WO 2004/ 019414 PCTI US20031026242 TRI - GATE DEVI CES AND METHODS OF

FABRI CATI ON BACKGROUND OF THE I NVENTION 5 1. FIELD OF THE | NVENTI ON The
present invention relates to the field of sem conductor integrated circuit
manuf act ur iwageodm@d4130r e particularly to a tri-gate ful lped@RbBloedssubstrate
transistor and its 10 nmethods of fabrication. 2. D SCUSSI ON OF RELATED ART
In order to increase device performance, silicon on insulator (SO)

transi stors have r abrication of nodem i ntegrated
circuits. Figure 1*%‘%%‘5??25@2&3&1@@@&1&9&%5@%?@@% i con on

i nsulator (S01) transistor 100. 501 transistor 100 includes a single
crystalline silicon substrate 102 having an insulating |ayer 104, such as a
buri ed oxi i @ﬁf crystalline silicon body 106 is
formed on The Tnsufatrng tayer 10#%- A gate dielectric layer 108 is forned
on the single crystalline silicon 20 body 106 and agate el ectrode 110
formed on the gate dielectric 108. Source 112 and drain 114 regions are
formed i n ©hEEID OB QHRHOMIENDON ong | ateral |y 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 currentloff current ratios. In order to 25 achieve ideal subthreshold
gradi ents wit h Thedneseaiipyentionreiatesdo thei fiskhetemisondystorditegratodcibmidly 106 nust

be about 1/3 t size of the gate length (Lg) .of the transistor or Tsi =
Lg/ 3. Ho i?&%ggﬁdéﬂ?réﬂ?ﬁ?’g@ag%@l a % Aegjetad subpieafe Bimsistoaend BOnm  t he
need fQF eMehoddGGs tng silicon filmthickness (Tsi) makes this approach
i ncreasi ngly ?nprac@?%%@f At 30 nanoneter gate length, the thickness
required of the silicon body is thought to need to 1 WD 2004/019414
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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 Fhereon. A single crystalline silicon body 106 is formed on the
insulating layer 104. A gate dielectric layer 108 is formed on the single crysialline 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 (Tsi) 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 nanoneters, is considered to be extrenely difficult. On one hand,
obt ai ni ng wid go4/0mifaor Mty on the order of one nanonmetmrrisosd/ogh2is i cul t
chal  enge. On the other hand, to be able to contact these thin filnms 5 to
formrai sed source/drain regions to decrease j unction resistance, becomes
al nost i SSi nce the thin | icon I the SQ eldr regi ons
becones coRou iRty Meindb prfei Y 2 Bnbc 80 BRRELIHE [ o

gate etch gne.a88 SMH&n'}fﬁﬁé’w&mﬂkﬂéﬁEJ 6ﬂbs§’&§anslblnhﬁc9ﬁ‘eté19(is Ecﬁfmd%fe'd' con to

grow on. A double gate (DG device, such as shown in Figures 2A and 2B,
have been to b8 cpii@ide edfiéult. Dy @i ihadd obthiRirgi witeamifomiekaess oldessfone The doubl e
gate (DG device 200 includes a silicon body 202 formed on an insul ating
subst r at e 1@@dmetér iy atdéffidulechatiengec OB dther hnd, iebe dre towontsridbese diin filres si | i con
body 202 and a gate electrode 208 is fornmed adjacent to the gate
di el ec®ri dofus! Risedramires/iryin segions tadegregserinetioa resistanee boerpass ajrogst A

209, ch as silicon nitri

suf ficient.l ick i | ayer
el ectricaﬂv%o-‘fs ‘I’S&F‘"eegtﬂ?ﬂ‘é“ ’éﬁogl e @t%%?élwf %@&%WWSP%W S|I|con

- body 202 %H teq( %ﬁﬂ | one on

ei t her ? hﬁé%e %aar?%)é’?g&% %ﬁn evi c geaélﬁéﬁeﬁ? %%écgpet fgg‘ég‘% e device
200 has alﬁgﬁlgﬁsmlﬁﬂgﬂg&,ﬂtﬁﬁ vQc(;]ﬁnnel , thickness (Tsi) of the silicon
body can be double that of a single gate device and still obtain a fully

depl et ed t ransissdsubleofes (@) @evicd Besh as Showit iIn'FigurekdOhrel ZRhevedesence 200 a 20
fully depleted transistor can be formed where Tsi = (2xLg)/3. The nost
manuf 46t umpadroeed tballeviak thesiicdn thitknesgadsee. (D) doutbleigete (RO devios®Gder , requires
that the bhody 202 _patternin be done w th photolithography that is 01 x
smal | er t h%ﬁ%uc{eﬁ asiligawbody @O{ég@rﬂ@ﬂ ﬁnﬁ%@sglatﬂ@g Jub et 204¢ wggat@ﬁlekﬁ@wé’@é ite. In

Gesi 1 abl o WOHADIEAEST DR HitaPaey S ol s Ashooc 205 SAPER-Dafblt 1o the

gate | eng . ate
structuretsﬂ}ﬂacé)ét%%‘le’l%?tﬁ1 %E) %‘gé%hg#‘gf%ﬁ%do? |5§%Cr?ﬁlfbb‘lli5%%;| nglgﬁgwe e nowis a
gate on eikiPemsSlaies 1a§ertzb9 sGéPERRBIcdn ﬁllﬁ%eeléétﬁé'éﬂy%o?ﬁes thE SIS ¥IREtroddl ©
hi deously difficult to fabricate. For exanple, 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 = (2x1.g)/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 generaily
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 DESCRI PTION OF THE DRAWNGS 5 Figure 1 is an illustration of a

cr oss- sect wormb4/ot0aw of a depl eted substrate transi st @epust@sii®s22A 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

enbodi nent re ntion. Fi |s an tr on of a

Cr gat o ePishe oSG RSN bl AR = ern o 22 el el et oo ecent

i nventi on.; ?b‘fa%oﬂ%.l.s an illustration of a tri-gate transistor in
accordance wth an enbodi nent of the.present invention. 20 Figures 5A-51
illustrate nmethods of fabricating a tri-gate transistor in accordance wth
enbodi nent s of the present |nvent|on Figure 6 is a plot which illustrates
body hei gh2RIEXNIEHG ‘ YANGRe used to obtain partially
depleted and fully depl eted tri-gate transistors having gate |engths (19)

of 25930nmand20mMm. 3 WD 2004/ 019414 PCT/ US2003/ 026242 DETAI LED

DESCRI PTI ON OF_THE RES ON The esent i ntion is a novel
tri-gate tr anspﬁ‘ﬁ‘r E@gﬁ?‘t@ a?E‘gCF‘F?S H‘eﬁﬁ‘Ofaf‘gB‘eefeééP BA® 1n the

fol |l ow ng %ﬁ&] ption numerous specific detal | s are set forth in order to
5 provide a thofough understanding in the present invention. In other
i nstances, wel | -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 {ransistor 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] 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 (lg)' of
25 30 nm and 20 om, | | |



sem conduct or process 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
i ts met hodwad 200k/aBkdscat i on. I n an enbodi nent of the prgggiisd0aMaRid on, the
tri-gate transistor is a 10 sem conductor on insulator (SO) transistor.
The tri-gate transistor is ideal for use in fully depleted substrate

t ransi st or Li L.an 0 i-gate transistor includes a thin
seniconduéggﬂ&géggbég ; oL TNV BSt ate can be an

insul ating substrate or a sem conductor substrate. A gate dielectric is
formed on the top surface and the sidewalls of the sem conductor body. A

gate el ectrode 718 ph@bdraicheRitor 198 noRl ?—%ﬂéfﬁ%@sﬁﬁdﬁuﬂ RRg itgﬂlgﬁlg? gprface of

t he sem conduct or "body and is forne acent to the gate ectric forned
on the sifiivatiis Infihd btloeRgideRApti MindRRd ¥pecBidtfls aRGefoath i s@i@ns are
formed in the sem conductor body on opposite sides of the gate el ectrode.
Becaus® t Ieogds ethetaugh mudtestargding in the preatre inkicati@c tin iothes instanees,dvdiblemown

sem conduct or bod¥ on three sides, the transistor essentially has three
separ at e CHAFRBIUCofEpcgstard manpfactyringdechpiqpenhavemotbeen desstibeddn pegicalqual - 20
to the surg ﬁfl.ea)(&:# Pf ghe thr%ﬁ i des of the sem,conductor body. Larger
"width" transi e Porst CaisEes PG e e einYrgti®veral tri-gate
transistors to e epar ..channels formed in
the sem conductqg%B%%‘a‘;,ﬁl%t%ﬁ%&qséfégﬁggﬁ%uec a%l:gfsﬁ)gét?/u ca%%%(gﬁsfr&%g?/f%épl eted when
the transifimbtid thyh BABodiRhrof IPEQRY inveRBl, iROrilAR dALeRE QN of a fully

depleted transistor with gate |l engths of |ess than 30 25 nanoneters w t hout
r equi ribng seihizondueion fon istiator (SO irseikaE O TH61-g4tc OIS 0K cdl 6itHsé inilly
phot ol i t hogr aphic patterning of the sem conductor bodies to dinensions |ess
t han the déapleted pehsiyetn trpnsigiorgpplidaionge The &ri-gth &tndisor indledestathint ur e of t he
tri-gate transi torB&I t he present invention enables a full g depl et ed

1

transi st o FORcton Bedyiarand Qe sEbsTRiS, tha seheiniestn bp ap fnsulstingsubeimds o 9414
PCT/ US2003/ 4 ' dyct or.. and w_dt f the ] t bod
POl 2003 Gt SSILGORCICL Tk SR M S LU ST NCLEY Doy
transi st Ol i skl oRuRREBbay. W EML LiBRGAT: BEnARG1RE §fle bfdiectric on the top

15 surface of the semiconductor body and is formed adjacent to the gate dielectric formed on

N L)

