reqi .S, SUr roun .on three
si des by gat rlégeg%%r °f@§%§saﬁate£$%°%a‘i {?V%cﬁ?l 3’53%2 cle tpg%yieg?%fls?,oo can
be operagted in a full epleate nner. i j. is

t ur ned %ﬁnedt‘??eangﬁé% Itgrf' 51?18sn9£3sg%uﬂﬁ1fi}xé)’/{@r e°g’rk/§t° gﬁégphoéérg%yl érg\r% i di neg t he
advant a . hG ‘b Snt ©Ssi ANk f f I depl et ed
transi s?ﬁ@%ﬁg‘? g%%%zqaﬁoéﬁg??g%g?& %‘ %e&ﬁf;?és I .su?ja?h%%g%ﬁé% 3(1126{“ gtolh)(g)rﬁ regi on
is fornggia0d 1&siabRANe10 SO B0S 2V stNANE Fifurd 3 2 Gatd WEle &t Taye AYEY cadl t he
surfaces of region 350 (i.e.; an inversion 10 layer is forned on the side
sur fi§c e peang wellrkndwhigakali€lécttib tayee Mhaaraibotinienbofithy prebbet invendosithe | ayer

has the same conductivity type as the source and drain regions and fornms a
conduct igate ditlectrie layebis twdizon dinxided$1@ D, silicondraynitrideiiOply )X asilicow curr ent

to flowhere between. The tri-gate transistor of the present invention, can
be sai d niidp&SiaNnbdipleetriadayer. dnainembodiseens of hepresertipyandion, thee¥as are f or ned
in both the horizontal and verticle 15 directions in sem conducqt)]&r body
308. Theligeginelayend22ag p shicer prtitgide filra dongd tp athicknesnobhstwegnr-20@- fhver si on
| ayers. The depletion region extends ta the bott of ¢ ne] region 350,
Lo ¢ henerairgraga pf e eaarartio 85 Gelortie iy ey Badte Raahs svor Rully

L < ! ° . | ! - F
ov o 20h orti Al iR 4G RN le S b AL PRl BB SRR O BL S
oper at i Nonlah4as (B4 %),%99 tiitd?xtihﬂleoﬁ;ic‘égs({;%?gﬁ REfE 8R12Ric TR 82 o8l Mesthdy ansi st or

300 an ideal or v steep subth sl ope. The tri-gate transistor can

be fabri&ﬁés%‘i‘hi’ghtlhdiéfécffic?&t%&s%upndthﬁrﬁ&'ﬂ%@fol ope of less than 80
nVv/ decade, and 1 deally about 60 mv/ decade even when fabricated with

seni conduct orTrhgsty devitE KotEESsQSsats el @®de BBANGER elvtirodei3i4 i dsradedyon agger at i ng
transistor 300 in the fully depleted manner, transistor 300 has an inproved

dr ai n i raewedgaedieleatric (d9eBR)2 dsahown ieFigant 3. Whate lele2foder 34 i ésniedonloet t er
"OFF" state | eakage which results in lower |eakage and thereby | ower power
condnptadpacentito gata démidetnik 3anforroéd omsidewalb 212 ofi sameconiduetion brsly 308, igat e

transi stor 300 has a DIBL effect of less than 100mV/V and ideallxgl ess than

40 mv/ V.formed on gate dielectric 322 formed on the top surface 316 of semiconductor body 3
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

6



P14435PCT Figure 6 is an illustration of two plots 602 and 604 which set
PAASBRCT he body hei ght and body wi dth which will produce either fully
depleted (F.D) or partially depleted (P.D) tri-gate transistors having gate
| ength (Lg) of 30 nm (602) and 20 nm (604) respectively. In an enbodi nment
of the present invention, the body height, body width and gate length 5 are

Foroes, S R R Tt VAR SRR B 5
B Y e
e SoU 00 SN o8 ) AR UG Rt BB BHOSE shBhgonduct o

4A. For 32%%1?@5@?155%%&%9&{%&%%1“?0%{“ 410 can be a silicon filmor a silicon

all oy su as silicon germanium (SI xGy). In an enbodi nent of the present

i nvegtion t a8t &RAEYS 04n be fofmdd.Of dn§ saitSi16 gate elktbSdeahatbid. $h hd con film
formed of the same conductivity type as the source region 330 and drain
regi on 3@bodinienff theaeentiiNentibn t&%t@éleaﬂme 324 vembiises of pelysystaltiaaduct or
filmcan be a 15 silicon alloy such as siliggn gerngni umwherein silicon
conpr i sadicapdoped tomtcohgentratian &dsiy betiveerpbrldenatoorfs/cnhe- Bt 100y atoffisem™.

sem conductor film 410 need not necessarily be a single crystalline

seni conduen embédimentoefdhé¢ presemt enviontivmibe gate gleciredecapdieyaonstal gatd ¢legtrode m 1 n
an enbodi nent of the present invention the sem conductor film410 is forned
on the soehaseut agflinitao, wngstem tantalunyy tifapiupe gndtheg avtrides. a8 conduct or  body
308 to form"rai sed" source 20 and drain regi ofns. m conduc¢tor film 410
can1Be embedimeng pf the presenfipyentipp eagabeaql@t@ﬁ%@t PB’G‘“éi §%& aayataﬂ%ilﬁvmgﬁ
dielectri,g side | spacers 4 .Silicon nitrigde qr sili oxi de or
conposi f@é‘&aﬂﬁo\é\%hm%&a&%f"?n %85@%&2 jé’(ﬁ? hﬁa%rﬁﬂﬁeg’ﬁge gagf gllsg‘étf(f(&%@ffposi te
sidewal | s 326 and 328, 0f e 2Gt 4 i ! t her eby

i solati ﬁlﬁecfﬁ(gt nse%erﬁsaég%aggts %%fefrflﬁreﬁ?afég? %oégrﬁzeb%(?ﬁep OZS gg@?% eﬁkgtzlhgséééﬁom in

Fi gure i : . I i '&gy@i, spacers 420
have a ?ﬁbg néqs}lgh %g t(gg? \%\gglﬁsggm%ggﬁgﬁ%%?g lcﬁ:ﬁg&;ﬁrsaﬁﬁ?tg%n or 4é%lr%ﬁe([::)onduct or
filmto ghideneReiré®. and drain regions 330 and 332 of the sem conductor body
and formng "raised" source and drain regions, the thickness of the 10
P14485PCT sourntgatéfensiktéd 300ragh etsrcé feglon@30amdd dirdis ke@ion 332dBbung t he
source/drain contact resistance to transistor 300 and inproving its

el ect ri aegiots B30 amt draingtgios 33D arefamicdrimaemionduttarbodyBoO’iomepyosié silee pr esent
invention a silicide film430, such as, but not limted to, titanium

si | i ci def gatechestrodd 334cisdbowa iniFigutsal. t Thsi dontsie degion 33 banddhe drain tegionour ce 5
region 330 and drain region 332, In an enbodi nent of the present_ invention
si i ci de3Riaremonsed pkthe sameepnguctivityjtypeigh as Nrtvae or %rmiCPn&ﬁvmdkn 208 as

shown in Fiqure 4A. Silici.de film 430 ho r n.al so formed directl
onto t hemoHmach: PEbe PRBndRvestiph SOHTCHIEPIS0 AN AFAILIERIN T2 TOVE i de 111 m

