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+ VWO 2005/ 010994 PCT/ US2003/ 040320 NONPLANAR
SEM CONDUCTOR DEVI CE W TH PARTI ALLY OR FULLY WRAPPED _
ARCINEN BATE ELECTRODE AND METHODS OF FABRI CATI GRCT/US2003/040320
BACKGROUND OF THE I NVENTION 1. FIELD OF THE | NVENTI ON
10 [0001] The present invention relates to the field
ofNGNRLANARCE EMICONDLIGTOR DEMICEIWINH RARTIALLYI@QR FULLY
and nore particularly to a nonplanar fully depl eted
WRARPEDAROUNB I GASE BELECTRODBHAND MEVHODS QR EABRICATION
wr apped around gate el ectrode and their nmnethods of
fabrication. 15 2. DI SCUSSI ON OF RELATED ART [0002] In
order to increase device performance, silicon on ‘
insulator (SO) transistors have been proposed for
the fabrication of nodern integrated circuits. 20
BROKGROUMND o tiat asvenTi@Rdard ful ly depleted silicon
on Insulator (SO) transistor 100. SO transistor 100
includes a single crystalline silicon substrate 102
having an insulating |ayer 104, such as a buried _
1o61deDf OF gz iHEEBTHONA single crystalline silicon
- body 106 is “forned on the insulati ng | ayer 104. A date
dielectric layer 108 is formed on the single
crystalline silicon body 106 and a gate el ectrode 25
[0098] 7Be msesey invantigatreladsiostherfiald o gemisanduestor integrafed circuit

e
oSl heyina PRBiY & iVl wiphed i arpd gat plcyBde tind their

H{bc}gﬁ{n&,%?@{:?% .adl ents for optim zed_ on current/of f

curren In order to achieve idea
subt hreshol d gradients with. transistor 100, the 30
t hi ckness of the silicon body 106 nust be about 1/3.
2t DRSS ISS IIN @FER%%Q'E[?RW 1 WO 2005/ 010994
g the transistor or Tsi Lg/3.
Fbmever, as gate |l engths scale especially as

[0002] In order to increase device performance, silicon on insulator {SOI)
transistors have been proposed for the fabrication of modern integrated circuits.
Figure 1 illustrates a standard fully depleted silicon on ingulator (SOI) transistor
100. SOl iransistor 100 includes a single crystalline silicon substrate 102 having

an insulating layer 104, such as a buried oxide formed thereon. A single

- crystalline silicon body 106 is formed on the insulating layer 104. A gate dielectric

layer 108 is formed on the single orystal!i_ne silicon 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.

- {0003] Fully depieted SOl 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 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
1



+ they approach 30nm the need for ever decreasing
silicon filmthickness (Tsi) makes this approach
W0 zessiogky i npractical. At 30 nanometer gate Immhoosmoszn
the thickness required of the silicon body is thought
"to need to be less than 10 5 nanoneters, and around 6

(hay) ofithee traheistar G2Orsnanqyrs! efovesier, é@gﬁtel’iengrﬂrﬁs scale es?emally as
fabrication of thin silicon filns with thicknesses o '

theysappinaacii 80naw thheeheed for ever decssatingesilicon fken thickness (Tsu)
extrenely difficult. On one hand, obtaining wafer
makes this tappooactt inereasitegly Mpmwcaian%ﬁﬂ pandmeter gate Iength the -
difficult challenge. On the other hand, to be able to -
bisinass reguised ohthe silicarsbedy isdhaugh t@mﬁeﬁd@rbﬂe}’e@séhan 10.
re ons to decrease junction 10 resistance, becones

S ngnRige arﬁp%%amt@ds@ Reeomgterfar a 280 nanasnetergate langtmeThe -

BRRSGG o0k 508 Pis e t%fnglsqkﬁag%nc? eS80 1) Bandisters, is
ERidaE S ety bk Ondte dg‘ﬁ%qallor%t;yva&%m@rmﬂy on
A R A B B e e
tg%?%é‘ct@iﬁé& tHPhimg ?d’f ﬁ1 AiSkd %&gﬁé@ﬁﬁa@ﬁbldl&%% cﬁé%‘ijé(ase junction

ornmed on an I nsu INng Su rate

10 rdls%taﬁfder ibecéRfes! Ainfolt MBiSb<¥bIE Whcd #Esh smé@ %gjleg Ergﬁmte

body 202 and a gate electrode 208 is orne

sourtéreralntregione beebiics AMURRIT@GIRtH GatbWich Shelemarehs cleans
the silicon body 202. A suffici ently thrick insulating

foligwing2he gate efchasn@Bpacdr ato lerving theuffiieat tsilicoal 106 for silicon to
i solates the gate electrode 208 fromthe top of
gowiwon body 202. [0005] Double gate (DG device 200
essenti al | ?/ has two gates, one on either side of the
[e8RH erloybler grte dBYd ot vigss stigb @stshewsoindf igueest %A@@du%% have
- 200 has a aate on  each side of the channel, thickness
15 beps Broapse & @lfw@@rithscﬁﬂm@athlo&aea% issLe. e d@mblgegaée (DG)
n VIC [ obtain a fully depl
BB AP Bictsia £ Defy 2ons8m e B an sulhtBSfRustote 204, A
' a
o ERecie B ¥ s PR B Side sné*ﬁth%g@{ceﬁ}&d&e%@?ﬁn”ﬁa gate
i