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 sarround the senﬁcondﬁctor 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
semiconducto_r 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) short channel effect of less than 5 100nmV/V and ideally about 60
nv/ V whi chweswiv®dian a | ower | eakage current when the pcdaisbongiozesx ur ned
"OFF" resulting in | ower power consunption. An exanple of a tri-gate
transi stor 300 in accordance with an enbodi nent of present invention as

il lustrateg..i: ' : | nsi.st.or 0_is f.orped a ubstrate
3021 - an- Sugsanett fodand b e LRG!Sl e B PR bl o

i nsul at i Ngthd Aebh) TBécahs MYovE tHelUARS sBr O ' kddlifiON
substrate 304eupon which is folrrgr%gd ins?%su@ﬁe%%gé%ﬁ?hg%%&?gﬁédalg a

si licon di aRilgelspleletmanndr; e tevide'ia bisdrstdtzeBOPideal HRVBNEY shapd BubRgedholgTed on
any wel |l -known insulating substrate such as substrates fornmed fromsilicon
di oxi de, n$leps aide redcedidigin imhaedbapgi lowsring (PIBL) sho oblinmelrdffectfof idethan esent

i nvention, the substrate 302 can be a sem conductor substrate, such as but
not |im t eV VondadraHy ghoub6® mY4V sthichaenlts imslomar lealeagel ceyeant when the seni de

substrate. ,Tri-~gate  transistar 3Q0 includes a sem conductor body 308 forned
on i nsul at%eﬁch(i%%"??fi P uTeﬁ‘ﬂlfgﬂ% HBEHHORCRCOPEIPEE conduct or body 308 can

be f d of ' . ' h t
T ted to si & e ainigls b o L ARREN R e R Pt od i lientdh oy
gal I'i um argeghtRvéddanas illnbtPRb in Biire 20 c8R Gaf @G HUD0RERBLMPGSan 20

Sem conduct or body 308 can be forned of any well-known maten%ﬂ whi ch can
be rever ssubtyated (e ledn tmbodiraent iof Gi¢lpedsbrt mehBdre siitdirate GODNRUG B tiAE at € by
applying external electrical controls. Sem conductor body 308 is ideally a
si ngl &0cr yswbsitate which iMchdehalowshmondsesstallblesticon sdbisirge B0bupmmndecto t r ansi st or
300, is desired. ,For .exanple, sem conductor body 308 is-a single

crystalli nerresd WW’}@H@ Faﬁﬁsﬁoét%‘f"h Mﬂi‘_&oﬂ@‘é@ﬁ%i%g?ﬁﬁﬁwﬁﬂﬁ & 25
e A T R e L R
ber f or et ieon 858! flrid BPRUES AR EE U p BREIEMOIERRE | o o
sen conduGh@niibedie IBSrdid 0P I3 BO & kitficahdubde sifbistdts QRctS448E A ligniRd 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 (Si,Gey), 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 singie 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. Semiconducior
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 substraie

5



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 conduct or body 308 has a pair of laterally opposite sidewalls 310 and
312 separ atvenl2doyom4tdi st ance whi ch defines a sem conductmrr/gdetgovdzed h 314.
Addi tional ly, sem conductor body 308 has a top surface 316 opposite a
bottom surface 318 5 fornmed on substrate 302. The di stance between the top

amhoa mend Uyt o iR BEIR el e AR B R 208 R MUt Tl Ty

equal to ; ' tafforid id tion,
e body Jo8 e, o o B e o e i

i deal Iy | 836 aiddin sefrdierediotsee Whichadefigeogdidi@ntiuaér bodgwidiesept i nventi on,
t he body 10 height 320 is between'/2 the body width 314 to 2 tinmes the body
wi dt h 314 Addiitionglht senticandsitet mdy 300hdsadopsugfice 31 edpesitera wttoansorfa@B18 Gat e
dielectric layer 322 is fornmed on and around three sides of sem _conductor

bgdy 308 m@whs?atﬁﬁ%rﬁh@istw@ bet:vawbﬂhééqprﬁuef;wa%lérané@z bodom sPEE on or

' i 1 3 . adj .

o ona | Sl dener o dise A u i Sithodiigun b s Presfidntiriot b PR g, 522

can 15 be,any wellwknown dake Whelefh 514 13N ShvokiheffbeaRQdAENT Of the
e gat e (})I ectr 111 COon gl (0]

present invention, _ ctric layer I's asi dioxi de (Si02),
si i con oxyitdn e b $0sNA o MiarR3 84 hddaRibnt 320 febsiRard o Mhedisghgct ric layer.
In an enbodi menf of the present inventionh, the gate dielectric |ayer 322

is a sili aaipksthin 20denbméteisf O ddhbodingent bf thk prssnt dveltinn@ebody 20A. In  an
enbodi ment of the present invention, gate dielectric layer 322 is a high K
gate 20 dhepedpichetwgenr; the body widthal 140 dltinmsitlbdody slidb8i4.c, such as but not
limted to tantal um pentaoxi de (Ta205),. and titantium oxi ?e (TiQ2). CGate
diel ectric | ayEn-gaigtrapsnionid0dasepate diglsatsiodayeniagh (etedigleeae faver 32dth as but

o1 eot r ode IS PR ALY R St o abisnar e Bof RaReRrE IR 25465 Chown
in Fi | '
i ol oot 11 Ao IReEa B RAEAER, i TRl 22, oE RABHRERNE ahEoR5 % o e

g 88gat e dighReat bisfeR223 fPsRAy 908 dsRBoWRh BidibaC Gadl@elediris RFEa2Rduet Or body

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 (SizNy) 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 5-204. In
an embodiment of the present invention, gate dielectric layer 322 is 2 high K gate

20  dielectric layer, such as a metal oxide dielectric, such as but not limited to tantalum
pentaoxide (TazOs), and titantium oxide (Ti0O7). 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 elecirode 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 elecirode 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
| aterally opposite sidewalls 326 6 WD 2004/ 019414 PCT/ US2003/ 026242 and
328 separ avasl2doyom®adi st ance whi ch defines the gate | engidinfseésog3p of
transi stor 300. In an enbodi nent of the present invention the laterally
opposite sidewalls 326 and 328 of the gate electrode 324 run in a

direction pe ndi cul to the late | y. Oopposi t i lls .31 nd 312 of
sern conduc POl aaRA ety et ventt i et nS A kB Ean SRkt 08L L 2ol o
gate el ectyode nB | . [ s DL [ ' to gate
el ectrode @2% corrphﬁésngéf%%ﬂrgo §?§%§I@%§rﬁgi¢ #l%gﬁ&g%%gg 3tQ g@ﬁm
concentrat ﬂa‘érrgafé%!b%ir&dé PatueRn diedfbhdeRic-anR 1168 thellRAY opbANE igBPalls | N an
enbodi ment of the present invention the gate el ectrode can be a netal gate
el ectrode, 31(aielB129f busticondtictbd boidy6d8.t o, tungsten, tantalum titanium and
their nitrides. In an 10 enbodi nent of the present invention the gate

el ectrdide is foGaedetirainias pu terformednfanyepitable gild slpaipodsonierfainbrdnion bet ween

4.6-4.8 eV. It _is tq be appreciated, the gate el ectrode 324 nefd not
necessar i | §mbrdinensioh fe@rorait dpveiionin @ate sircBrde’ 24 SApBETes of BRlEEKsIPHNG hi n

films, such,. as,but. not |imnmted t Pal | i pe3sij 3
el ectrode %ﬂrlcoél 9 {:%ﬁo/apogpyeg ;r% nﬁepﬁwg)epvg%eﬁﬁ%gﬁ e Okeﬂég{lrglodeﬁ@%%%%gt ‘e

transi st of ;300 a8 AP OHRE el SBIBAMAN decibdl nbRdllu 33 ol SRYAE ©

regi on 330 an aln regio are I'n sem conducto ody 308 on
opposi te skdpas bhofRhRedoOahssACtaRRhnA SitHNMYAY thefrn@ttidds. & anThe source

region 330 and the drain region 332 are forned of the sane conductivity
type sith asbddimaytpef the pRstnt freventivicthie paty elieytrode is farnmedeidyo d inmbsnial bdvingwe
present invention source region 330 and drain region 332 have a 20 doping
concent r at inighgapf wask funstion botweenot.6-4.8¢V1 x ik dvte beweppreviced thegpnly dectiodgddh 330
\and drain region 33 an be formed of uniformconcentrati or can

i ncl ude sumeégpwgesamYEW%glemat é?ﬁawgp%iteera%#g}tﬂﬁ 18€ such as

Uip T egi ong (e O 20UE €L dr ol B, XEENS QSkecrl B 3 ARSI RRRERE t he

present 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
Y _different concentrations or doping profiles such as tip regions (e.g., source/drain
extensidns). 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
the sanme doping 25 concentration and profile. In an enbodi nent of the
present invention when tri-gate transistor 300 is formed as an asymetric
transi st or widmmw/ditas dopi ng concentration and profile etriksosedigae region
330 and the drain region 332 may vary in order to obtain a particular

el ectrical characteristic. 7 WD 2004/019414 PCTI US2003/ 026242 The portion
- of sem conduct

regi on. 332 def eéjs%ﬁ? %Ilgjf?fﬁ% uc%@ @%gﬁa%ﬂ%gﬁvfﬁ@%@%rrgégb%er 2ihgnnel
regi on %hﬁ%?ﬁeﬂ%% e adRl iegﬁn%@af%sfsa?smr&m%a RfioRody 308

surrounded the gate ectrode 3Z4. At tines however, the source/drain

region nay_35i)éta@_ﬂ§b 54 degitd ¥ the ieabitht Béenitorgiaéter Kldy 08 edtuhilddyghs gdter
exanple, diffusion to define a channel region slightly smaller than the

gate el ect electede 82t At tirthephowlemcrathe eorivortirammegiot mehextprdetightly Heneatinthicon
channel _ region 350 is intrinsic or undoped nonocrystalline silicon. In an

embodi rent £83¢ elesieode fhreughnfor pxamnle, idgffnsicuria define achanishregnn slightlyspalermono