430 Hgan (gs bﬂcggf’ogﬁ%rgﬁoféé t}e?\%‘bng&qwg?’ B of! %@ﬁg/&@lﬁ{rﬁg&c@rﬁc}ﬂ PRl | M such

as an un I con m and a silicon bo en co etely consum ng

10 the sj.:i i i{@g” b G caih) hEoisRAESEr s 420
enabl es%gélhﬁ%%g#ﬁagn% tetcgl 9*%#11%% 8%@%%?8%@&%%‘%?%%%@16308 or silicon
FilmA10fedt @BEdntAtibMNRUoPInG PPSHed such as tif rédédsqe 8 sturbs8Rf -
Additionally, in the enbodi ment of the present invention a sem conductor or
sili con dxtdnBlofAdOIrCaenModinét of tHePeébeintdiftioh Sheftragéittor Bd(eiglar ode 324 as can
a silicide film15 450 on the top surface gate el ectrode 325 as can be a

si | i ci desyfintetiiehb GansTitdr, soudee degiom336 @nddahirsiepiond32 fwill imvielhe aaree tiymingal | y
formed at the same tinme as silicide film430 and silicon film 420 on

si | i26on doockntr@ten arkhgrofiler hean embodimenisefl the prgsénit invientdon whersiri-gai¢ de fi | m 450
on the gate el ectrode reduces the contact resistance to the gate_ thereby

i mpr ovi rignsiger 80@ istfprmacd aspaasrRmEiniedragsisior tesithe dnpingepncendratign aidit ed above
the gate "width" of transistor 300 is equal 50 the sum gf thg t hree gate

wi dt h crisakile@f thesopesg segiem difband the, d@in mseiondo 2 maynansingirdesde obiei & der t o
fabricate the transistors with larger gate widths, transistor 300 can

i ncl ude p&ﬁtl%’g"die{chﬁé charactfgisti¢-pl e semi conduct or bodies or fingers 308 as
shown in Figure 4B. Each seni conductor body 308 has a gate dielectric |ayer
322 formed on its top surface and sidéwalls as shown in



25 Figure 4B. Gate electrode 324 is fornmed on and adjacent to each gate
PA#435BETri ¢ 322 on each of the seniconductor bodi es 308. Each semi conduct or
body 308 al so includes a source region 330 and a drain region 332 forned in
t he sem conduct or body 308 on opposite sides of gate el ectrode 324 as shown
in Figure 4B. In an enbodi mrent of the 11 P14435PCT present invention each
sem conduct or,, bod

.308 is. fo d, w,t e S wi dt h_and hei,ght (thi ckness)
as the other Télgll?f’%'(?ﬁ é?lﬂlrco?)%ﬁ Oég’ogbg(.)g Eﬁatgﬁ%HﬁS%?%?ﬁreglpngﬁQaﬁ esent
i nventign.each sour reglo i 0| .
sem condttit Beba St M BRI e Y § obiBL 30 Hifcihnd etion
sem con r [ : i Smg] t rma
sour ce ﬁgﬁ%ﬂ%naégsg}aegfe?g%d gﬁggg}e gro gﬁ%%é}%ﬁ%&pa_ Hgggﬁas S gg?lg)l’ﬂﬁ |%ure 4B.
Al ternateitehe 334N CASRHEHRO WeF s, BRS0Pr3E/ AR rédicH May égérm'b‘}ifgﬁgb&ﬁﬂthtiﬁe coupl ed
toget her by higher levels of netalization (e.g.,” netal I, netal 2, netal
3... b usad d&usiemirsughafor ¥xampler EEIA6E to dfink QhaineBREioH bR BHRallepget her
into functional circuits. The gate width of transistor 300 as shown in
Fi gure 4Rinvhe pste BRcesHEAENED (Ld)e IS ebodimengstike priestinb inventiorechiasel by each of
the sem conductor bodies 308. In this way, the tri-gate transistor 300 can
be f or meegion 850 Brintrigsit er wndtiphd deabergsiallide sititdro dingh eiblodinoat ofithea tri - gate
transi stor in accordance wth enbodinents of the present invention is
i |1 ust r presdntiinvegitignschenAregion 330ds fapad mendcnystadlinessiliqon. J¥hen ehaaredi st or
begins with substrate 502. A silicon or sem conductor film5Q8 is forned on

subst r atregign 350 15 degedsih dspicallydeped do s gondugtivity level 9dpeteisen dx1G hio present

i odPe. 9107 Afoss i hembostrionh B (o 2tishi YRR Wi (e LRGN oS Bt r e
Pnsul ac 147659 uuPERly SRRAR 8 oRbey B RoRiF R nRe O] MR et RE AT T e
500, ands Sl PBohdAE £ b, PhER RSO EEARY BB cblohFhiad o0, S0 2 ©
| nsul at icieﬁddcﬁm R Wahr] m%t\iv&fﬁ§ bt %Bgégrtgﬂs&@o&%dﬁctimf isﬁﬂnms{, Uien | AVET .

When a silicon or sem conductor 8 i rmed on”an insulating

subst r atige {ffoe AMdrdih ?%br@_rarép e RBAMRLIOy tHe chisiel AlgidhOv&iRdbe Nspst rat e 500
is created. In other enbodi nents of the present invention, the substrate
502 16an dadwtisityi hothidundmer $tibgite ahrsiston8l0 cas bbfisrmedtintoieithéredNMDS si | i con
nmonocrystalline 25 substrate and a gallium arseni de substrate. Although
seni condramsistor b 4 AMEIBtrarsistateadpestivelys i Chianoel régibaP50 canchehaifosmtyotbpeént s it
can be other types of sem conductor filns, such as but not linmted to

ger mani wncaicky doped sioniusifarngly omaith dferinespneitoatiens to pgeNide partieateni de

(GaAs), I nSh, &P, GaSh, as well, as 12 P14435PCT, car bon_nanaot bgs. In an
enbodi mehetrisel apestfosmante chasgetetistss. Fersnampli Ghawel reptons %%fgcwné\ﬂ $ntrinsic
(i.e., unqgﬁg)%“ ilicon fil ln ot her enbodi nents, sem conductor film 508
i s doped"t'6 t r8%“"&\5’t‘{}iﬁfélrec%nducti vity with a concentration |evel

bet wgen 1 Xx - 1. 0 . } i can be insitu
dopéd (i.e., %‘e’é‘d\a}#ﬁ %a?? @%gg&ig%gggig?%(%le%ggg%&’hgéesg}rgﬁdg?ﬁﬁt is formed on
substr at L O {sfi}-is OPRPACRGi 3 ion

enabl es Sgrontﬁ?%% %ﬁ%%hgﬁ&/%ﬁ/%ktg rd Fé-?glédtt%ﬁ?%{gisswt}és be fcgalélrzi@{l:gﬁaa’fl Igelératgipe{ey on the
sane i NShhaMeldUhdiHiRe ghdh, Bne (519 vilReH Sderdds belweeh theBufe dhd anfkifgns bAdY at
this point determ nes the doping |evel of the channel region of the device.
Seni condsidd 312 dfisilitbR 88dy 308, @keadAd {£2)avHisl etaris detwtes he sdurppnd WMt el y
equal to 10 the height desired for the subsequently fornmed sem conduct or
body or regidhesn thi téphanfaads 1 €of sliconrtiodg 808, and alresthit ¢g3) whiclaextemisodi ment  of
the present invention, sem conductor film 508 has a thickness or height 509
of 128ss hetwgen3be sameerandairain segiorishmeth¢ sidewall3 thefrsilxonbadn A88.eFke gater an
enbodi ment. of the present invention, sem conductor film508 is formed to

the thi chyiddS (Gppebiansisten 3P0dythgsumef theawidthsol thetheperphagqel regians o hath e
fabricated tri-g 5 transj stor. |n an, enbodj t.. of the esent

i nvent i o, the gate Botihat Ransion tspaayed by GF %@E& ﬁ%‘ﬂ)ﬁgﬂl%&ﬁdﬂ%@ Fed gate

| ength of. . th vice,. In.an odi nment t he present ..pventjan, .