<RI D s G5 ha i A6 o e ABREYR; 208 RS the two

sRId & thERAORRVHY 238, AZufficiently thick insulating layer 209, such as
— 20 silicon nitride, electrically isolates the gate electrode 208 from the top of silicon

body 202.

[0005] 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
25 asingle gate device and still obtain a fully depleted transistor operation. That is,

with a double gate device 200 a fully depleted transistor can be formed where Tsi

= (2xLg)/3. The most man'ufaoturabie form of the double gate (DG) device 200,

however, requires that the body 202 patterning be done with photolithography that
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+ WO 2005/ 010994 PCT/ US2003/ 040320 is 0.7 x smaller than

that used to pattern the gate length (Lg) of the
av2meo10bey order to obtain high density integrgtees2003/040320
circuits, it is generally desirable to have the nost
aggressive |ithography occur W|th respect to the gate

Lomiin vl g o ALy ey 1

wiiéi loasbthin Migh eRsty rrm@g;@téu)mﬁtsautwggn%uﬁ Ub@ﬁ-éb%' B%have the

of the channél) these structures
o steygséysivh fiﬂwbgtépthyt&oijahrﬂm%pecﬁ@rth@)g@f@ieﬁgtﬁ Lﬂd ) Hhe gate
body 202 requires a silicon body etch
gieaithelec?G8.s Although, M!é@ﬁemttdtt@'@s@ﬁﬂblﬁ th@&hlakness of the
(hei %ht to wdth) of about 5:1. [0006] Figure 3
sﬂncpn imdssedherel hew isod gRIREBE BitBEOSIAEH tine Channalf these
MOSFET 300 10 includes a drain region 302 forned in a :
S&éﬁi%@ﬁdlmw@fers@@shlda@@sfy iffcultia fabricatel Fooaxainblarsilicon body
2@83 IS, on the sem conductor substrate. A gate

PR ‘?fr @ ﬁllwarbodyc&tclam@@ gt ereduseta aléjeofsbﬂdﬁﬂém with an

oS oTas LR bl Gt Brhe s oom pirrar OO

18904 Pty o BePabR i DY afBsmnamuler e i aRHER 300
s A 5 TR b M i
s Ptar @g95§ S &h | HEsé’rhldo%uEﬁFEgst‘r apgbafeyglelectrzc layer

source an rarn regions are processe

o9 o s denco e arid) SRbOBERHLTIEE, A uro

rg0B03P8 S fnrmreedlon theampi dflthis silRbh @MRT Gurrent flows between the
cross-sectional view of a depleted substrate

squrea sinst dnain 25igra0ing] diFrccioresePandindldritg HiesdBstrate. A problem
illustrate a double gate depleted substrate

with &'ﬂ\% pEas MO\_BEE@'QQOGZISQDBES:fotmedmnhhl glalsonasd Bod Lptoaventional
P ar MOSFET. 3 WD 2005/010994 PCT/ US2003/ 040320 -

p Péeiféipg #@@ml@@emm@her Poehlea with the pilpa MOSEE Zis tatdhe

havi n dafull@y W a around or an al npst wrapped
sar s & gcgﬁglr o)ialeich geprocessed separately resulting in different electrical

properties for the regions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figure 1 is an illustration of a cross-sectional view of a depleted substrate

transistor.

[0008] Figures 2A and Figure 2B illustrate a double gate depleted substrate

transistor.

[0009] Figure 3 is an illustration of a pillar MOSFET.
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5 [0011] Figure 5is an illustration of a nonplanar
transistor having nultiple sem conductor bodies wth

WO plokygioawapped around or partially w apped ar orQuU/US2003/040320
gate el ectrode. [0012] Figures 6A-6Gillustrate a

met hod of fabricating a nonpianar transistor wwith F

-10 a fully wapped around or al nost w apped around

gate electrode utilizing a subtractive fabrication:

[0 DR]eisigLrdsDOAINC Mugiratesa nénpRaNEF transiskirdaginges Rty wfapped
form ng a nonplanar transistor with a fully wapped