Goped to a8 S%&%@%ﬁ?ﬁ@@%ﬁl&é IR Rt B el B o 1
an embodi R 0 S REE O b SO RS e e ChanASkinaaan, 1o doped

it is typical ly dope 03| IVI y type o e source
regi on 330,204 inldifiof! @hihel F&io‘ﬂ'?»s@:f*gdo E(Pﬁloﬁ‘é%@fﬁﬁlﬁle sHEeR. When eRiMhgle and

drain regions are N-type conducti vi ty t he channel region would be doped

top type CﬁQﬂHGB(D iélti)y!ed iblsmpiedllyyopsder cohditisigices ofbdweknaixno¥egi ons are P
type conductly g channel region would be N-type 15 conductivity. In

this rdhnelx1g tatqmsﬁcame In pa pwbediment3g theuesetdntentiom gvhien thy chpnnebregign iVos
transi stor or a PMXS transistor respectively. Channel region 350 can be

uni form y e is Gpicellfloped obeepnesie eRRCEVEY *gyps oL e £pHres Tgign ﬁ%"«yaﬂ

trat t t I I t f
char act re?i 2 et %eh 34 cfpfeRbmirf i o o pnd S BB TR Vet 1 - known
nal o T e RBStivid tHSRLE ool W1 UhEH BP FpiRhindivRy SGhiiffly Hifla? 02t e

electrode rrou
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, ;che 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
éidewall 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
the source and drain regions on side 312 of silicon body 308, a second
(92) whi chyaxiepessihet ween the source and drain regi opgrRR2doliesk@P 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

"w dth" ( of .transistar 300 is_ the sumof fhe wdths of the three
channel 1 o8 hksiteps body 18 et rlevaiba s Vedier o Rapin s g AP ual 1o ¢ he
hei ght 320 _of silicon bod t i dewal, . I ' silicon
body o 3045 Pl beaT R Rl et M il copfollbs s Bl

PCT/ USZOOS/Sﬁgﬁ el e@papi | icon body 308 at sidewal |l 312. Larger "wi dth”
transi stors cafn be obtained by wusing nmultiple devices coupl ed together
(e.g., nultipl eB&dahdeaRd\cHARGE! B&EicHIB0Iubrouiitd dn MitePsidSIbYGhe elpiredesd2dct r ode
324). Because the channel region 350 is surrounded on three sides by gate
el ectr ofe 3adgatsdielacirtigal; tdnsdtec00ican BAsherataddn s ifigtyctepB6:d camebehapgier at ed i n
a fully depleted manner wherein_when transistor 300 is turned "on" the

channel r egihentrasitor 409 i tarapd cand shadhanmebipeiond99 Ellrglenietse thaehy RtoyBkRs

That 1 5. wiBAO S selsr e aab Bl droreforsenge pf by Homegd Binstdeit or peq
d h , ' i & ' ' f f

Feqi on” 30 T it Wi AR 380 Rl |ONER bR Ath s Mo 3ha Ml 000 0

top surfacggoh 35081088 With AR ekt 1BRANhe sificesof Yo ﬁ@fd.@}’ﬁ"inﬂs?ﬁoﬁ he sane

conductivity type as the source and drain regions and forms a conductive
channei belwdennhbEoshy side safitesinditsh sue@toofihd @middndietoriodgntTheo f 1 owt here
between. The tri-gate transistor of the present invention, can be said to
be a nonpl avessioniayemisis $tecamis ecadusivityippech dirersehree anyl dmin regiens apd derthsian bot h
the horizontal and verticle 15 directions in, sem conductor body 308. The
depl et on FAgResiye ghasmals betweprthe solreq and glrain ggion torllomrurngat tp flowiston | ayers.
The depletjgn region.extends to the bottom of channel. region .350, thus the
transi st orL%gﬁenb hgé‘il“gg&?gr sto of Hr?zge‘&é’b‘feéﬁ%’car{ %Y tg{%gﬁm&?}ﬁa;? depl et ed

transistor because the channel regions are formed in both the horizontal and verticle

16  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 iransistors. 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
th_icknesses of less than 30 nm. Additionally, operating transistor 300 in the fully depleted
| manner, 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
operating transistor 300 in the fully depleted 20 manner, gives transistor
300 an i deso so4meiM Steep subt hreshol d sl ope. The tri -pggfiRaoobimaga St or can
be fabricated with very steep sub-threshold slope of |ess than 80

nVv/ decade, and ideally about 60 nV/ decade even when fabricated with

Cransistor 300 TS RETGERERC PEebomehhan o i of kphBiitabuigh ™ ' 19
pettor e Sydd *‘*ﬁ%ageﬁlva? AP BB (05t g proges (o

power Ccons iRkt Bansistdds BAViSSRMTIARR (LA BHEMREES and 20 AKTH04) eRpédiieelyr | - gat e
transistorlﬂcgo has a DI BL effeH? 1-(LQI ess tﬁa[%jl OOTV/S/ e;"r)ld Ideally | ess
than 40 nVian SnBAGIn2Ri047 D fredht REEAB2 (O BOOAGRNR, boly widtle alid gate lamgth
illustration of two plots 602 and 604 which set forth the body hei ght and
body wi @t hawgtvhedsn v have diroehsioas elwlhellaﬁﬂﬂbfldyplcte@h'@nsg@r(mﬂby foymegaluqtiagr| y

depleted (P.D)_ tri-gate t t h te lengt 0
(502) and" SMIRCRS I T GAHERBISE R DL Dl oY G o ek et

t th and gate length 5 h to h
i mansi on's Ao RGN HPERRI R LR s ansi o or w1 be formed. I n other
enbodi ment s, thg i, fnbgﬁufenﬁfqﬂc?j%é%e% mbéﬁloﬁtrpg%n%s%}t&oo*&%\suf@b%ch and gate

| ength such that a parti eted transPstor 1s formed. In an

enbodi ment gffn ﬂeganﬁaﬁ%ﬁmcielawﬁﬁah loPBthbr sem@dh@uctor T 1430 Erm3B Gn bdBar6@idr ce and
drain regions can include a silicon or other sem conductor film 410 forned

on andi@r ossmicontifcisiehtidg 308 ecthomwnlio HiguR0B\. dor skeamyle,isomicogductr 4ibn 4Edr
exanpl e, sem conductor film 410 can be a silicon filmor a silicon alloy

such as si Fanchere sifisomdiin one ¢iporcdipy. Smh”fﬂséﬂlcmm(sbﬁeﬁh@%esent

i nvention the ductor film41l0 is, a sin sta]l LIicon film
fornmed of ?‘HBO@Q gg‘ﬁml? Lyt ?‘}/%‘E S%{%lc‘?‘}ﬁ]@"tggﬂx%g{ léélsﬁ‘ﬁ drain
regi on 332 nt of 1 esent 4 | nduct or
filmcan bfélh‘éonl ‘ﬁagi? cgﬁég%ugbtg?ﬁ coensog'gc rl%%g?lténbleo g?%l&? silicon
conpri ses ?o%f?)h%ﬁ.”ﬁlta‘ﬁl e)ﬁbladfrﬁ%n?gf the present invention the semiconductor film can be a

15  silicon alloy such as silicon germanium wherein silicon comprises approximately 1 to 99

H':.

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 dieleciric 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
.a_dding 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 ment can be a polycrystalline film In an enbodi nent of the present
i nvention Wz@@mgggnduct or film410 is fornmed on the 51*2:‘1‘?1?5?003/6%&20“ 330
and on the drain region 332 of seniconductor body 308 to form raised"
source 20 and drain regions. Sem conductor film410 can be electrically

i solated froma gate el ectr.ode %@1 of dielectric sidewall
spacers 42@0%«?;# aia peians is IAPRESEADeRDY Rdnciag e Sawfﬁ@fawrme@ﬁﬁpfssgﬁtﬁ@g

t hereof. Si d s1so %8@%({5 42 %;%?Ple%‘:r%n hara%ten?t’ﬁraﬁ‘éléé{-&%%%ﬁ _|te $I devva! | s
€

326 and 32§0 gaté-e as shown 1 n H gur reby isolating

the semiconducpg, éﬂﬂomnfek@omep@eaﬁt fvBiR6 IsARiedAA 439, SBOUN b gur e 4A

An enbodi ment 25 of the present  invention sidewal|s spacers 420 have a

t hi ckness Qﬁuﬂa@tdoﬁfam&omﬂ&eé\mcﬁm siliilié] A9 bt silicedisTornedvhelutor filmto
the source and drain regions 330 and 332 of the sem conductor body and

form ngd" ra&gﬁc&cBBOsandudmﬁmgiﬁnGB%\iImaneglbodimenitdfehetprbsmhiasmtioﬁ sifikide fit® WO
2004/ 019414 PCT/ US2003/ 026242 source and drain regions is increased
thereby reddisfermedengailicen filin 41 holsdliron bedy U asshowerin Kigire fan Silisidss 300 and

of "1 he pr 81150 RULHET G fzo B AR Tt pipabe SRRSO AR oo P el t o,
tit th
source 5 5o R8s MARFH 0 LY Lyl of SRR b B Rk PRl 00
i nvention §ih k&hA ah hﬁ&@ped’fﬁﬁcdnsﬁlfn%ﬁﬁ%ﬁﬂnﬁo@' dAntl G120 chinb Bl &n@imik! | con

body 308 as shown in Figure 4A. Silicide I"m 430 however™ can al So be

for med1@i r getsilido@fitnd dinivgs the§ilisids ﬁ@@@s.@ﬁl@fncssphdemolhﬁdﬂeﬁﬂ&lde fdar43xanpl e,
silicide film430 can be fornmed on silicon body 308 by first formng a
silicon fidimfeumdd csemicondubpddds30si arsitice film dltina slflaliguad pvesdss &ad t hen
conpletely consunmng 10 the silicon filmduring the silicide process.