sem conoqﬂ‘éﬁ%ﬁ 3fql t P& B W‘Q&’f?}%%anh’gg OQﬁS&ﬂgstgp W?accﬁ 3\LB’I I?Eiu ﬁSE‘FlghTt he
fabricated tri-gate transistor to be operated in a fully depl eted manner
for its designed gate length (Lg). 8




Sem conductor film 508 can be fornmed on insul ating substrate 502 in any
PiBERPET known net hod. In one nethod of formng a silicon on insulator
substrate, known as the SIMOX techni que, oxygen atons are inplanted at a
hi gh dose into a single crystalline silicon substrate and then anneal to
formthe buried oxide 506 within the substrate. The portion of the single

Y 2L S e SHR OSBRSS e ™ L co"
P 2, Sl 805 oA PABE L UM B e Rar g L o

grown on. its t wll later serve as the buried oxide 506 in the
SO strg@g%r‘g@&u{{%%%,ﬁeg@ i gh dose hydrogen inplant is nade into the first

silicon wafe i st Jrfiflin hAW &8 bSichieGhiRirode §ace of the
first 13 P?ﬁél %épfg:{%%¥%‘f’ﬁ'.j§@?.§?st wg(?ueéml S thenb?Igi Spedtover and

bondgd 4ed bhe deWchrRCE20frariisSAI00Ras bt bpRitedaf £fully Ueplefedmbinnepiviéreins t hen

cl eaved along the high stress plain created by tl%,e ydrogen inplant. This
resul t s when &aftos3I00US huithi& “Wnt’ theachahhd) regidn $3Mnfullgdepleten tHeedby prdvadingr i ed

oxi de underneath all on top of the single crystalline silicon substrate.
Vel | - kneheradvamagdous gleétritd chaiacteristics and perfrmiaficesofceofully dgpleted triapsistonl

mechani cal polishing (CMP) can be used to snooth the top surface of

senm condhat isywhienl tranSig®r 800 istterndé §ONE@ depletikmergion isformedand aghannel desi r ed,

i sol ati on_re%pons (not shown) can be fornmed into SO_ substrate 500 in order
to i sol sesion hi alend witk an inyarsion layes at heisurfacss pbreetaretSfi(he £ aomvef®nanot her .

| sol ation regions can be forned by etching_away portions of the substrate
£11 40 10laygpis awﬂmﬁgﬁadsswqwﬁ%ﬁmf’ P‘éfrﬁl%‘ieﬁ g}e %WW‘SP“Q&WPE{]}\}%I | - known
phot ol i t hogr.aphi c .angd etchi ng, technj ques, and thep,back fil]i t he etched
regi ons 1we?ﬁﬁ°1§@Y‘?fﬁ%ﬂ§tSFW§ C?ﬁ%i 1v%§'ﬂe g3 the;sgurce ?‘Ih&%rlaﬁlerfg%s g Sfri-gate
transi stor,on substr.a 0] [.St. .4 '

e condtt s HAREEhSygeE s talion s SRliitea MRSt At hirsh OB, o1 1
contain t . -al i kg LoNns where
COnt a1 el 5L i Phe il din o LA L HeLlog d Riplaha

sem congyetighr bdchileRBehah€l rBf1ORLCLE Bdritfed RRbotR e RkZof@f Addserfidle Wi dth 518
desired of the subsequently formed sem conductor bodies or fins of the

tri 4gat ire&tduns i §epticor ducidn bedy3ndi. rMhetdepletibh egiunaiepltesiffeeeairietsfroahe pattern
512 define fins or bodies having a width 518 which is equal to or greater
t han t hdedtinihd tifvecsien lagets.oThe deplgmmnaegion githndsitg thedfottoheoff chbnnet atgpah
transistor. In this way, the nost stringent photolithography constraints
used t o 3pAithicthe trangigtor canrbsisaidde bapéfllysispletadd dransistar. t dlygigpleted) ect r ode
patterning and not the sem caonductor body or fin definiti or. I &tadp

enbodi miwnsigiprsthage Frprewet elpsive pProprmange chagsrtersHat Y ROl dYvedertsted etns wi | |

h idih 518 | t.h 30 t d,i | | th

o e qnabettially deplstsd rantitan. for SEal. b pardtatas e A0 i we S deblatst T on

th tt 512 .th i. duct i i . 1dth 518

el R Bl bR AR B 8 St e Mo Wbl GGl 6T 8 BTE
ey ( : oh 14

T Ol I S B R l a

the sem pangidal ﬁﬁo@@d)ﬁ\h@é&ﬂé evIOWhedEbiida@etial itly senficorfduely bbdy Fi gure 5B, the

phot oresi st mask 510 can al so include patterns 514 and 516 for defining
| ocat i onBickRER oF Wik GfRan 3omeH. NgddifesallBNebeditighransiswt BOD M thaddly dephpsict i vel y,
are to be fornmed. The | anding pads can be used to connect together the
vari ous ragines; erahggoo3) lan dn impooaddain indgedibarriar (BIBIgrlowus effeaiwhichegi ons  of
the fabricated transistor. The photoresist nmask 510 can be fornmed by
wel 25k ngrovigésdbobétteh SQFEpstate 1¢akepmwhich sesulis Inudivayleakagk iand theesbydewerg, and
devel opi ng a bl anket deposited photoresist film, ) )

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.



10 ‘After form ng photoresist mask 510, sem conductor film508 is etched in
P#43giPeent with photoresi st mask 510 to formone or nore silicon bodies or
fins and source and drain | anding pads (if desired) as shown in Figure 5C
Sem conductor film508 is etched until the underlying buried oxide |ayer
506 is exposed. Well-known sem conductor etching techniques, such as

ani sotropi c plasng. et chi .0r reactive ion hing ¢ ed.to,etch 15
sem conduct O?lg&lﬁnﬁ]\%ﬁpﬁggpp gf]m“’w%{’h %géf gkﬁ%ﬁ?@ﬁ%&%&? yl‘hebg\l}fe 5C.
After sem conduct.or film,508 is .atc r em [ s or fins
520 ( anarqig?ffyc %(Plr(fh |Wgu8f‘?%‘°%2€§*§“ E@g' (geﬁkfft%z@ﬁ)l &pé‘gg"ﬂyg%@e&eﬁgﬂ%ﬁot or esi st
mask is ¢ . - i ! i ppi ng and
02 ashi M5 ERE St e AR B B B 2 a0 by TRl PO TS