‘aponddr gat aimeist oraped around gdteedéctmadapped around gate

electrode 15 utilizing a replacenent gate fabrication
process. [00141 Figures 8A-8G illustrate a nethod of
form ng a nonplanar transistor with a fully vvrapp :
lﬁmlrﬁgg%ﬁ 2 ixpe dtustyation of arnanplanar trangisieichaviog mauitplee
el ectr zi.ng [ep acenent gate fabrl cation

meee@ucﬁ@bﬁ@@@wm Hillvevepnnedzarpiag oRRpEiRlly wrapped around |

d@é ratges body hei ghts and body w dt hs which can be
C(Br Gt ai n partially depleted and fully depleted

nonpi anar transistors having gate |engths (Lg) of 30
nanonet ers and 30 nanoneters. DETAI LED DESCRI PTI ON OF

L S .
a%!l? v@éﬁﬁéd Q%M%M&tW%?g%%‘%%lﬁﬁﬁ%ﬁél et 6Jl=?ytmzmg a

channel region or gate ele

sabtracweyfa\mggﬁ@,qj ﬁj’d@ggd the channel region and their
net hods of V\D 2005/ 010994 PCT/ US2003/ 040320 :

fabrication. In follow ng description nunmerous
specific details are set forth in order to provide a

[@H3] biglrearider Btitualiatg aometiiol pfifesainy 4 nueptanantrahsistor with a
ot her instances, well known sem conductor processes
ftdeNWﬁ@ﬂaaf@und ggte eleistrodeay ancalmasbwrappachacestr gatedslectrode
articular detail in order to not unnecessarily
UBE?é g PdeprReeRat §stnmfalrieplian ipsPcess0017] The present
invention is a novel nonplanar transistor structure.
In an enbodi nent of the present invention, the

(002 2PFRRAEs BARE iRl atd BmBn Y & forming a nonplanar transistor with a

fully wrapped around gate electrode or an almost wrapped around gate electrode
utilizing a replacement gate fabrication process.

[0015] Figure 9 is a plot which illustrates body heights and body widths which can
be used to abtain partially depleted an_d fully depleted nonplanar transistors

having gate lengths (Lg) of 30 nanometers and 30 nanometers.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

{0016] The present invention is a novel nonplanar device structure which has a

gate electrode which is fully wrapped' around the channel region or gate electrode

which is almost entirely wrapped around the channel region and their methods of

4



., electrode which is fully wapped around the channe
' region. In another enbodi nent of the present
woverstongns t he nonpl anar transi stor has a gat e PUA/US2003/640320
el ectrode which is partially or alnost entirely
wr apped around the channel region of the transistor.
fabrieaticly.ant gewiiy deddriptidhTinerotsispeclicaRitSiILARCEd1GE8N in order
- which is fully wapped around the channel region or
toapnowile atorangivnddetstanding o the pgisent inventibat It bilies instances,
easier to deplete the channel region of the device and
welhknew) sestieandusior piticekses and Tsanufactdring dechrigges have not
di mensi onal constraints of the sem conductor 15 body.
| begnideseihed in pasiicandeteildn praer tpaot uanegessaritypabsturg the
the channel of the device, the drive current of the
§  prgsentiveRlithhanced by providing two additional
: s.in the deyice which increases carrier density.
Iﬂ@@ﬁﬁl@ﬁe PIERGNL VNN 4% aiRvieh BRAPKN e 8RsISIa SiyCHIKg, 1N an
‘ ansi st.or. 400 which has. e}t her fully w.apped n
ebBiey 3 e Peent ihyeion toeriangsaniransiial Bro arapte

o5 SR S0 SR REE OB,
- efbBMInRInt S B¢ Brelfint ro'ﬁtibWﬁ’%%ﬁlﬁHﬁéWeﬁns%tSFﬁéé’ Sate

e gat de’i's y W apped ar o

o~ 10 elbBfoddanngl is[@i@fiél& S alhftat @ﬁméh?wr?@k&yél%uﬁg tgﬁcﬁﬁgnel region

») - Cross-sectio virew of Figure 4A en throu

ofdhé traplsREdIT O atiaitagof @&f@ws@ét@ﬁhé\ﬂﬁg d GatbWibdtrode which is
wr apped around the channel region of the device. 25

fullherappgd amanddheichanat! regfion or abndsdedllarbond tsechanitel region is
- fully depleted substrate transistor application. The
thabih jg easier edepletethe wttzmmnel regidon detheadavicanand thereby relax the
- . sem conductor body 408 formed on an insulating
thigkpess kst awd wigth d¥(=d) dimkensienal conairaintssof ibermsiisanduesor
- t face, sidewalls and on at |east a portion of
15 badye Adsiticnall, Bivconirighosbnariely eupoerioadae shaunekadne
: of the sem condugct body. A gate electrode. 424 is ...
defligandie VG RaTaar el heidnisa i sty B MEVEI tup Pagiional
' is for dj acent to the
oofiorg 1137 BRFER A IncaBies ilmel BRRRTS' of e
' Iy : ta..
IO RS R o SRRt visy B Mt AT Ea Ty B 488 hich has

| PR g S am Rt Bl 8gpes round e

— 20 elsdtark infadchaidvicarith eatictitteAtlof the presehttingeriing Figure 4B is
a cross-sectional view of Figdre 4A taken through the gate electrode when the
gate electrode is partially wrapped around the channel region of the device.
Figure 4C is a cross-sectional view of Figure 4A taken through the gate electrode
when the gate electrode is fully wrapped around the channel region of the device.