Di el ectri c®&Piidepsocas) enabl es sil i CI de film430 to be forned on

sem conduct or 30 silicon 410 | el f-aligned process (i.e.,
a salicide pr oc‘ggcgsl H’dﬂl? Sihe &%en %%te%%g@a?‘ﬁ@ﬂta SS’F““%H ucbq&)é’gent
invention guSERHHAABGA B0 BE formed on the top of gate electrode 324 as can a silicide fiim

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
3_’08 has a gate dielectric layer 322 formed on its top surface and sidewalls as shown in

25  Figure 4B, Gaie elecirode 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 gaie 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 film450. Silicide film450 and silicon film440 are typically

formed at {HaebsHa®4iyi e as silicide film430 and silicegrkidosvgzd on
silicon body 308. The formation of a silicon film440 on silicide film 450

on the gate el ectrode reduces the contact resistance to the gate thereby
inmproving the electrical perfqrnmanc éﬁjiéransist r, 300. 2Q.As.st.ated above
the gate "RicEohIVERIE %eg’("iﬂng%‘?f OEYg Iforf”(?df"?ltg‘ q.ﬁﬁ“(‘ff‘“ﬁﬁ@nfl ﬁ?lgét gat e
wi dth crea L.AM. $em : o] r ' order to
fabricate Etﬁﬁ%&efg géﬁ?ﬁﬁ%@%%%@?@fg@ﬁ%ﬁ? 'efnw&lcf?%s%?ﬁegg?é?g?rg réill 00 can

i ncl ude an;agdichi 9RAdouRte riBibs /380 Bnd GEIMIEAMBUSE OF tHe Q6thRSndHotok bHBEI 308308 as
shown in Figure 4B. Each sem conductor body 308 has a gate dielectric

| ayer 322 Heeleglically éduplet Soethuf ynte saricorgluctormhteal asedsbdwm i n 25 Figure 4B.
Gate electrode 324 is forned on and adjacent to each gate dielectric 322 on
each of5 t heensemidugndbndy308 boliire s s@08: lagdivgpsktfidaod d dutimlandiog pad3éR) asl so
includes a_ source region 330 and a drain region 332 forped_in the

seni conducthenyp & .oflterpgiiyely; the seyrerasgigns 3pdand draiticeione 3E3vnde shown i n

Fi -4B. | im f 1 WD .2004/ 414 .PCT/ 0Q3/ 026242

o eent Eresuien Goeclag By Bieher Selaiot it G BanieRd Papetlcd Tiet e nusele ot gt
ent | nfRUAIT _ . . !

oraon ot cledt G &R B Bl TSI S PhnBRLEIh? Tl

regi ons 33gidf of hRsROIBOPAIMEH R n BEEk B WA bdRaltb BRishinCd the/zatOwidted

t oget her by the sem conductor nmaterial used to form5 sem conductor body
308 t of(f or ¢reRedBERE of the dermigordactod béli308 alithBiwey] the di-pge rankid@B08s shown
in Figure 4B. Alternatively, the source regions 330 and drain regions 332
can be cowuplbedormpgatitieanyiggtewiidfhdesitedvel s of netal i zation (e.g., netal 1,

metal 2, netal 3...) used to, electrically interconnect v%r',ous t%&gsi stors
300 toget her i r&ethiodof fabrigatingja it getedransisipr igaeeordagpgwih g ?@ﬁ%tﬁg 300 as

shown | FLAUCE S80S0 0406 SR Bl LBl oo =
transist Orbe%&lg with substrate 502. A silicon or semiconductor film 508 is formed on substrate 502
15  asshown in Figure 5A. In an embodiment of the present invention, the substrate 502 is an
insulating substrate, such as shown in Figure 5A. 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 isclates 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 “butied oxide” layer. When a silicon or semiconductor film
508 is formed on an insulating substrate 502, a silicon or semiconductor on insulating
(SOY) 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), gallivm 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
invention is illustrated in Figures 5A-5J. The fabrication of a tri-gate
transi st or wlmgi/ds4 t h substrate 502. A silicon or sewc¢RshdshRssl 1| m 508
I's formed on substrate 502 15 as shown in Figure 5A. In an enbodi nent of
the present invention, the substrate 502 is an insulating substrate, such

as shown in_Figure 5A _In a nbodi pent _of the present .inventign..

hsul at | oS b ShdEet b Eo et SRt ie R L SRS st  a e
504 and a_t.0p..i i 6, d 1 Webdl hd son or
silicon nﬁnr | g]ém?‘?‘}grﬁ%d%g h?‘g‘?‘{“nﬁg '%/éfrﬁ%g%lgfbidg%%argf g@@%ﬁ“@%ﬁ%ﬁ%tg%ér% il m508
fr om subst dgpe@tBPtypaen type 26hdaBRAYiWIEBN cohSerfrafidTEIdve] Betwetialbn B sl 0bet ween
200- 2000A. Insulating layer 506 is sonetinmes referred to as a "buried

oxi de" | ayaoms/henSanisedductoniinn 508x0mn be irtite topedf(i.¢. dopsd®hilsit isalepestedn an

i nsul ati ng substrate 502, a silicon or sem conductor on insulating (SOn
subst r &t e GGOpedafisr ax duned on subsizate HEhydoreampledon-ithplaainan ap ion, the
substrate 502.can be a sem conductor. substrate, such.as but_not_ limted to

a silicon fppionrasbies hoftPMOSand NMQP &i-gefe deyvierate peisparaed sy aubtrate. .
Al th h ' t fil 08 i i d .Sl |4 fil .in.qth
A B e D LT
limted t ' ."aﬁu&!i‘ ' I Si xGey), 1

alr ?eniede ?déa%g , chﬁggé%%eﬁoéaﬂ?béh as 1rv%l i %ggﬂe %g J%/\400)2/084} 619Z)14 e ram

PCT/ US2003/ 026 Zzicofdiidast TilMas08 isibafed thA (REREPORLARppRkinididy Buasent
i nvention, sem conductor filmb508 is an intrinsic (i.e., undoped) silicon

film 10n dhébeigh bt farthssubsepemlyrfotmedidaemicohdnctd Bodysor tebdjpedfthe a p type or
n type conductivity with a concentration | evel between 1x1016-]| x| 019
at ons/ cnB.falgioated dirgafe tuensistpy. dn Boemkediment of heipresentdpvedtion, semiconygles while it

3oy B! A b sha b b ook et ™ ©
tri-gate d

R T SEY T A TE R TR

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

15 transistor. In an embodiment of the present invention, semiconducior 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 fri-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  kmown method. In one method of forming a silicon on insulator substréte, 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
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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 approximtely
equal to 10 the height desired for the subsequently forned sem conductor
body or bogy@soféoifie fabricated tri-gate transistor. pbis@bosiiedi ment of
t he present invention, sem conductor film508 has a thickness or height
509 of less than 30 nanoneters and ideally less than 20 nanoneters. In an
enbodi nent of the present,invention, sem conductor film508 i i{gormad to

the thi ckn¥a&r.aHps Bist wakeeisyheadlippedogerand bopded to the sirfage ofjig 85ePRAFINGOD; he
fabricated tgi-gate 15 tr.apsi . di ment _of

vent on. el BB orashif e Hefioa olohe B AR Figh ek S (RIS SR
| o g . _ ! SPT e

som conqucr e T oyl S SRR, {HinlIRoRl M op M PlrdBride |

fabri cat edyjdehmegfitaf onttcﬁl%ﬁhééiﬂ)%}e t9stREnd BB Al saBbtare, WL khowemottigg manner

for its designed gate I'ength (Lg). Sem conductor film 508 can be forned on
i nsul atd ngteshitigies,ateh HSAAC smnosthing wethemi@Dmkctanicalmelision (TMPbewe beresddod of
formng a silicon on insulator substrate, known as the SIMOX technique,
oxygen at otesmepth thersipamiang of sensicoridgefofdlee508e #s desipd Bridkngssyst al | i ne

i bst and t . | ., to f, t he buri | de. 50 ithin th
Substrat o The AbRmsA R s iRgesia Loy saE br FEBI WDl at o above
the buried ' t.h i i fil. 1 ' tl
used to T orires S5 ORE asbints MG debyilloRIe e ML lerdPRORHL, ZLrrently
techni que. WRpEH 1yt B85 Bhd o HREicR ly bR aHEYRHorcnd dibichicind eChni que

a first silicon wafer a thin oxide gro Its surface that will later
serve Hp $0%asuRbiiddach o6l chee 2O8ision) by eRShple el kinbtve Fhﬂﬁi@liﬂlogt@.p}ﬁb @il dose
hydrogen inplant is nmade into the first silicon warer to forma high
stress r egetchingdietionivtchand ileh back fling the etchéd tepiond witls i hsulvihioy 58h9g 14
PCTI US2003/ 026242 wafer. This first wafer is then flipped over and bonded
to the sur$ifbe of a second sili con wafer. The first wafer is then cleaved

O e Tt O 5 b Rl e By ool OB Bl s ™'
under neat heal 1, nsehlg&neﬁctérﬁﬁm%og% ShoSi¥s bRlukd 8 Fld SRR RRLY $ice-

Vel | - known™snoot hi'n
15 contains a patiern 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 whiéh is equal to or greater than the
20  width desired of the gate length (Ig) of the fabricated transistor. In this way, the most
stringent photolithography constrainis 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 patierns 512 for the semiconductor bodies or
| ' fins have a width 518 approximately equal to the silicon body height 509. Inan |