di el ect g i | JER hvERH AN theWoRY REi RGOS HITHIE ANFLIAL Rhgtaody 520.
That i sl,m gn %lgygdlﬁl?éﬁ%géﬁélgg I aygr 1526 ies of gr rrgd “on }tsﬁe top surf a(g:e 527 of
eachs of afdhos@to havdilialcasioRPli vasictb2 ilBdepRidd Rihsistor Wile bt &rfied) Iyot@pposi te
sidewal I s 528 and 529 of each of the sem conductor bodies 520. The gate

di el ect einboiafenbBethe tdpartansidtot had £bddyiheight, body madth add ghte déngitcsuchn an

enbodi ment of the present invention, the gate dielectric layer 25 526 is a
si | i con tight @parialldidepleted transidtod imfgrmedn with a dry/wet oxidation process. In
an enbodi nent of the present invention, the silicon oxide filmis grown to
a thickness @& ahenbsiimest-af5ke presenhinventinadirgate trafsistird0p thessonrceiandent i on,

the gate dielectric filmb526 is a deposited dielectric, such as but not

| i mi t ed drain zegitnglsaniinslude @silicon engthghsemiconguctor Bl 450 fosmed pn and aropnd et al
oxi de dielectric,

h I id 205 dti j id
Ui 86) “sfmisoniciaritgy ROGRAtepE EERCHsn AL BRI St G 61 ectr i c
tant fjlm. f db | .-k t echnj , h b
chon caicat bpsiaanBEr PR yS) el s iR D T 2° ot e
| ectrod i j.S f : t
di ol ect vridfieat ot 85 BRGens AFepfS) e SpRiobBiorunchly S p gl 0ot e
serm condyiehotiRadinRd AR AR bRl el te BUIRTARn 11 dddurigl ©

dielectric ornmed on or adjacent e sidewalls 528 and 529 of each
of the s&ibs 900 uGtaAlentbRdinfht 85the PpRWENtIAVRtiBN IR sShicohBect&filt Endfeta 0de 530
has a top surface 532 opposite of bottom surface formed on the insulating
subgsr atsficof dlleyshch as sificpagdrmahiulbivherainl sylicop eomptisesaipp@wirhately334 9920 and
536. The di stance between the laterally opposite sidewalls 534 and 536

def i ne tahemigperehtarfghdnlioygThéEmiadndutter film 4 Hbeednoaneiessadty, beGasingle! ect r ode
530 can be fornmed by bl anket depositing a suitable gate electrode nateri al
over t herystabénersgmicopdustor film Eidgnmas egbodinrat gan ke apdyerysaline Blinbl 4nor med to
a thickness 533 between 2Q0-3000. In an enbodinent t Ee gate el ectrode has a
t hi cknes@bedimeait ghthe presengrinygntipp thersempropdugtorflan ¢kl @Fgﬂtoné sqyfce) 5

sem conduct o odj es. 520. The e electrod t.er] is then .patterned
ot velTFERR SHRTBHE BF ARty ety 2 S B ERRrth AL lre TP R B R

el egirode ,530 from t Qe gat | egt r pde i i of the

pr e?gnt ainﬂgé%? [EP™5y ‘émg“é’f‘ ‘gucg r&@?r@@ec anafggiéelcgicall oﬁ%@g@ggd‘%g %/tg rystalline

sili CO”-elécﬁo&é‘ﬁ’iJ;@ a ﬁ@?{}ii@i@&}ic {d_e@vgﬁfs ERAPb shavRNM1iRA 1nit|§i|a§ oPaliée! ect rode

material conpris a polycrystalline silicon germaniumalloy. In yet other

20 enbodjxidr cBinpbiiRs RieRSENBideWR Bpdcery 420hen Gidhe iR 1@1@iar11?®9p69%eri al can
conprise a metal film such as tungsten, tantalum and thelir nitrides. Gate

el ect r od@ichalls 20 a3 8RRk ductroid 2K aahowhes Figue s thesetgtisastidgythdl anket
depositing a gate el ectrode material over the substrate of Figure SD and

t hen patsemicondgcto@npéliOefreh @aterebaderoded b assshown il Figatd 4 A.nAwembodiment

phot ol i t hography and et ching techniques. In an enbodi nent of the present

i nv@ht i af the presedbinybmtion! sidemalls syrcgrs 320 bavsa thickgessef defwesr 28208AeByct r ode
530 utilizes the mninumor smallest dinmension |ithography process used to
f abri cataddinge siliqonssemicprdustos idm to thersgurce end Flf@nawgméSQ ﬂ%‘ﬁ%”d?f thére
present inyention, the gat e length (Lg) 538 of gate {e}beeg}t‘r ode 530 has a

mi ni mum SERAgoRARcter bady and forpying fraised zseurce@pd difun fogiams eSS SRS r aphy . )
In an 16

10



P14435PCT enbodi nent of the present invention, the gate length 538 is |ess

PI#EB3RP6F equal to 30 nanoneters and ideally |ess than or equal to 20

nanonet ers. Next, source and drain regions for the transistor are fornmed in

sem conduct or body 520 on opposite sides of gate electrode 530. In an

enbodi mrent of the present invention, 5 the source and drain regions include
i tension regions

! jthe i ' e and
540 and ‘SHse anEABiTeBLT ok ReRdy pediily s Sl Bl o

or dr 1 00 i 0D TR Vb sl Splforsn ol peBb ARl ™ 0P 27"

drain | andi NGy %%bé@ﬁ;{eﬁgﬁ tf?% reSint iﬂ%@ﬁti&h@%ciﬁ% ﬁli:r? qgﬁ,es%chc-‘gs', ?ﬁt x}j;fr? ab etter

illustrate aspects o p ent 1 nventi on. source a in |anding

pads 523;:apd 193ftaftif siididd, aRMel SINGYe, BRY cRIAARER 8 ForhRU dnithdRuddes0. For a
PMOS tri-gate transistor, the sem conductor fins or bodies 520 are doped to

a p BYPRedibm T indvdrhin ragion B2 AlnGAEHddiért 0N tHegiravemtindention 8Aidk Hm1021
atons/cnB. For a NMOS tri-gate transistor, the sem conductor fins or bodies
520 is digpaesiformedonakitioen ibndue bf siliton bodyS08 as shovaniadiiguratAorSiliddereen 1 x
1020 1 x 1021 atonms/cnB. In an 15 enbodi nent of the present invention, the
si | i con filinl 43§ hemevetajas dlsb e ifonmeid didectiyt arto dhe. top surface Sivb ofisitreort basly 308e
present invention, the ion-inplantation occurs in a vertical direction
(i.e., &odexampleoigds flondteande fomnes dnstilicondodp98 by fisth derminga siligenr e SF.
When gate el ectrode 530 i s a polysilicon gate electrode, it can, be doped

during tfHe suehas ‘ﬁ’pM‘?P%ﬁ ﬂi?\o Igranda Si]@ﬁné’oéb’é& F}EH(SOE‘BWG&}SP%“SQ@‘% mask to
e sy AL e A0 R e Sharielc ) =0

silicon body 520Q | ocated,beneath SUir o e th e, el .gde 530.
Tt gat o EPaLyRH en SRR fRERLY 30§ ot RIAREA it o Ut PBAEL R L b
used to abaﬁg,lhe ﬂ)geg )pi ng during the ion-inplantation process. In other

enmbodi nen S, 0 r t hods, such as solid source diffpsion, nmay be used to
dope the Sem&defmfang,rin lﬂ%démﬁdaiﬁla{tr@f%yﬁgsggﬁﬂdeﬁénqrsemoﬁaﬁ&&%rons- In