25 The nonplanar device structure is ideal for use in a fully depleted substrate

transistor application. The nonplanar device structure includes a thin

semiconductor body 408 formed on an insulating substrate 402. A gate dielectric

422 is formed on the top surface, sidewalls and on at least a portion of the bottom
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el ectrode and gate dielectric surround the channel

region of the sem conductor body 408 on three sides

avid 2005/0889%94 east a portion of a fourth side, the PCT/US2003/040320
sem conductor body can be easily fully depleted when

the transistor is turned 10 "ON' thereby enabling the

$unface obthecferaicbntiligtor bptipt Aogdte atsitaide 424 ihfcgried on the gate

| engths |ess than 30 nanoneters without requiring the :
disteatric 422 oatthiertop suiface df theseminadidastor badyy id formed adjacent to

photolithographic patterning of the sem conductor

ate digeClgicrierrsed s thesidewalls aftbe gamicordigttor body and is
f t he device. That is, the structure of the
W&ﬂd@%ﬁeath Hie paleotielscticiorped sumthe bottormistfaca affites
| eted transistor 15 to be fabricated where
?EHB*CPH&H E?@de S%C%@ﬁﬂ&éﬂweg&nsmf@;oanadﬂmﬂw%@mwonductor

R of ot oafents Sabbid Hermrumine gate

é”‘??"'] 06 % gt e R SEMoub 48 B A Both. oBe BeDisaductor
1490 on Ly S B e oo BRI fhuBli B, e |

S LB oIt Sl e

“ON' Rty GRsIRR ﬁé%ﬁﬁéhdﬁ‘@ﬂa FRy dbRR ﬂﬁé’f‘%ﬁi@? gate lengths

"OFF" résulting in [ower power consunption

|Essathaine30 nénemeteslvathiut reQUIRhG iR udd Of uRrARAFCSSHARSAductor
W th enbodi nents of present invention are illustrated

biadigd gureguiringtghotatithogeahic patieriing of #R0semicmduetordddies to

on an insulating substrate 402. In an enbodi nent of

Chfﬁ@n{élpég éens thanvibetgade Jerigib (Lal ofithesievite: dinat £02he structure of

i ncludes a | ower nonocrystalline silicon substrate.

ta@moual@ﬁamﬁaeﬁﬁt@r Cffdhﬁlﬁkﬂe$€?ﬂt|"h\éﬁﬂt@ﬂl &f@bﬂ%@/érfu%%epl@t&ﬁﬂranastor
ide film pl anar transistor

f%??s%zl‘@é?c fegﬁvfb%e? b AakBpe S DAETDicenas D0 bafD Epddas width of
MG BRVTET SRR 7oL 19 B SofedSnah o hirdavis | BESause the
AR AR B PR e
e 8 BT, et %e%!*a??b‘%ﬁzé‘g%w&’éé" erennandd,
sbiotyesHtid eRIpDEIEANEHNAS /dRid4de at 25°C) and a reduced drain induced
barrier (DIBL) short channel effect of less than 100 mV/V and ideally about 60
mV/V which resuits in lower leakage current when the device is turned “OFF”

resuiting in lower power consumption.

[0019] Exampies of a nonplénar transistor 400 in accordance with embodiments of

present invention are illustrated in Figure 4A-4C. NOnplanar transitor 400 is
formed on an insulating substrate 402. In an embodiment of the present

invention, insulating substrate 402 includes a lower monocrystalline silicon

~ substrate 404 upon which is formed in insulating layer 408, such as a silicon

dioxide filtm. Nonplanar transistor 400, however, can be formed on any well-

6
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wel | - known sem conductor material, such as but not

limted to silicon (Si), germanium (Ge), silicon

Wy o014y Si ), Gey), gallium arsenide (GaAs); |PSUS2003/040320
GaP, GaSb and carbon nanot ubes. Sem conductor body 408

can be fornmed of any well-known material which can be

khewRriaslbin@sliBS®stel dURM ANs it ed fd?ﬁ'ueg R éiﬁcf%.odiaxide,

conductive state by applying externa ectrica

nitdoes, abddesseifidcsibngegr body 408 is ideally a single
crystalline fil mwhen the best electrical perfornmance
[@020] Nopdarsdrarard®or 460 thasidesoa sEaticentutitdrebody 408.