- 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 (CNT)
can be used to snooth the top surface of sem conductor film508 to its
desired thickness. At this time, if desired, isolation regions (not shown)

can be for RRsloi$94190 substrate 500 in order to isol gicgulshfamari20us
transistors to be fornmed therein fromone another. Isolation regions can

be formed by etching away portions of the substrate film 10 508 surroundi ng
atri-gate transistor, by for example well-known photolithographic and

et ching t eisthsivrer ¥ thesranitondnoippiadypight 3 apd BV HORY e?%’@‘f’?)‘ﬁigc W an

i nsul ating, f.il such as Si02. In order to forma tri-gate transistor on
substrate g@@tghg'photoresi st mask 510 is fornmed on sem conductor film 508

as shown 0 F oy TS RhehatER) 3, BSlei Ll i SROLAINS 10! Lern of

plurality of patterns ocat I ere sem conduct or bodi es or

fins will ?@cteﬁié@%@ﬂﬁt%‘lfd t6r EFniRAodafiohd Wher € SHusR1shiidgsad hiddr&i Sandibige
phot oresi s pattern 512 defines the width 518 desired of the subsequently

f or ned Benpapndspettively, hedb bs fomed.| Tis laddingyeds can lpatsed torcangscstogetherithe an
enbodi nent of the present invention, the pattern 512 define fins or bodies
havi ng a wattous Stcewkgions and tecpnapcttegether e sariass draaresions obe fbeeaedesi r ed

of the gate length (Lg) of the fabricated transjstor. #n tiﬁlﬂis , the nost

stringent prisiAr Thophoigrrsist ul £ Hheasbe formed by & %PW&’ Qo Egr?}\?lfg sistor are
ilated, wth the gate el ectrod ' L.canduct or

body or 11 ORI PERGHE TR SRR <Br A o ept e PRI EAR LT 2

sem conduc bodies or fins will have a wwdth 518 |less than or equal to
30 nanoneters and ideally less than or equal to 20 nanoneters. In 25 an

enbodifent of t ARerAGBERNHhItER AR 510, BenReddueion Sl 508 fsetchedin ignheandnduct or
bodies or fins have a wdth 518 approximately equal to the silicon body

hei ght 509with phatoresietminakiSie tit fonh ohdrer mpore sitinen bediestt ifiom and sourcp hed deiss| st
patterns 512 have a width 518 which 14 WD 2004/ 019414 PCTI US2003/ 026242 is
bet ween Yzlanding pasksiGE derdted) srshorwriin Fisng i€, SemicanduciardilmRgds ﬁﬂ‘é’ég unti]
sem condu C%hg runcli)e?'gq};lg bgl?iciag Q}EideS I%?(ér 506 is exposed. Well-known serniconductor etching
technigues, such as anisofropic plasma etching or reactive ion etching can be used to etch
15  semiconducior fitm 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 technigues, such as by chemical stripping and O ashing, to produce the
substrate shown in Figure 3D.
_20 Next, a gate dielectric I_ayer 526 is formed on and around each semiconductor body
| 520. Thatis, a gate diclectric 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 canbe a deposited dielectric or
a grown dielectric. In an embodiment of the present invention, the gate dielectric layer
25 526 is asilicon dioxide dieleciric 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
I ncl ude patterns 514 and 516 for defining |ocations where source | andi ng
pads and drain landing 5 pads, respectively, are to be formed. The | anding
pads can be&ygsegedopsconnect toget her the various sourcedmghabsand to
connect together the various drain regions of the fabricated transistor.
The photoresi st mask 510 can be forned by well-known phot ol ithographic
t echni ques includi ng nmaski ng, exposing, and devel oping a bl anket deposited
phot or esi stoetdfl pkide diclegiriaf such af ioninlumpeptaoxide EE426%) andditariu oxide (iOBheflct or
film508 is etched in alignment wth photoresist mask 510 to form one or
nore sili c@ﬂleb@éh‘gsdlélﬁcmi?%%ucéﬁﬁl%@%d:ﬁ Bnd Iagtaqllﬁﬂecmaﬁ@nsF@gt Payen®et desired)
as shown i re 5C... Sem conductor film 508, i ed. unt t he
underlying? 3”@%Wﬁeﬁ@39§ﬁc @ﬁgdb%ﬂﬁegﬁpﬂ Y BOFHLL hduct or
etchin t echni 80 I n e ion

g NEt s Hﬁﬁcxﬁﬁ'@% 5%& ?e“’é St d9§$@1s%r§g;g O bate 83 day

et ching can be use se’m rgnnent with
mask 51§ a§3§ﬂ%eﬂ%n'ﬁ1@éb&@mé&mﬂaﬁé&r52§%Pnﬁ%ﬁ'ﬂiétteﬁ sirfdc 85 PO daéh Sftedred to
form sem conductor bodies or fins (and source/drain | andi ng pads 522

and 524, i feniesidied) bddie 520 abdisEsiel oiBsXdjacen( etk diylectitle 526 fonnsh

t echni ques, such as by chem cal stripping and 02 asking, to produce the
substrat e ehovmljacantfEo ersidesmlls 328 and 523 ofraglaofthd sahiewtduitor baijesias BRI s
formed on and around each sem conductor body _520. That is, a gate

di el ect (rj. cin Bigee 5@2@%&@@@%@6%01@%@%?@?? 5%?0@1!9%“73 ofpotiers Futcet heI |
528
%&T Egg of O%r@sgn g niterns B Pevtpas SLSALY ﬁgp%&%’%‘d%»‘?@féﬁ‘ﬂ?fc iﬁn
" eoentO A By B U L SE o3 SRR, O 0

present i nve y di oxi de

di el ectricgdih ieﬁ’gﬁr(EgY’SWoTﬁw%%ﬁt)é/u’éﬁ‘éistﬁx icghad &180hroRE STESH be fnRA by BIHARE Ment
of the present I'nvention, the silicon oxide filmis grown to a thickness of

bet ween 5- ddpbsitihga aﬁtabletgew eisetibdeahatériud operaiesuibstrany shiotvindn FighlbeS Ty aTle
dielectric filmb526 is a dedposmed dielectric, such as but not limted to
a hi gh di egatetle¢irode omsheformdéd tomthichness BS bedveen 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 fechniques 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
subsirate 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 titaniumoxide (TiQ2) or other high-K dielectrics,
such as PZT and BST. A high dielectric constant filmcan be formed by any
wel | - knownwembfigea, such as by chem cal vapor deposi tpe@astdedblezs2Next, as
shown in Figure 5E, a gate electrode 530 is forned. The gate electrode 5
530 is fornmed on the gate dielectric |ayer 526 forned on the top surface

527 of h of,.th ' duct di 520..and,is,f d dj t
Lo the gat SuERERer e PEogFBEHEm U5 e iond shaniet bt HelrIadl | S°526 and
529 of eac@afginﬁ{ggseaﬁ%gaﬁg%%%%& ﬁﬁg'fgﬁf)ﬂﬁm%% in Figure 5E. The gate

el ectrode S a top opposite of bottomsurface formed on
the insul ati ng 1§uBSHLRE GnP@Ein2EHodda8r the RAsist@fard BEREEh kdm2BRRSE Bodi dewal | s
534 10 and 536. The di stance between the laterally opposite sidewalls 534
and 536 defiQwn dppesitegides of gutgdlériroligF306 IR an bmbhdmeitiof getpeestntamentongr . Gat e
el ectrode 530 can be forned by bl anket depositing a suitable gate

el ect r dile tmaserreceindsiyan raghoms éngbwle tiatoesainsirain exEngen egis - STwee aght e

el ectrode can be forned to a thickness 533 between 200-3000A. In %{1

enbodi ment draistegsior reglans pHOM Hasrespertiiehi faske IBFnKlYRACEISPHHS 317 | east

th times the.hei.ght .509 1 1 bodj T t

el et r ode. T BRIGRATTRARs B TEhCHOG h Tt SRR SREoRaP 3 PERCSr aphy and
t chi t [ o 3 t d
R e e e T R T s

material  £A &A%kt BRWIGH ¥edufds ISP 15 bétick Qistrdi® apB@t bfthe prebadinvermionof t he
present invention, the gate electrode material conprises a polycrystalline

si |'i cor0 gelfsmnédundatrdio Yanding pydat520 ahé 5224 atithed) treyhaybe ddped pirthis ¢inic
invention, the gate electrode material can conprise a netal film such as
t ungst en, alsmtEor a MO Hi-gaieiransistor.rthelsemicapgnetondinscr bodies I20redaped o 2Br ned by

L e A S TR T L O
fhe b R e RN e

phot ol i t hoghapiyitPi RS BSscdieatation siehide gt ab¥chsndens3R Mt i | i zes the
m nimum or snallest dinmension |ithography process used to fabricate the

tri-gamse tdnMddingdn®of the pleadnt infrention, the silicon films are doped by ion-implantation. In.

an embodiment of the present invention, the ion-;implantation occurs in a vertical direction
(ie,a djrecﬁon perpendicular to subsirate 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 s a metal electrode, a dielectric hard mask maybe usgd to block the
doping during the ion-implantation process. In other embodiment_s, 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 rent 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
photolithography.) In an 16 WO 2004/ 019414 PCTI US20031026242 enbodi nment of

t he presenwo nugnbien, the gate length 538 is | ess thapcoigsamseds2d20 30
nanoneters and ideally less than or equal to 20 nanoneters. Next, source
and drain regions for the transistor are forned in sem conductor body 520

SR Y BT S A
ext ensi on Loal e d%@ﬁr"é.cﬁalg@%}ong 84 b %ﬁg@g@nigﬂ-iﬁg%hﬁ%&%%@ﬂ&e%%he

respectively, can be forne l'acl n ts 5 0 sem conduct or

bodi es _520gzﬁé1elba&daesgdﬁﬁziég’sﬁrge?aﬁgkga)fongﬂp&n&he@tebmﬁ@e'é.?»o in order to form
tip regions 540 and 542 as shown in Figure 5F. Source and drain |anding

pads 522 and SRékiaf desived, ilsdsnbstrateshbive im BiguisBFaan bofithet mocesded us forat e
aspects of the present invention. 10 If source and drain |anding pads 522
and 5245 ar addifiduial features.:suelyasthegvilyalogerheoyiregtdrain pentadt ragions,| dgpositerd piligpnpv s
tri-gate transistor, the sem conductor fins or bodies 520 are _doped to a p
type condu@® fhgiseyreeid dran FPeicss aeKe Bt et S, T T st 1 SHP s o,

For a NMOS tri-gat,e transi,stor. the,.sen gonducto ins or bodies 520 is
doped Withm‘h&'f?ﬁg e/ R t\}-ﬁ1§psia8ﬁxrsellta§)o%ﬁ1g a{&éeeil gr%%bn bet ween

| x1020- | x| 021 J I | h ByMagtion, the
silicon filns ?&%%g%nﬁf@f%k%%%?g?%@%Sidaéﬁ’agﬁlg%g‘?tfént of the

present i njp@mtd Oithe bidSwAlRIbf tHEHaR HIRELAS SIeSHbliSphdersoall B¢ LiiARY teloffeet | on
(i.e., adirection perpendicular to substrate 500) as shown in Figure 5F.