enbodi nents of the present 1nvention, regions can be forned in

si i con snpd filkhi4a0 chR alsb8e FmBoh @ ©p ofl gste Yle6RdY Fdrhs e h Gilidide film
source/drain extension regions. Halo regions are doped regions forned in

t he 16hamsélonrtkgioprutid®® gate dléwtrode 32 as eancbearsilicide filin 45P1SiGIHPEIM MG sane
conductivity but of a slightly higher concentration than the doping of the
channel andgilisnn film 1@ avbdypically fleihed atdhg same traeadhsiligide frbn 4B and silicon
ion-inplantating dopants beneath the gate el ectrode by utilizing |arge
angl ed ifdm 4209pnasiticonibedy 88& hhhelpamatiogesdia siliqonddny 449 silirades il ﬂg(b% shown
in Figure SF can be further processed to form5 additional features, such
as heavith e plestreds rpduces thsicpniagtiesistpncedy theygate thersBy fppgvisgthe.on on t he

source and, drain.regions. as wel s the gate el ectrode, and the formation
of silicHet! p?rﬁ@r%Bfﬁ%fé’ia&ﬁaﬁOﬁB%@nt act regions as well as on the gate

I de. | ' f & ol 4.1 hel ect rd [ |1
Cpaddrs 550 anRET HARRLE Bl | WBR AIARHRLPIRY: R IR BRI BT )

spacers Lan,oeh Ykiikd £#8f deRiQnliSQbr ddly398 Y traRUG G0 ah BrdeP W) BbficdtdP! ant s,

can be used to 1solate source/drain regions fromthe gate el ectrode during
a sel eCtthé’ﬁa@idté@%thd@%@ﬁédté ARUtRY, @ERHE6S3 (AN Gitludantisidiionsl ¢t nadtiplei de
process to formsilicide on the source and drain regions as well as on the
gat e el erhicaductGipaeitesor finperb808 ag shotknliy Fihulea kB! Eddpsemiitomigetar badyf or mal
dielectric film 550, such as but not Iimted to silicon nitride, silicon
oxi de, s308ilmen gate\didi¢atiicayer322dotmeauain itatop enfasefand videwalds asishownlist r at e SO0
of Figure SF. Dielectric filmis deposited in a conformal nanner so that it
for @5 t FigubdBarflatatlestraslgfant ihivirged on emd adiacenttalcagugata distectriog PR ogs

sidewal I s S34 and S36 of gate el ectrode S30 as well as on horizontal

sur f acescack gtthe semisandysioribedies388. oFachi semiqondugtonkody 308 alsodndudesg of gat e

el ectrode S30. .In enbodj ment he present inventiaqn, dielectric
im0 susesmons S skl odem Faps 3o eims) i iRoemigar sty S0 abe  chor cal
vapor opposite sides of gate electrode 324 as shown in Figure 4B. In an embodiment of the
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20 deposition (LPCVD) process. The deposited thickness of the dielectric
PN443aPCEt er mi nes the width or thickness of the fornmed spacers. In an

enbodi ment of the present invention, the dielectric filmis forned to a

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

f i m Pga%ﬁ%@%?éﬁgﬁéﬁ%c Ls%m?%ﬁlﬁfq%sﬁ q%?%ﬁpﬁﬂfﬁoﬁfﬁfﬁiﬂz G Pl B ﬁ%@* ¢ LZCE op’
t t S3 . t Iy 922 524 i
used) abiisylehy oivet ftuaB I BE JR n ARG PR BRSeRel our aces

: . Si S34 . -' ti
For o SUNERONEHER siee filpe i hg BRleReR A iRNRpe thicku R B8R EHGOT | 11°

filmfrgm &éétri&ﬂgircag@%ﬁ{qgéﬂi&f B\“the se igo ! cﬁﬂ?ﬁ%ﬁérm Qledb fbiaf Present

i nvention, an ov _ s utrl1zed so at the spacer material on the

si degal lssmRbnddfort88Y SONRUBHR R sBRdE BmdidPall 360 BAPY BfhiRRngnQPAd 480 & gure SG
The result is the formation of sidewall spacers 550 which run al ong and

adj acentghéwn & Hgwrl4B. S8Zeradt eB3theGbugateidnse3oahd dehén fgdnas33bavte i n Figure
5H. Next, if desired, a sem conductor film560 can be formed on the exposed
sur f acegogfledigethorisiuisiplsr betlyofmdal{zatiome d., mstabh metald, ngtgdds) w2@ tand 524)
as shown in Figure 5H. Additionally, if desired, a sem conductor film 562
can be flectrizdllpmtérbennecpanbugamsistire 300 wgeth&3iato fiheianehdinwitsuthogaté i | m can
be a single crystalline filmor_a polﬁ/crystal line 10 film In an_enbodi nent
of pr esevidthiofymansiston300sasrshewn duEigure 48 wanldde equalde thepumendithe sqte widthe
crystalline) silicon film In an_enbodi ment of the present i_nvegéi on, the
si | 1@on createdhbywach of the peraigondpcior badigs 308, ondlis 3@y the Hi-gpis tagsigha Mk by
siliconis f?r rreg Ot?x% on exgﬁzfd. %ggi ons which contain silicon, such as
the exp&ahe fospmed with oy eats i fesiredh a1 |'s 528 and 529 of silicon body 520.
In a selective d skthon_nraoces i i / f on

el cotri o aromerog b hbEaBetaR Eiubionat 8o R ARG pbsaild G 5,
conpris ) : i Sid: i ik mmisidal i A :

sel ect S’Z?S?/n t18 g%%ﬁé%%%lggh%ag% lgfgélggg;s%é .J'gz;l:t}% f%al?rgcgg?%g{a g 3% %gm?g(l)s?ﬁg silicon
Fi 1 m 563e0ih0 wath sGHRAE 5RNtA Qlictd SSRRficonBY&BT ﬁl?rPSO@is%ﬂxﬁe@l]Qﬁ dubddBSEE: i s

formed to a thickness between 50-500. In an enbodi nent of the present

i nvept i a8 shdwApinFiure 3A. fTh afehbodiaieReef the presédimlenass thdfubiedte 502 fsanpr ovi de
20 enough silicon to be used or consuned during the formation of a silicide

fil m on ihdubating yulestracenshictraa siowremi Kipsre SAhdnahlembodinient of thaprdsenti nsi t u doped
(i.e., doped during deposition) or subsequently doped by for exanple

i on- i nplimvention,onsubating shbstrateotf2gpcluddsfalgwernmondraysidllinesiicdn suhstrate Hbed t o
the conductivity type desired for the source and drain regigns of the

devi ce. and adep @ﬁ‘l‘)‘é%‘i%ﬂémr 586, tusk app sidison dioxide flm gy silica nfadioliined 25 silicon
filmb56

The dopduiataR 1ot SUsE oI SEpGP 4ok eh B0 EToR Riree dORGHRE and drain
bl mePogpna BrERL T RTRAS b Qoriib R e b he "deposi 1 ad
o Con RS 05 6 AT ek oL My e ver L o
si | con 5oglifTop@Ed 879 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