sem conductor body 408 is a single crystalline film
Ssinginondacisi body 408 Prowdes dik sourbegbgioar430, draineegion 432 and
applications, such as in a high density circuit, such :
chanrelregicspt it ebtherdevir Semitmtductdrdaydysdd3 cas be formed of any
however, can be a polycrystalline filmwhen transistor -

- welleknoyvn seiiqondugisirineterish such eguiutined liméted tetailicagdBi),

such as in liquid crystal displays

. ,gerfoy man(ge | i F ays,
- OPHEENAMICEh GHICORLArMPBYIS drbSemki 9llvm pERgnido(CanelnnSh,
- CRHT4R R et nanatbes SRrRbRaictos baet 4R sende fomed of

P g Ry S e B AR P 5 b sttt

15

25

I o [ ' I : s .
a OhBLENYY RREDY Ry EX—NG odrEaborkbis SRR body
) . , .
O e e X b Mo AR iR B o
transistrstonRiLddélrad. Ther élihpiBC SefioMRRidritodyarsidrd sfgle
416 and the bottom surface 418 defines a bddy height"
ciy$tallinelikh whendrarsidiodd 0@ i usdd Rbhigheepfcesemice applications, such
invention the body height 420 is substantially equal
as in athdglbddpsity ctduit, EWeh ps4lrmicropranessab oSemicandotidriedy 408,
present invention, the body 408 has a wwdth 414 and
hewpwer, camdie a peiycrystaling dim sdendnansisior $08rig usaé én applications
| ess tggn 20 7 WD 2005/ 010994 PCT/ US2003/ 040320
reh S 1e8P SINGENE hesioppanaeniuchrag ieligiid sevatal disrlays. drsulator

4‘2‘%}?{15[?183%5 Ei%iﬁﬂfgéqﬁ?qﬁﬁﬁfwﬁg%ﬁdnﬁg%lﬁﬁgﬁw\%ﬁtggbstrate 402.
B BeEg PSR SR, S LA S s fomec

, | ; ion 350 of 5 seni conduct or
frcgﬂgg&;éﬁ\%e gﬁ@ﬁwg‘@%@ﬁ%} subadj acent to at |east a

[0021]t Semicinduifor body 408 has a pair of laterally opposite sidewalls 410 and
412 separated by a distance which defines a semiconductor body width (Wsi) 414.
Additionally, semiconductor body 408 has a top surface 416 opposite a bottom
surface 418 formed on substrate 402. The disténce between the top surface 416
and the bottom surface 418 defines a body height (Tsi) 420. [n an embodiment of
the present invention the body height 420 is substantially equal to the body width
(Wsi) 414. In an embodiment of the present invention, the body 408 has a width
414 and height (Tsi) 420 less than 30 nanometers and ideally less than 20
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bottom surface 418 of the channel region 450

sem conduct or body 408 as shown in Figures 4A-4C. In

W@ 2MEYEIP | y overl ap embodi ment of the present PCT/US2003/040320
invention, as shown in Figure 4B, the gate dielectric

| ayer 422 is fornmed on or adjacent to sidewall 412,
panemptasar faea emBodioens of the presant investiceviak boththeigitt 420 is
és formed on 10 a ?ortlon of the bottomsurface 418 of

%ffwet%hédbﬁdwdydw 484 iR dimesdherndy widiindddd evval |

'@b@%&@ogp the center of the hottom surface an

H&V'CB&QQ A el dislacdnic Bver &%sﬁé@t@aqilelectnc layer

$481< RARERor fo SOk SRt &%Eﬁ@gg%ﬁé?%%gcﬁ

T BtbReEror By 45 el A8 S suiioett fo ablkEs agrortion of the

S S BB B o
lh*FﬂguMsWAWp 2?’\ gaﬁt%l@l a\&é@%ﬁéﬂﬁ% rrfé}ﬂ"c‘ﬁéﬁé'ﬁi‘:é%ﬁt%ventlon as

the gate di
s&tbvﬂﬁ RIigle 2B ﬁﬁ@béte@é’lecﬁﬁ e 42?9:%%@890%&@%%]%9%1: to

or adjacent to sidewall 410, and on the ent

sldealc81218n @cﬁ&sbﬁa@éﬁcﬁm edn bﬁ‘ﬁﬁjﬁﬁeﬁftosﬁﬁé\ﬁf@ﬂ‘ d40taMd is formed on

body 20 408. te dielectric |ayer 422 can be any
anpoitiokraithe gationtseifac 418 of symicondactr baaiydd whith é)&ends
the present invention, the gate dielectric layer is a
fgamisigawall $%2 ttmNar@Sﬁba):enmrlufd:!wbobt@mml surfate 415 CXM1s a second
or a silicon nitride (Si3N4) dielectric layer. In an
@%@awmn exendadop siewalli aods theneenrfar portion of the bottom