When gHl e heakpedurariizaib 80ntact imaplpwtk,\can bé veed tgmblatesbwre/daiteegions fam thre doped
during the ion-inplantation process. Gate el ectrode 530 acts as, a nmask to
prevent t heats elpctiodp turine-a seleativn dlipon depasion pegsessgs Ao hanswdin ¢ sdickls(s) 548
of the tri-gate t{)ans,',s,tor. The chanpel. regi on 54ﬁ is the pfr%iﬁ?n of the
silicon bol§esssE fopR sifigide BB MeSPHCoRNAITFNSeRIRS 45 BY taﬁ%néﬁtg@teéeé Pode 530.

e PR R RS i L phBE i S el Tovbe
enmbodi ment g,: 1181ifa8 fo HRIAERide, $HfHn 88ide, silicon oxynitride or combination thereof over
15  the substrate 500 of Figure 5F. Dielectric film is deposited in a conformal manmer 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
. .ﬁ]m 520 and the top of gate electrode 530. In an embodiment of the present invention, the
dieleciric 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 :am'sotropic 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 eich is continued for a sufficient period of time fo
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solid source diffusion, nmay be used to dope the seni conductor body to form
source and 25 drain extensions. In enbodinents of the present invention,
"hal 0" regions can be forned in silicon body prior to the formation of a

sour ce/ dr aiwp #8860k Or source/drai n extensi on regi onsporhiRbisfRY0NS are
doped regions fornmed in the channel region 548 of the device and are of 17

WO 2004/ 019414 PCT/ US2003/ 026242 the same conductivity but of a slightly
al'o- 1 ogr ol Bics Pty font Pttt uereag ridsao SRR GEb RS At o
Geirod, t e iipl 8 0P8 R0 Rl el AP 5ER ARl ot RehBEvAE cd to' form
5 2ddi 1 onakmfcoatiuie Sodisdisho 35altRRY W ofARPAERS 00 HITALN RDNRRREGETL O

deposited silicon on the source an ons ‘as we

el ectrode, anidewilbsphonnst( whiclofunsidrisahd &ljaht th BReRAVS LA Bl B g0t act
regions as well as on the gate electrode. In enbodi nents of the present

i nventi 8n, %pckedec3Pias shovadndigursiicer s 550 can be formed on the sidewal | s
of the gate elecgirode. .Si dewall spacers can be utilized to offset 10 heavy
sour ce/ drai n cohfectt desissiahscmicondpetordilmsi6Q cpmbg fouhert en tho expsddimaacesr egi ons

fromthe g ‘ Qde .dukj a,selective sjilicon deposition processes and
can be use%!-flg)errilﬁ g‘%;&g%tf’%ogggi?)rag@@&asPBfapgl,ﬂﬁpg |52 ¢ PRES 2 a8 #@%ﬁ%@%‘ﬁand drain
regi ons as syel]qqas Ot ect e acers.can, be formed by bl anket
deposi ting a conf o?%’ §%gﬁt¥§%gﬁdp%g%@mégﬁﬁﬁ%@nﬂﬁq OHWS?"H ?fdrﬁaFed to
silicon ni tlettéle 530. TEORnAROnER oS G8 Be § X% biysUfin LERLL ARk ber eof
over 15 the substrate 500 of Fi%ure 5F.eDi§]}‘e{I e% ric ??i?xﬁ]%?gb{)}g%ﬂg%??ég in a
conf or h@l  fbmnbransmbiotiatent oftpréseniiBvdntios Yasicastubal Hin SE0/@lan ﬁita&mls on
vertical surfaces, such as sidewalls 534 and 536 of gate electrode 530 as
vel | as on(SRglS apvrlbne) silicombles Ingncmbadiment diffe fropntiaGentbn,hd dit@a il m 520
and the toB ogﬁ@%&.e el gctrode_ 530. I n an enbodi nment of the present

i nvent i on, "% e Py p selpstivgderosiion processrwhateby pilieorf isfomfedonlydnby a hot

wal | | owp re. 1: apar. 20 deposgition (LPCVD) process. The
deposi t ed %’ﬁll%%gﬁ g%é&gwl‘fqﬂ%mgﬁ"gflé‘é% f‘ﬁ’gflf eﬁ@?ﬁé"ﬁ? ferace 527 and sidewalls
528 and 529 of silicon body 520. In a selective deposition process the silicon film does

1_5 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. Tn 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 insity 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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the width or thickness of the formed spacers. In an enbodi nent of the
present invention, the dielectric filmis forned to a thickness between
20- 200A. Next, as shown in Figure 5G the dielectric filmis

ani sot r opi A bass/elogied by for exanple plasma etchi ng GerhRdsikiod8sd ON
etching to formsidewall spacers 550. The 25 anisotropic etch of dielectric

filmrenoves the dielectric filmfromhorizontal surfaces, such as the top
of gate el ectrode 53 as well as the top of | anding pads 522 and 524 if
used) and Ieavei“%ﬂ%’?o@gf??”ptﬁhﬂgﬁﬁ?’}“%’ﬁ%%%sS&B}”Hé‘bﬁ%“ﬁé%@@&ﬁtedsurfaces,
such as si dgpal Pa%? 3 ate el ectrode.530. The.etch is continued
for a sufficgc! enthﬁlﬁ)gér:t?%ﬁ 0 a?ﬁ%%g{lggfgﬂﬂéaﬂ%ﬁg@&WW%OSI 026242

[ emove t e bRk gl Mt A1aidriol BrdoEQabBls (RUBdBGER i1l Afla SEPAR Mot
of the present invention, an over et IS u |I|ze&) S0 that the Spacer

mat eri al  orthe dilécos bodwEA(l iocanéd ridermestk i camcntiation adeasiBab-ixotenoved as
shown in Fi ?ure 3G The result is the formation of sidewall spacers 550
whi ch r8n #fosmém tedfordjpacwne cantac fegiondl7 aBpdrainbob@dt refiog 472 Sdevatict r ode

530 as shown in Figure S5H. Next, if desired, a sem conductor film560 can
be formed SPREEIESSRALRSE the seures/deegrcontopt implantagion siep and dnsiay 184D teggong@s | as on
l'-andi ng pads_522 and, 524)...as sho in Fjgure B5H. Additjonally, if desired,
a sem conddcya™ 9@%‘?@8‘#‘3&% ‘?}@)’y}sﬁlﬁiﬁp@@%ﬁ’a{l RRcelp U0 g gbeye refeignsadode 530.
The sem co [ : | e Ck line fi,lmor. a .. ,

ol yor yor aPi s Rl sbifhe ARICRE <7 AW rciiohd s b oo Flie o reon

sem conduched a éduka0? 260ni Thé idnaX HRlregidrSd i ' LdabgRn film
In an enbodi ment of hIel preg%ﬁétﬁi nventr?g(l)n, f{mﬁéeﬁlsl%?{%gﬁkiﬂa@%%%éghgg formed
by a s#b ectidevealtippess 3550 Thpicosies Segdhis affalte figldns BMthb SilitGE HEW ol Y ON
exposed regions whi ch contain silicon, such as the exposed top surface 527
and si dewaf¢pssitegzgicamflg Michfarssdjiceniio BedyistREdgdsrof thessidepatlispedSpbdsi t i on
process th aiig_li on filmdoes 15 not formon dielectric areas, such as

si dewal | 389 prallydhe sqppes/irgncantagtaegions declwtsghe sograsend deimlapdingpadyst al | i ne

silicon fi ibicon filmwoul d al so selectively formon the top surface
of gate el gi(?[q,nﬁgéﬁggau?%hqeg.r msilicon film562. In an enbodi nent of present

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

| 3J. The substrate is then heated to a suitable temperature to canse 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  uwreacted refractory metal and leave the refractory metal silicide on the contact areas, In

-this way, a metal silicide film can be solf-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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invention, a silicon filmb560 is fornmed to a thickness between 50-500A. In
an enbodi nent of the present invention, the silicon filmis fornmed to a

t hi ckness sufficient to provide 20 enough silicon to be used or consuned
during thevw®sgypbioy of a silicide filmon the source ghqe3§dins4L£91 ons.
The silicon filmcan be insitu doped (i.e., doped during deposition) or
subsequent |y doped by for exanple ion-inplantation or solid source
diffusion. The silicon filmis doped to the conductivity type desired for
the source and drain regions of the device. In an enbodi nent of the
present invention, the deposited 25 silicon film560 and 562 are intrinsic
silicon filns (+—e——undoped—siticon—fins)—The—deposition of

sem conductor film560 forms rai sed source and drain regions which

i nproves the parasitics of the device. 19 WO 2004/ 019414 PCTI US20031026242
In an enbodi mentmif iri-Hife RLELHERHN andWERdds @R fabatativh Gt icen Fesgtibed. 51, the
depositgd 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 forns 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.
Addi tionally, the source/drain contact regions include the source and drain
| andi ng pads 522 and 524 when utilized. Next, if desired, a refractory
nmetal silicide 580 can be fornmed on the source and 15 drain contact
regions as well as on the top of gate electrode 530 (or silicon film562)
as
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shown in Figure 51. A refractory netal silicide film580 can be forned with
a self-aligned process, such as a salicide process. In a salicide process
a refractory netal film such as titanium tungsten, nickel, cobalt or

ali ke to bl anket deposited over the substrate of Figure 5J. The substrate
is then heated to a suitable tenperature to cause the refractory netal film
20 to react with silicon portion of substrate 500, such as silicon film 560
f ormed @ggiﬂiggzégbpon bodi es and silicon filmb562 forned on the gate

el ectro to forma refractory nmetal 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
refract bry mAtmgthookierminganonplaptr, sesigsindugiondevixte cotnprisiogn t hen be utili zed

to renmove th 5 unreacted refractor tal and l.eave the refractory netal
silicide on f%né% an%eggfong}lg%{.m%non % %legg%ﬁﬁal aseﬁ’é‘foélflu%tf’lihl?oéiiy 3]@V]fniglam can be
sel f - al pgngdop surtdre a6d M baie bf 1€@41BNSppokitesilléalBat e transistor. This

conpletes the fabrication of a tri-gate transistor in accordance with the

present i nvefrmg a gde digeppmancagisen sytipeossad seoizepdiztor Phds and o1 sait e
transis : [ ' ) cribed. 5 21 IN THE
CLAI V5 éﬁf%%ﬁﬂfﬁ%ﬁé@?@? 8@%‘1S%%ﬁlggﬁéﬁgﬁgﬁ%g%%%%gkg@t or device conpri sing:
form ng a sefinnopdugitoclc@ady onsaid gtdditleatie and adjdcebem saldngicdieleciedy havi ng
a planar ta%)p urface and pgi r..of |aterally opposite sidewalls; formng a
gate di SHERgIly awosits Bdevphls of said semigpndustar bedyssaidriemicosfudierdipdabaviss sai d
pai r of, gak o REEVI) e PARASs @g%itcdég\ﬁfddé- of said sem conductor body;