12



the siltcon body 520 | ocated underneath to a concentration between 1 X
P1BRR6RPAT x 1 p21 5 atons/cnB to forma source contact region S70 and a drain
contact region 572. Sidewall spacers 550 offset the source/drain contact
i npl antation step and define the tips regions as a region of the doped
silicon body beneath sidewall spacer 550. The above referenced process

i %{‘ﬁnsgﬁl o, ih%é‘fhf%&r% ir%%?o?ﬂlise Natent ioe“wﬂ%‘r’rﬁgo& BROERIERISE P Lo
520 L. t 1, i . 555, Th i

the’ r oqPBibtiase (e otedyipdiRErts i SEFPERER petbfof it fmeR¥ir” ¢

ad aceniobdy G;B% S M@Pmmcmiwm gg,ffet@ﬁiraﬁ&ﬂe&mtwgég 1xfijipttal 1y,

t he sour rain regions -in e source an rai n | andi ng pads

S22 anda@éé@eﬁf’?rs ibddda8@r filk b8 cdd bedgsity Esbed 3¢ &dopas WATIY itTB UG ositéd)i ci de

580 can ormed on the source and 15 drain contact regions as well as on

the &op ophofatafierit RCfohAAEorRbsiAE 562 by %Qx&hk@i&@aﬁplﬁﬁtaﬁmmoﬁiﬁg Efgure 5J.
A refractory netal silicide film580 tan be formed with a self aligned

pr ocess forfia€ibn agablesbdtt BMUOS dQErS tril ghtedSiades ¢ Befaprionedeasily bettieact ory
metal film such as titanium tungsten, nickel, cobalt or alike to bl anket

deposi t esmeirsulatiesubstister The dafing-leyelrof thelsemibmndactios bodytat thispdinen heated to
a suitable tenperature to cause the refractory netal film20 to react with
si | i con dperminesitheidopingd¢vehokths cianneluregionof ieldewisa. fi | m 560 forned on the
silicon bodies and silicon film562 forned on the gate electrodes in order
to form a refemicoodyctersfila 508 is fermgd to & gueknesnwhigh és appraximately dgyalipavai | abl e
to react, such as dielectric spacers 555 and_ exposed por}ions of buried

oxi 4@ 5die height degired dorthe syhsequently foraed sepicapdusiar bedy g1 bodiesafthe:t i ve et ch,
h { h then be utili he 25 ur d
Ut o SRyt T e SRS S oo} Bn BB Sl B ARG  ac
o t i . tal.sikifi fi -al
cont act Tagoshet SicRelordcidt chEw a3 EARoRE e BUBIE AR 200

L A PP SSRGS ek, RSPGPPTISIO A, o,
descri bgglthe3flickness approximately equal to the gate “length” desired of the fabricated tri-gate
16  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 SOL. 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

13



P14435PCT - IN THE CLAIMS W claim 5 1. A sem conductor device conprising:
P44438RCEonduct or body having a top surface and |l aterally opposite sidewalls
formed on a substrate film a gate 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 forned on said gate dielectric on said

f f . ' 1 cond b d adj i,d.
é?;& cc f‘v?a!ferifﬁ%%érats%%ﬁe o Tpptesee endhonciiin Behiehiof dpsihucitihay. 15 2
T [ ' [ ' ' d body | i1 3. Th
dev ce ot ot bt et tavllo BE L BRPGH bty R tobadady s WiBirar [ e
evi ce dF%E1 it PHEYer oG o
Gi g o 3Pyt FSu i RUCHSURER AR 8 SR SEREBEE AL plRBr ol 1111 7o' ©

sem Con%zkg@éagtpgﬂxn }uaom@f(%g%glgi% KEHIRe ﬁlféoﬂ%h&% S_%ﬁ- oWh g;;aeomgsi sting of

silicon erman I'con germani um (Si XGey), galliumarsenide

(GaAs) , é%%ue@%ﬁ’qh £3370 spotiilg orRerRRADARHAARAL pSRing LOMP) cdi1Be used

sem con device of claim 1 wherein said substrate is an insulating

subst r atig sméeth thEtop @R YEhRbndfct AN tyihe devired Sidtkhessibst rate is a
sem conduct or substrate. 22 P14435PCT A tri-gate transistor conprising: a

singl e cryst Atlthiseins, ifidesiredpizdiatibm repichs gnotahowniseahdkifognesiintetSGIt e, sai d
silicon body having a top surface and first and second l|laterally opposite
si dewal IssbstfateaSUfan erdir & wolatei the Fariaws dransistemitd be pmed thiesein fwim e d sil i con
body and on said first and second |aterally opposite sidewalls of said
si | i con apotgr. Isolgtaneregions eandefofraecdhxdetoling away prrtiendefdhesubsiratedmsai d t op
surface of said silicon . . ‘
508 surrounding a tri-gate transistor, by for example well-known photolithographic and
etching techniques, and then back filling the etched regions with an insulating film, such as
Si0Os.
In order to form a tri-gate transistor on substrate 500, a photoresist mask 510 is
formed on semiconductor film 508 as shown in Figure 5B. The photoresist mask 510
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

14



body and adjacent to said gate dielectric on said first and said second
Péd3eParl y opposite sidewalls of said silicon body; and 10 a pair of
source/drain regions formed in said silicon body on opposite sides of said
gate electrode. 9. The tri-gate transistor of claim8 wherein said

transi stor has a gate length (Lg) approximately equal to the distance

between said fir and second, | atergl |y opposite 15 sidewa said

or | | con ibgyeen s hefimieogar odh S sbo RASRYe e e SepEp afusTarBogs
transiséﬁggFgﬁ)a gate length (Lg) approximately equal to the distance from
said in rmg filmto the top surface of said silicon body. 20 11. The

Lri-gate {r anel il asShalllAElers s i Lok Anse sHELUPAN, fpiude! 2t erally

opposite sid sal 'S appr oxI e ua to the

di st ancgaaﬁérﬂgrsrﬁghghr?@fg}e aétﬂrﬂ%ﬁeaﬁ;n@%&fh%rés%ufc@%m&r%aﬁ taﬁ’(ﬁ@ra lafid@ihg Silicon

body. 2 | stor claims8 stancCe between

sai dgl ataRallype ARRBS hreQo B AtHRA] %@ianaaalgqaaaﬁéan%mmwonh&t RsdeWRehe’ tO
two times the thickness of said silicon body on said insulating surface. 23

P14435PGhriouslsdurcEitegibtis andab eofrca®&h&@ thotaridug draiBropives of theSabritatddngl e
crystalline silicon body is intrinsic silicon. 14. The tri-gate transistor

of cl ai nra@isistoer Eheplssordsistinagk & 10 cys bafdrineé by welldmowngiytolithographjzed to a
first conductivity type with a concentration of between 1x1016- 1x1020
techniques including masking, exposing, and developing a blanket deposited photoresist
film.