Iectrlcl yer 422 is a silicon oxynitride film

| Si” aREd 180 1R thRiaRABEWrapPesarpkad estzaliment saawn in Figure 4B, the

IR ABIOE Ity 422 G3eR 5 l%%tﬁg{h%gg% WindiSaoishe
ﬂif@#ndrﬁ#é“‘b@%@%%ﬁ{ﬂ%ﬁah?ia‘frﬁe BB M e i
ST DO S B (19 B v

Zi rconi um oxi

eﬁ%&!ﬁ%ﬂ%ﬁ%ﬁ%@ &dréQ@Qﬁé @bﬁﬂﬁ%&ﬁ@%{ 4%25% foymed on or

dielectric layer 2 can be~other types-o
adjs@lentio sidewslic 2asnhné t6Eulrhes 466, 69 oPéEJaJeg@?@lndewall 410,
Nonpl anar devi ce 400 has a gate el ectrode 424
ant ert thedmiw@botteom Suifacsdd 08 ohtrd eliamnyl regiba of Is@hﬂ@cbrﬁdlﬁ;tor body
| ayer 422 as shown in Figures 4A-4C. In the
4p8r Gateidjelevtrid lapgretR 2 ol beranyt well-knbwnmats eﬁéiectmc layer. In an

i nvention shown in Figure 4B, the
embodiment of the present invention, the gate dielectric layer is a silicon dioxide

(Si0z), silicon oxynitride (SiO«Ny) or a silicon nitride (SisN4) dielectric layer. In an

“embodiment of the present invention, the gate dielectric layer 422 is a silicon

oxynitride film formed to a thickness of between 5-20A. 1n an embodiment of the
present invention, gate dielectric layer 422 is a high K gate dielectric layer, such
as a metal oxide dielectric, such as but not limited to tantalum pentaoxide (Taz0s),

titantium oxide (TiOy), hafnium oxide (HfO.), HfSION,, zirconium oxide (ZrOz) and -
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gate electrode 424 is forned on or adjacent the gate
dielectric 424 fornmed on sidewall 412 of the channel
waytosor®%t of sem conduct or body 408, is for medrOIVUS2003/040320
gate dielectric |ayer 422 fornmed on the top surface

416 of the channel region of sem conductor body 408,

lasthbouredxide (DaOgdj @stendickcotrittlagedi 2P eah hieCothay afpeé?c%‘ high K

10 forned on sidewall 410 of the channel region of

dielectrm duch as Hubdypt Waked amBZTs forned beneath or

directly subadjacent to gate dielectric |ayer 422.
[Pe23tdonpleneadevite 00 ias ur jateesldditodd 424e Getiaeteitrode 424 is
regl on of semiconductor body 408. In an enbodi ment of

ferraed orond aroundraste dieeatdc dayer4280s shaws insFigures 4AC. In the

- present invention, the gate el ectrode 424 extends
P%&@ Qﬂﬁﬂpsﬁwe@mdla@@t of therpregppt Wanmrzespownm Fllwre 4B, the

A et 50 A o

Sl P W M S0 B 5 £

e i B S T g
s@%ﬁ:b&ﬁhdcﬁ@%@d&i@ l ch‘rﬁﬂedaoé%om Lel?:%ei H g%(te"ﬁi éger 422

around enbodi rment s own 1 n Figur
fédded onfspiavesll £10 6f theat,‘ﬁa%ﬁ@me iéh aﬁésmﬂdo%'d%fdr'b% ,and is
422 formed on sidewal |l 412 of e channel region
foremed bedeathar diedlly 40BadjbehionRsle elogtie tégye&lzmz fdrmed
| ayer 422 fornmed on the ‘top surface 416 of th
beheatiebott@yisorfacé 4968rofdoadhanoel regibn df%mncencﬂmtﬁﬁdody 408. In
adj acent to or on the gate dielectric |ayer 422 forned
aprersba@iment of ife aimashall 260eid gate eleeode trahsistor of the present
sem conduct or body 408, and is fornmed beneath or
invenéen the @ﬁt}@@@(‘émw%emedg &e@eatfeb@t@mwrﬂaa@m&zz

e channel regjon of seniconductor

Bty A/ Ieraae abseTHisonaUBlar bogy A0k ety SAS of the

o o S e beiiSombicyar BodEhiha aprL e hrse the gate
oFB L bl 0 o

cbl"ﬁe?rc%bt Bl A@ﬂf@él‘rﬁ&t%‘l[%‘?&‘@ﬁé enftafidBHt eSe i utnlﬂﬁt&ﬁi ﬁn of the

el ectr run 1n a direction perpen

bbRbr fUrfatecOBROFhd Lol 'bﬁﬂé@'lﬁsiﬂéﬂfﬂg RYEr 488. & the fully wrapped
sem conductor body 4
around embodiment shown in Figure 4C, gate electrode 424 is formed on or
adjacent to gate dielectric layer 422 formed on sidewall 412 of the channel region
of semiconductor body 408, is formed on gate dielectric layer 422 formed on the
top surface 416 of the channel region of semiconductor body 408, is formed
adjacent to or on the gate dielectric layer 422 formed on sidewall 410 of the
channel region of semiconductor body 408, and is formed beneath or directly
subadjacent to the gate dielectric layer 422 formed on the channel region of

semiconductor body 408. Gate electrode 424 has a pair of laterally opposite

sidewalls 426 and 428 separated by a distance which defines the gate length (Lg)