I [ [

form ng agate el ectrode on said gate electric and adjacent to said gate
di el ectric ofermigiachalcategionl with epbiisi tendsictatelybs inofaidssidcsdnttoobatlyct or
body, said sem.conductor, body having a first conductivity type beneath
sai d gad eé’e%tﬁé%’firgﬁ% lectrode; i

forming a source region and a drain region in said semiconductor body on opposite

sides of said gate clectrode.

2. The method of claim 1 wherein said semiconductor body comprises single crystalline
silicon.

3. The method of claim 2 wherein said single crystalline silicon body is intrinsic silicon.
4, The device of claim 1 wherein said semiconductor body is selected from the group

consisting of germanium (Ge), silicon germanium (SixGe,), gallium arsenide (GaAs), InSb,
GaP, GaSb and carbon nanotubes.

5. The method of claim 1 wherein said substrate is an insulating substrate.
6. The method of claim 1 wherein said substrate is a semiconductor substrate.
7. A method of forming a transistor comprising:

patterning a silicon film formed on a substrate into a silicon body having a planar top

- 'surface and laterally opposite sidewalls;
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formng a halo region with said first conductivity type in said

sem conductor body beneath said gate electrode; and form ng a source
region and a drain region in said sem conductor body on opposite sides of
said gate electrode. 2. The nmethod of claim 1l wherein said sem conductor
body conprises single crystalline silicon. 3. The nethod of claim?2
wherein said single crystalline silicon body is intrinsic silicon. 4. The

devi ce of cl ai.m: ] ai.d sem conduct or bedy,i.s sel ected fromthe
group consi gdt'mﬁ%f %\gﬁégglreir]?g _|ct}ﬁ¥e(%)s?{ars}f)1i’ ?ngq‘feﬂﬁ%{&ﬁﬁfﬁﬂek(@?’ﬂ@gﬁ S DAY um
ar seni defl(aﬁeaqgr)oppbgi&bgldev@lg’ofﬁa@bma@db&pf; bon_ nanot ubes. 5. The net hod of
claim1l wherein said substrate is an insulating substrate. 6. The net hod of

clai m 1 wher €509si$ing @ sategnatenal oversayd sieanchadagnd eversaidsubsitate; 7. A net hod
of form ng I St I8t Ng: el iLicon.filmformed on a
substrate i ?\It)&ot{egﬂgé ?%1@%%8%&%&3;@}%% a% %%%h&%? %16%51% ﬁ?’t’fegé%ecgﬁ%{apfgﬁ%lr ally
opposi t eidpldeavabp syrfi2 of saidkiligob@ht @ddidplcenttts kaid baty dfelefriSai ¢hid op surface
of said sil ilcog b‘gdé' ang cé)n s_gi d g}?i r of laterally opposite sidewalls of
sai d si ifewilswEasd stiepp brdy. syd gaiglcctrde baving laspally epppaitesiidavalla whédy and
over saj i : ' I ar.i g e el ectrode
on sai glluga%% tﬁégl?lglﬁfgg%ortiﬂgl %ﬂ%@? &%)r?m‘!é%fl%ﬁ%ﬁadﬁéﬁtsggh%h?‘%}ta%gaﬁg rfggf d silicon
body ameppatifasidewallsefsaildiligane dielectric on said sidewalls of said

silicon body, said gate electrode having.laterally opposite, sidewalls which
run per pendi QUPHE & ’rtﬁéoﬁlrﬁ?}g?aéﬂ Teﬁl%‘ﬁﬂ)‘bgq“h %‘EIE?IE@I%IQ@PB?S@&“’F s&f Fidon body
sai d | abefaly dppoSiRNGSIEs SF SErBth SleliroR2 el 4 BRRANCIO5TM ARy PR dOf

source/drain regions in said srlicon body on opposite Sides of sal
| at er aldopdegiydyityre is fetosdlin spidfilisen bodydhenewh eait getde]cciubédy midrbetwednanitel

region Vdfggul%f:/fdhfﬁ?}e '0%039&'0“ vity type is fornmed in said silicon body
sard gate ele

)l-‘

beneat rode and between said
forming a halo region having said first conductivity type in said channel region of said

silicon body.
8. The method of claim 7 wherein said silicon film is single crystalline silicon.
9. The method of claim 8 wherein said single crystalline silicon film is intrinsic silicon,

10. A method of forming a transistor comprising:

forming a semiconductor body having a top surface and laterally opposite sidewalls
on a substrate;
' forming a gate dielectric on said top surface of said semiconductor body and on said
laterally opposite sidewalls of said semiconductor body;
forming a gate electrode on said gate dielectric and adjacent to said gate dielectric on
- said laterally opposite sidewalls of said semiconductor body;

forming a pair of sidewall spacers on opposite sides of laterally opposite sidewalls of

said gate electrode; and

forming a semiconductor film on and around said semiconductor body and adjacent to

said sidewall spacers.
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pair of source/drain region; and form ng a halo region having said first
conductivity type in said channel region of said silicon body. 8. The

met hod of claim7 wherein said silicon filmis single crystalline silicon.
9. The nethod of claim8 wherein said single crystalline silicon filmis
intrinsic silicon. 10. A nmethod of form ng a transistor conprising:
formng a sem conductor body having a top surface and laterally opposite

si dewal | on a s baghat_; formng a gate dielectric on said top, surface of

e .
sai d sehl-condlieigtho aigy 40 Sxrthep cemprisipg foaming aypkicids eresaid songpdicor sai d
senicongggHﬁﬁmggﬁgﬁdgggﬁkﬁgxﬁng%hg_electrode on said gate dielectric and
[ n

adj acent to said gate electric said laterally opposite sidewalls of
sai d sem conductor body; formng a pair of sidewall spacers on opposite

sides of, | aterall site sidewal Ls of. said gate el ectrode; and form ng
a sem cL%duc '?mf’%f’&gg A8 FOGEHYSA %Q&llg‘@}ﬁue@hgﬁ%%‘%ﬂﬁ%{ﬂb’ aifdetFacent to
sai d siggwaikibn pRRE|rs- 23 11. The nethod of claim10 further conprising

forming a silicide on said sem conductor filmforned on said sem conductor
body. 12. The nethod of claim 10 wherein said sem conductor filmis forned

by a setgctixe %gﬁpqﬁitgonaproces§. 13, A nmethod of form ng a sem conduct or
devi ce conpriSiHg” ToPiihg a8 uc%‘érrﬂe?f’&ﬁﬁﬁlﬁl?%?n%ody and a second

sem conduct oforagy fask Rusevhdtétat Body HdlateddndSEmAREdEEGYILy S8 A sGHIARST Or
bodi es each having a top surface and | aterally opposite sidewalls and an

i nsul atSeihiitshgneksepadrsmissadvpienbatissach havingmtopsarfacesnd dadrabls ebpesitduct or
podi e sid i A & ARLGA RYGTHhEs bAWEL Qi ARt Shd ARt R AR RRuAB @ T1 T st

and secon
bodies;

forming a gate dielectric layer on said top surfaces of said first and second
semiconductor bodies and on said laterally opposite sidewalls of said first and second
semiconductor bodies;

forming a gate electrode on said gate dielectric layer on said top surface of said first
and second semiconductor bodies and adjacent to said gate dielectric layer on said laterally
opposite sidewalls of said first and second semiconductor bodies, said gate electrode formed
above said insulating layer between said first and said second semiconductor bodies;

forming a first source region and a first drain region in said first semiconductor body
on opposite sides of said gate electrode;

forming a second source region and a second drain region in said second
semiconductor body on opposite sides of said gate electrode;

forming a source landing pad which connects said first source region and said second

" source region; and '
forming a drain landing pad which connects said first drain region and said second

drain region,
14,  The method of claim 13 wherein said top surface of said semiconductor body is

separated from said substrate by a first distance and wherein said laterally opposite sidewalls

- of said semiconductor bodies are separated by a second distance and wherein said gate
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sem conductor bodies and on said laterally opposite sidewalls of said first
and second sem conductor bodies; formng a gate el ectrode on said gate
dielectric layer on said top surface of said first and second

sem conductor bodi es and adjacent to said gate dielectric |ayer on said

| aterally opposite sidewalls of said first and second sem conduct or

bodi es, said gate el ectrode forned above said insulating | ayer between

said fi id s nd,.sem conduct bodi.es; fqar.m a first. source
"ot on ot ahes 8oy SE RAAM eSS Al PReieT v B ey

opposi t firsgisdemdaid satddigahe @t atistatdaly éqam ng a second source region and a
second drain region in said second sem conductor body on opposite sides of

said gate electrode; formng a source | andi ng pad which connects said first

sour ce {201 OB A FR} AriE U RS LB ARY,S 0 M ng a drain | andi ng

- ing: : _
pad whi ch connects sal rst draln region an &4%d second drain regi on.