10 After forming photoresist mask 510, semiconductor film 508 is etched in alignment
with photoresist mask 510 to form one or more silicon bodies or fins and source and drain
landing pads (if desired) as shown in Figure 5C. Semiconductor film 508 is etched until
the underlying buried oxide layer 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 asilicon 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
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atoms/cmB. 15. The tri-gate transistor of 14 wherein said single

Pa#4s5PGT | i ne silicon body is doped to a first conductivity type with a
concentration of 1 x 1016- 1 x 1 O1 g atons/cnB8. 10 16. The tri-gate
transistor of claim@8 further conprising a pair of sidewall spacer forned
along laterally opposite sidewalls of said gate el ectrode. 17. The tri-gate
transistor of claim®8 wherein said pair of source/drain regions further 15
conpri sandilloxidsri¢lestriesuemasiantalmopentaoxided Te2P4)@od titasaym oxgle (TKER)wor i - gat e
transistor of claim 15 wherein said silicon on said source/drain regions is
epi t axi athes highdgdicleetricrosuchas PAliand BST. dbhighi dsqlmync epnstant Bim ean byf

sem conduct or bodi es each having a top surface and a pair of laterally
opposi t dorneddyaAny velldimepa technique, fich as by chgnggl Vap@raieeomw €YPi-c formed on

s 1t S b T 0 5
d, ad
3?'3| épl ?33 & blfber B ceilEi e g 1o ofnen i LRaGhar8s 37405 9% Bt te
' P
our oo APEE R RS Sofald s BRkatCh RaclNd Bt soilidbdptlo Ry, ©
Opposi t %nsdrgg cé?ift tosfﬁggwg@%ﬁsalsﬁﬁﬁrﬁq%f eddh OfTMS&ﬁlmhaBPBOC{‘}%S &ls ﬁb\Wh 19

wherein saldgate w transistor Is approxi mately the sum of
t he gat gn MALdISE. 0Ofh& g elebtraRi S8 0 18T P WHGEEDS 3 GHoste IHHREEMSurface

formed on the insulating substrate 502 and has a pair of laterally opposite sidewalls 534

10  and 536. The distance between the laterally opposite sidewalls 534 and 536 define the
gate length (Lg) 538 of the tri-gate transistor. Gate electrode 530 can be formed by blanket
depositing a suitable gate electrode material over the substrate shown in Figure 5D. The
gate electrode can be formed to a thickness 533 between 200-3000A. In an embodiment
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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the gate width of a sem conductor body is two tines the height of the
P3443bR@hduct or body plus the di stances between the laterally opposite
sidewal Is.. 21. The tri-gate transistor of claim 19 wherein the distance
between the laterally 10 opposite sidewalls of each of said silicon bodies
IS approximately the sane. 22. The transistor of claim19 wherein each of

id . | | ed h . . ¢
o oo R S Be Sert B BB e e o o Sobor e
'sﬁbgtnr;3334@5@9%5%“@%%%{&&3& @?ﬁtotzroa}ﬁag&&%&f of claim 19 wherein said

or su rate. ully depl eted sem conduct or

on insul ator ' L4 S DL AN
nsul at 1 ng_f NekE Suret 8d GRERELSHr i dreSlok bEArRACK SCARAMAL By

a gate 8hggh Bglf?&ité QideEor O Selirbdg 386, H £l SrbddiRedf atbradeAtmdedidind Silicon
body; a pair source/drain regions fornmed in said silicon body on

0ppOo§i t gheSoRe aRll daih Fhglimk ercRlR A GtdBarce/AmiNbRERidh &%ﬂoﬂs.%ﬁ&daﬁﬂgt h of said
transistor is less than or equal to the width of said silicon body; and

when saidehih ExaBadict REions S40EMESH2, fdpectiatly, Ginlbedomndadsypliihydepansdidd
source/drain regions is fully depleted 25 P14435PCT 26. The transistor of
cl ai m 2mtebanbndiwairdodiet 620 emboth sides 533 534 lof gaté @lenmodn®0an ordeyY to The
transistor of claim25 wherein said gate length is |ess than 30 nanoneters.
5 form tip regions 540 and 542 as shown in Figure 5F. Source and drain landing pads 522
and 524 are not shown in Figures 5F-5] to better illustrate aspects of the present invention.
10  If source and drain landing pads 522 and 524 are utilized, they may be doped at this time
also. For a PMOS tri-gate transistor, the semiconductor fins or bodies 520 are doped to a p
type conductivity and to a concentration between 1x1 020-1x1 021 atoms/cm3. For a
NMOS tri-gate transistor, the semiconductor fins or bodies 520 is doped with n type
conductivity ions to a concentration between 1x1020-1x1 021 atoms/cm3. In an
15  embodiment of the present invention, the silicon films are doped by ion-implantation. In
an embodiment of the present invention, the ion-implantation occurs in a vertical direction
(i.e., a direction perpendicular to substrate 500) as shown in Figure SF. 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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28.- The'transi stor of claim25 wherein said gate length is |l ess than 20
Phéd36R€T ers. 29. The transistor of claim25 wherein said gate length is |ess
than or equal to the height of said sem conductor body on said insulating
film 10 30. The transistor of claim25 wherein said sem conductor body is
a single crystalline silicon film 31. The transistor of claim30 wherein

dopl ete %famc% @%ﬁ%&@uﬁifa&hl‘éﬁ%ﬁ%@cﬁc@? o ef ot 128 i) or e
t

o1 § con Tesderyof B8 45MEE, 118k feriChsih Bp el By O KM RinE A0S 12 S ©

di e! ectri féeflec gﬁéjb}%m@qﬂ% %%L%lggeﬁgéfg@%ﬁt g@{%l%eg pair of source/drain

regi ons & 65red on OppPOSI rode in said silicon

body; and wh gt mecagﬁ@m&é@ EhdWSindFi &wmggt)@ﬁfrﬂ@rf,ﬂa&@gmocroﬁhor)e of

| ess than 80 e and raln in uced rrier lowering of |less than

100 gVv/ \éddl%énalmﬁm%é anai §stl{é5vﬂ>5f d(%ieais&h@@’di%}?é&it&t @i&sdde@bﬁwd%me@ﬁd barri er
lowering is | ess than 80 mV/ V P14435PCT 34. The transistor of claim

32 wher ginhé sduecesdnd didih sdls wellpe theSgatdeledtrdde, 4nd/thefoasiationst silfvidet hod of
form ng a sem conductor device conprising: 5 formng a sem conductor body
havi ng antthgscunde/draia cantict regiensad welbgpustht gatsietbetwsadd. s on a substrate film
formng a gate dielectric on said top surface of said sem conductor body
and on sai d lImtmbedimentsmfthsi present idwentionsdiglecisigisilesvaltispanstiid0sanbedy; and
formed on the sidewalls of the gate electrode. Sidewall spacers can be utilized to offset
10  heavy source/drain contact implants, can be used to isolate source/drain regions from the
gate electrode during a selective silicon deposition processes and can be used in a salicide
process to form silicide on the source and drain regions as well as on the gate electrode.
Spacers can be formed by blanket depositing a conformal dielectric film 550, such as but
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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formng a gate el ectrode on said gate dielectric and adjacent to said gate
PA4435BCTric 10 on said laterally opposite sidewalls of said sem conductor
body. 36. The device of claim 35 wherein said sem conductor body conprises
single crystalline silicon. 15 37. The device of claim 36 wherein said
single crystalline silicon body is intrinsic silicon. 38. The device of
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bty e GRBHNEA b0 %6 (BB aLEad SR Flied $6MTHOrRR t BEmangh St O
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body surtrace proxi e di stance between said

| at efa' 'o\fafagQQﬁ ;Sa%m% gﬁgéwxéﬁmﬂ hg'aﬂ?}@aéén'tt&ﬁ \mdsez ahd 534B%gA§5PCT 40.