9
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5 [00241 Gate el ectrode 424 can be fornmed of any

suitable gate electrode material. In an enbodi nent of

tVHe 2pi5adentt | nvention to gate el ectrode 424 conBGEESR003/040320
of  polycrystalline silicon doped to a concentration

density between 1x1079 atoms/cnB - 1x1021 atons/cnB.

430 anhtransietbr@ut 1afant @ bptrseitiof ity srademt invemtiaatfe laterally

el ectrode can be a netal gate el ectrode, such as but _
oppodiiensitedalnd 26 and st28nof the dgatetleictrodetd24aninuim a dirdction

their nitrides. In an enbodi nent of the present .

. perpentictar tethe lederpdy opposite suldwalls 416r a4 £ ainsamiconductor

mat erial having a work function conpatible wth the
ROANABS. naterial (e.g., 4.0-5.2 eV for Si). It is to

" be _Zﬁgeci ated, the gate _electrode 424 need not
k982

ate pipclieda 4ert@nebedaraiadef amostableeaie electrode material.

i E%btﬁméﬁﬁ%ﬁpé’ﬁvyg%%ﬂ%%htﬁé% %_iaf_gﬁgdfg& comprises of .~
GBI TG ToReh B Ak e R e e gg Rgenslx10" atomsiom®

I AP AN B P e e
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SBEHEADENS 1B'a R 08 flbucRRPATK, B B ARSE ATIBE6, tungsten,

electro as sfrrtown 1 n e source rbgl

| téﬁ%l%dtifa!ﬂﬁlrﬁ!%d‘tﬁe‘ﬁ%iﬂgﬂsébg%ﬁgﬁ %nﬁt%dfﬁfég%f PRt invention

conductivity type suc N type or P-type

| {RERYS Blettiode i$ Foradb EROACH WRitérigThdvithy Qrvﬂﬁﬁ%nctéil%nzcompatib[e

i nvention source region 430 and drain, region

witly theacisbrmiah enatenslgetg. a4 i005.2afV figtSikent istbWkPapprdiated, the gate
1x1021 atons/cnB. Source regi on 430 and drain region
sla@radmd e nted medl netesaarily bera singleenatsaisl and wandaa a composite
include subregions of different concentrations or

stk abthpr Bime, suck @stbud not limited g enpolyerygtalline silicon/metal

source/drain e>}tensi ons). In an 25 enbodi nent of the
- %@@E@% of @ afey ey apeRRliinesiiean elecitodei s a symetri cal
S e aiiag T8b Bre i eadier sroRRC It Ghd edraimregion 432

STIREIEBR) B LA R oy 00
R85 o o OHEPLCAR0S I AL g s st

4808t SledrafPicifiont332 'ﬁﬁ% forhfd/ of heXiRE cbﬁdﬁ&f\ﬁ!gﬁgﬁe such as N-

particular electrical characteristic. The sourc d
tyserbNP-type conductivity, In an embodiment of the present invention source
region 430 and drain region 432 have a doping concentration of between 1x10°
and 1x10%! atoms/cm®. Source region 430 and drain region 432 can be formed of
uniform concentration or can include subregions of different concentrations or
doping profiles such as tip regions (e.g., source/drain extensions). In an

embodiment of the present invention when transistor 400 is a symmetrical

- transistor, source region 430 and drain region 432 have the same doping

concentration and profile. In an embodiment of the present invention when

| nonplanar transistor 400 is formed as an asymmetric fransistor, the doping

10
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regions may al so include epitaxial silicon regrowh

and/or silicides for inproved device performnce. 5
PODZBF/0MER: porti on of sem conductor body 408 | oearas2003/040320
bet ween source region 430 and drain region 432,

defines the channel region 450 of transistor 400. The

‘conaentatioregnd prafio of tre aburee begidafd30eshdithd BiRkegion432 may

the sem conductor body 408 surrounded by the gate

Vele it ersiee tolohtaime partimgaheleeirieal chdrackeistic e/ Tdheagource and drain
region may extend slightly beneath the gate el ectrode '

reaione ghay alsp iedlueiplepjtaxiel slli¢drusgrowthoandior sdicidesfanimproved
egion slightly snmaller than the gate el ectrode | ength