14. The met hfstinifg acdeiicondiBetahiprdyi Havegi dtop eprfedhatecraly sioditegatwarduct or
body is separated fromsaid substrate by a first distance and wherein said
| at er al 32 848t e sidewal |s of said seniconductor bodies are separated by

a second di s{ah i ' 0 L Of
| ateral ly opposﬁj?eaaésh?ed%@vng:@sc q@g?ﬁ%@@ﬂ%‘%@% %f&r(gl sg’lﬁisltIa %ﬁ%@,@%gelFeei n said
first, sdavoaild ofisaldséricdndlicstrdedy are substantially equal. 15. A net hod of

- form ng a sem conductor, devi ce cqnprisi,ng:. form ng, a sem _conductor body
having a to OEHWE&?@%%?{ECW‘)&FQpéﬁlﬁgwﬁﬁﬂg?q{"‘é[%fﬁwqa@P Sprace OCs%l%'é't rate;

for m NGsesi @Bt Bt iadjabdt 85 sl gieldfkld P BT AGEi ARG 99 ?é)éi'te' ateral l'y
opposite sidewalls of sald sem conductor body; formng a gate el ectrode on

sai d gaidevaills péeaid pemicendnctosihodyi d top surface of said seniconductor body
and adj aCentfo}n?_inﬁ%ip%ir%?tsgurgtiz/ﬁrla?ncéy{rtei:n%ioln% ¥ Sai Qen%i%(i)nddul:t%} g(r)(%! (l)r}/ 0}9[%&1%? Ite
sides of said gate electrode;
forming a pair of sidewall spacers on opposite sides of said laterally opposite
sidewalls of said gate electrode and on said source/drain extension in said semiconductor
body;
forming a halo region in said semiconductor body beneath said gate
electrode;
forming a semiconductor film on and around said semiconductor body adjacent to
said sidewall spacer; and
forming a pair of source/drain contact regions in said semiconductor body adjacent to

said sidewall spacers.

16.  The method of claim 15 further comprising forming a semiconductor film on and

around said semiconductor body adjacent to said sidewall spacer.

17. The method of claim 16 wherein said semiconductor film is silicon and said

semiconductor body is silicon.

18, The method of claim 17 further comprising forming silicide on said silicon film

" formed on said silicon body.
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sidewal I s of said sem conductor body; formng a pair of source/drain
extensions in said sem conductor body on opposite sides of said gate

el ectrode; formng a pair of sidewall spacers on opposite sides of said

| aterally opposite sidewalls of said gate el ectrode and on said
source/drain extension in said sem conductor body; form ng a halo region
in said sem conductor body beneath said gate el ectrode; forning a

sem conggict o Q4 nd.sai. sem ondu t or bod cent to said
si dewal §spagg%hkﬁng¢§g%?§§ T4 pa Fo%%ﬁ|¥%ﬁe %FW“%@R% ‘h&%aP%ns in said
sen conihusbmatifiody adj acent to said sidewall spacers. 16. The nethod of
claim15 further conprising formng a sem conductor filmon and around

sai d sem conductor body adjacent to said sidewall spacer. 17. The nethod of

I 164 Wh Lo - § ] d duct
body 1 531 11 Sa MefRUSCREM T8 RALRLPLid baPb SR bR BoRi SR S RbREng
si | i ci dey mm isplahtaiohi con film fornmed on said silicon body. 25 19. The

met hod of claim 15 wherein said source/drain extensions are formed by ion
i npl antation. 20. The nethod of claim 15 wherein said pair of source/drain

contactaf, eg'RQﬁetﬁécFofftQﬁHﬁgasQﬁﬁldoﬁ dt%e@ﬁ%%&ﬁlﬂ%qsm 1. A method of formng a
sem conduct or devi ce conpri si ng: orm ng a sem conductor body on an

i nsul ati-ng slobwinga @mlcsmddctelebndymmchnanmﬂatmgdybstﬂaw said sanicophstorbade

opposi t,e_a bo tom urface farned on_.sai.d insul ating substrate erein said
top surfAEIEqep ?ﬁea{’tp@as“ferag?ﬂt@ﬁ Wrigee famed or syd nsplpiime substiptediistdRce and

wher ei nsafibfof surface 18 separated from said bottom surface by a first distance and wherein said
semiconductor body has a pair of laterally opposite sidewalls;
forming a gate dielectric layer on said top surface of said semiconductor body and on
said laterally opposite sidewalls of said semiconductor body;
forming a gate electrode on said gate dielectric layer and adjacent to said gate
dielectric layer on said laterally opposite sidewalls of said semiconductor body, said gate
electrode having a pair of laterally 6pposite sidewalls, said gate electrode having a top
surface opposite a bottom surface formed on said insulating substrate wherein the distance
between said top surface and said bottom surface define the height of said gate electrode
wherein said height of said gate electrode is at least three times said first distance;
blanket depositing a dielectric film on the top surface and sidewalls of said gate
electrode and on the top surface and sidewalls of said semiconductor body and on said
insulating substrate; and
an isotropically etching said dielectric film for a time sufficient to remove said
 dielectric film from the top surface of said gate electrode and said semiconductor body and
. from said insulating substrate and from the sidewalls of said semiconductor body to form a

- pair of sidewalls spacers adjacent to the sidewalls of said gate electrode.
22, Themethod of claim 21 further comprising forming a semiconductor film on the top

- surface and sidewalls of said semiconductor body adjacent to said sidewall spacers formed on

* said sidewalls of said gate electrode.
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sem conductor body has a pair of laterally opposite sidewalls; formng a
gate dielectric layer on said top surface of said sem conductor body and on
said laterally opposite sidewalls of said sem conductor body; form ng a
gate electrode on said gate dielectric |layer and adjacent to said gate
dielectric layer on said laterally opposite sidewalls of said sem conductor
body, said gate electrode having a pair of laterally opposite sidewalls,

sai d gatg el e op.. surface o site a bottomsurface,forned
on sai d&?hsuﬁg% F‘%g%élu?\él@g@g %egerl%usaﬁdf’?%“’aﬁ"g‘@g?ﬁ ch’é’PR%eéﬁH]ECSP&“@B%dsurface
and sai serbiobhduttes boflpcanpiedes siticéhe hei ght of said gate el ectrode wherein
said height of said gate electrode is at |least three tines said first

di stance; bl anket depositing a dielectric filmon the top surface and

i dewal f ' . f ' f
cai d setn condror R s lafhas A oBREk R, bk kO ARG T GRIEH 4 ©
i sot r optopaiuttyceednalsidegratiaibfisaid sliemtbdady; fil mfor a time sufficient to renove

said diel ecflri.c filmfromthe top surfszlg;e of. said gate el ectrode and said

seni conduct o eaB‘B&ﬁaiQﬁHbSt‘:raFeoﬁ‘h%é‘i ErartTald) s Gondilanasd spigreftachy medthte fam
si dewal é?ef&%to?}air@_taz @i'l‘ibﬁ@%%&ﬁh@fqp%cé hd' deNafls OP%%SiH%LH‘IZHOq wal | s spacers

adj acent to the sidewalls of said gate el ectrode. thod of claim
21 further conprising formng a sem conductor filmon the top surface and

si dewal of ,sai em conduct or. body adj.acent to said sidewall spacers

f or med %5; s‘éi_ tﬂq%@@gm@g&ﬁra@mr @JéIF%ctrople. 26 23. The method of
clai m 22 whefoiihgShdethieo@uSBNBMIS RN InG al t5h SQIREAE Tatcthily GpdsidddamiR

sem conduct or body conprises silicon. 24. The nmethod of ¢laim 23 further
conpri s‘P%S’v}hSHﬁtR:’et depositing a refractory netal on a top surface and

si dewal | s of Sili rand .ng sald.substrafe s s to react said
silicon fil ngog‘ﬁlé‘gsaaéaléé @%F’g@%rsf}‘ﬁﬁéé st PheB OF S semicontiupior PadX et | 1o de
over t Hetetadly cppoditecstdantls 5f sedvednhisorafuce@bddygi | i con body. 25. A nethod of
formng a trfans_i stor caonprising:. . ) _ ,
orming a gate electrode on said gate dielectric and adjacent to said gate dielectric on
said top surface of said semiconductor body on said laterally opposite sidewalls of said
semiconductor body;
forming a pair of sidewall spacers on opposite sides of said laterally opposite
sidewalls of said gate electrode, and not on said laterally opposite sidewalls of said
semiconductor body;
forming a semiconductor film on the tdp surface and on said laterally opposite
sidewalls of said semiconductor body and adjacent to said sidewall spacer; and

forming a pair of source/drain regions in said semiconductor body on opposite sides

of said gate electrode.

26.  The method of claim 25 further comprising forming a halo region in said

semiconductor body beneath said gate electrode.

27.  Themethod of claim 25 wherein said gate electrode as a height of at least 3x the

height of said semiconductor body.
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form ng a sem conductor body having a top surface and laterally opposite
sidewalls on a substrate; formng a gate dielectric on said top surface of
sai d sem conductor body and on said laterally opposite sidewalls of said
sem conductor body; form ng a gate el ectrode on said gate dielectric and
adj acent to said gate dielectric on said top surface of said sem conductor
body on said laterally opposite sidewalls of said sem conductor body;

form ng pai i | [s.on.oppesite sides of said laterally
opposi L2 o s Biepar e SRR SpRBrRBRE T B e wiRlSraufar
opposi t sersicoiait@tdr $ilmfonsaldiop s@itice andl sid iterBOEYppokidd SHAGRIR oFeaiiconduct or
filmon the top surface and on said laterally opposite sidewalls of said
seniconﬂﬂ%@%?hﬁﬁﬁgoﬁﬁd adj acent to said sidewall spacer; and forming a pair
of source/drain regions in said sem conductor body on opposite sides of
said gate electrode. 26. The nethod of claim25 further conprising formng
a halo region in said sem conductor body beneath said gate el ectrode. 27.
The net hod of claim 25 wherein said gate el ectrode as a height of at |east
3x the height of said sem conductor body. 27 28. The nethod of claim25
further conprising formng a refractory nmetal onto said sem conductor film
~on said top surface and said laterally opposite sidewalls of said

sem conduct or body. 28 :
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