The net ho a|n1 ereint kness o sald silicon body fromsaid

| nsukat ieNGrbY $30 4s3he@h ¢h FRRBresdtif ace is between two tinmes to '/ 2 the
di stance between the laterally opposite sidewalls. 5 41. The nethod of

cl ai m 35 whemaixh if@dstted Weiicn@udtsr flh §605¢Hndei fognAIShE skfosedisurfatiie met hod
of clains 35 wherein said substrate is a sem conductor substrate. 43. A

met hod af sémicohdigtor baidy 520as ovellias onllaiding pada 32 sndF249 asmphiavai indFiguk®
patterning a silicon filmfornmed on an insulating substrate into a silicon
body havithgAdditiomllyuif desiredopposicorslugtob fiim 662 sar batvemedbomthy tomotgdtel
insulating film and a first and second | ateral |y opposite sidewalls;
f or mi ng edecadeSH). eThegemicondugier filgncandied single §Wﬁtﬁé’@é fibn os aipalysrisiadling body
and 18n Sﬁ%hld In an embodiment of present invention, semiconductor film 560 is an epitaxial
(single crystalline) silicon film. In an embodiment of the present invention, the silicon
film 560 is formed by a selective deposition process whereby silicon is formed only on
exposed regions which contain silicon, such as the exposed top surface 527 and sidewalls
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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sidewal I s of said silicon body; 15 depositing a gate material over said
P4#43586h body and over said insulating substrate; patterning said gate
material to forma gate electrode on said gate dielectric layer on said top
surface of said silicon body and adjacent to said gate dielectric on said
sidewal I s of said silicon body, said gate electrode having laterally
opposite sid wal | s r ndlcular t.o the ite

ot deval |'s of gal? m@&%vﬁaﬁwﬂéﬁ%ﬁf H‘Vfﬁt’Q‘bPﬁZ*}?é”“aE“d‘J%teéf *ieyﬁlfplﬁlﬁy%ﬁr &in
<1 devel 1:0gh T 50 ghf 862 fAbpa P RR Rkt TR Ang A bR ke o h el
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appr oxi mately equa nes SI|I on said

i nsul at itRYsiReBIdS520 16t8ted vRAd AR fola corftentratidg beBidaRdx Pd cﬂxao?r‘\ 43 wherein
the di stance bgtween said |laterally opposite sidewalls of said gate

el ecbr odenmgahto ferngh BurtsSconeR Sregivarb 70rané @ dedin tonthd @egbrs § 2 cSidbedliveen
| aterally opposite sidewalls of said silicon body. 5 46. The method of

cl ai m 43pydesy F0ofiseethd sairedidinaeintaetimpslaitatidnadtey aidl definp thesips eegiomesal | s of
said gate el ectrode (gate length) is less than or equal to the thickness of

sai d si laregion bbthe dopedssilicbn buely batéattgsifiéwall spdder 550 The b referenbad m 43
wherein said silicon filmis single crystalline silicon. 10 48. The net hod
of cl ai pracessoeme soureategions HEY) mdodry'mtregibimﬂmlhiblmmhfdomprissatiptrfrg'i(msi c
silicon. 49. The nethod of claim43 further conprising form n a pair of

si dewal |and pgewiaet region.5 The)ip sqgien is theasgion of Hwérlmomboab located mréu | s of

Eglda Ogﬁ&.ldg&fa gtg%t%gt% g(%efcgétg]g\xgglgnsi%lst}%%gglgrllsl of the. m?icon 0 yuarrllg said silicon
deposited silicon film which are adjacent to the outside edges of the sidewall spacers 550.
Additionally, the source/drain contact regions include the source and drain landing pads
522 and 524 when utilized.

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

16  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  to react 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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50.- The'nethod of claim43 further conprising formng a silicide on said
P4443pkGh film 20 formed on said silicon body. 51. The nethod of claim43

wherein said silicon filmis formed by a sel ective deposition process. 25
29 .AIA ALY, .AIY.Al,.AY. Al.Al.A.AY. A, .Al.AlLLAY. AL .Al.Al.A.A,.A,. A A
JALCALLC AT ALY ALHF ALY, Al AYy 7SUXo8;
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a semiconductor body having a top surface and laterally opposite sidewalls formed

on a substrate film;
a gate 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.

16 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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a gate electrode formed on said gate dielectric on said top surface of said silicon

body and adjacent to said gate dielectric on said first and said second laterally opposite
sidewalls of said silicon body; and
10 a pair of source/drain regions formed in said silicon body on opposite sides of said

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

16  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 § wherein the distance between said laterally

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

silicon body on said insulating surface.
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doped to a first conductivity type with a concentration of between 1x10 - 1x10

atoms/cm3.

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- lxlO1 8 atoms/cm3.

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

formed along laterally opposite sidewalls of said gate electrode.

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

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.

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;

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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10° 910%8( ) - IThé e4sibtdr ofifaim 19 wherein said gate width of said transistor is

5  approximately the sum of the gate widths of each of said semiconductor bodies wherein
the gate width of a semiconductor body is two times the height of the semiconductor body

plus the distances between the laterally opposite sidewalls..

21.  The tri-gate transistor of claim 19 wherein the distance between the laterally

10  opposite sidewalls of each of said silicon bodies is approximately the same.

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

25



10 10; 109 () - &910%& () - F7@ 10%& () - adef g~ _@!!

PIO4OSDET () - 9Y109&’ ()-! | - 109B8& () - | - L0Y&' () 10 10 10; 109 ()-dP}*?~ @!!

10s' &109& ()-#! 109& ()- 109%& ()-!fS$10%& ()-z! ($10%& ()-z

109& ()-PhY\dZPFt!! 10101010 : M 109%& () - 4109%& ()- 2

109& ()-- 109 ()-S)' 109 ()-=2pdEZPFt!! 10410% ()-Z"109%& ()-L10%& ()-I

109& ()-109%& ()-14109%& ()- pCdEZPFt!! 10109%& ()-| S109& ()-#109%& ()-109%& ()- @
10%& ()-10%& ()- WX’ 58dEZPFt| | 108 109 ()-F(10% ()-f& 10%& ()- $10%& ()

Tove () 2heroogt bt ilgim o B deieodl ietunangd f5sidert ooe () 7 0
10 10y; 109& ()-!, 1sdEb@| | 10! 109% ()-L10% ()-|
109 ()- 109%& ()-1109%& ()-4109%& ()- xgdEb@!!

27.  The transistor of claim 25 wherein said gate length is less than 30 nanometers.

5
28.  The transistor of claim 25 wherein said gate length is less than 20 nanometers.
29.  The transistor of claim 25 wherein said gate length 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
16  silicon.
32. A fully depleted silicon on insulator transistor comprising:
a silicon body formed on an insulating substrate;
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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35. A method of forming a semiconductor device comprising:
5 forming a semiconductor body having a top surface and laterally opposite sidewalls
on a substrate film;
forming a gate dielectric on said top surface of said semiconductor body and on
said laterally opposite sidewalls of said semiconductor body; and
forming a gate electrode on said gate dielectric and adjacent to 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.

16 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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42. The method of claims 35 wherein said substrate is a semiconductor substrate.

43. A method of forming a silicon on insulator transistor comprising:

10 patterning a silicon film formed on an insulating substrate into a silicon body
having a top surface opposite a bottom surface formed on said insulating film, and a first
and second laterally opposite sidewalls;

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  on said insulating substrate.
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45.  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 distance between

laterally opposite sidewalls of said silicon body.

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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