C{eﬂg)F.qu?Prﬁlﬁf@ﬁbodi ment of the present invention

| region_450.is jntrinsjc or undoped '
Iﬁ@%i 5?3‘%9?%{8?? 9E semisssiictarbosly 40lgariasetyfearhgource region 430

 EBER bl Bl RS Snahitndndiot ebrantiay 400. The

it Q.S ' |y, d 0 conduct,ivity ) evel of
aRAE rRbiprAd B loes 0Bied s e 85 T il Selmls Rl fidr body
_ . e t b . . o
498 sulfuuBa DYt Mf LletodER. | A fBERBReyer #i8 ol Serarain

[ a

rERON Widy Yitohd HBRNPboNSRNIAY aE: pRGHBRS thibiBIARE Smple,
diffusion foadsiBRsSa ' ot
e it chamAlTeyinh <ianyl Shiallf theh ekl WMectrode length
(3)milhanl gmbodierertivf teopresent ideftioh ehargelaRgicH 250 is intrinsic or
type conductivity 20 the channel regi on would be
undepgd momedoustaiime gilicom. ihas embodimeat obing pressent invention,
transi stor 400 can be forned into either a NMOS

- charngliregien 450 ig doped meaerrystatine silicope dVihesl shar@iehregion 450 is

region 450 can be uniformy doped or can be do ed non-
doreq 8istxpically dapeddpra endiptivitn levet ebibstwesn i} 6¥o dw10
articglar electri.cal  a er f or mance i
oML o 7 @Pi%@boqimenésegﬁﬁ sgresema'ﬁwent'%g«m thesghanpe! region

U SRR P Bao BB S5l oo

4508038 8 9008 50 FOLL DL B GO Pions

annel “region

ale1q-t @BSn@&ctﬁfﬂggﬁ% %h§nf€9éagﬂaﬁ M0 @Qgﬁﬂggtgééd to p type

PCT/ Us2003/ 0403 0027 y“providing a g
catictlotiotty.i Siraietya varinathel ke dRd \WRAIA e §ivhs B TS tfdteconductivity

sem conductor body on all sides, the nonpl anar
theraeminst wyicawonkl bé A-Bpleardndedtivity. In this manner a nonplanar
transistor 400 can be formed into either a NMOS transisfor or a PMOS transistor
respectively. Channel region 450 can be uniformly doped or can be doped non-
uniformly or with differing concentrations to provide particular electrical and
performance characteristics. For example,l channel regions 450 can include well-
known “halo” regions, if desired. When the transistor is turned “ON” current flows
between the source region 430 and the drain region through the gated channel

region 450 in a direction parallel to the plane of substrate 402.

11
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* ~havi ng four channel s and four gates, one gate (gl) and

channel which extends between the source and drain

MY PUREIBM si de 412 of semiconductor body 408, BCH/US2003/040320
second gate (g2) and channel which extends between the
source and drain regions on the top surface 416 of .

198x7 1B BIRMIdRg Iogtesbdeclicand al ggte eectdlieaviich shanoals th

whi ch extends between the source and drain regions on
gehRIceq I pody on afsidesyithe panplesar augistwaainie aharacterized as

and. gate bet ween the source and

" fourt h I 4 o
e i SR BRIt b ot ot GRiA & 4 s shannel which extends

RGPS s S0 PO 5 BB 12 ot ek St oy 408,
2085 ot 190 4 e b v

R0 e 8 O 650, B 5758 an

e top surface

" o@@ﬁMel‘Wﬁicﬁtexfél%"@éﬂNeéMh sy I réh%%cfa‘gpéiﬁgeg%gégﬁgtg{sesidewwl310 _

ottom surface of sem conduc

- otbemiicomdRicttbodyad @Land B foukH chankéiadifd @é%r @gggt%h\@?en the

10
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obt ai ned by using nultiple devices coup

soerag. andiuitdin pégioss bhane boadhPsurflts 418 bpY
single gate eI%ctrode 424). [0028] As stgﬁﬁtgl) a 8\%3erb°dy408'

Theagajat'widiii (@) obifansistos 160 ¢ the08irh e lidfhe dfike foliPgates.
of the four gate widths created from sem conductor

- Thatiis, #hesgaie widinsf tansisiod00lis equaldo thetdigitr42tofksilidth body
4ééansi stors with larger gate widths, transistor 400

[t Sivemadet 14h Pius thedviditoatsiliorn hody ppBOS w4 the topdawntace 416,

| i £ . 408 h in Fi 5. Each
p@%‘ﬁﬂw% %ﬁ?&%ﬁ'@ﬂge@i@mﬁﬁosg%bgwah %H égmlus the g;r@unnaﬁthe

jdewal | s and bottom

oo ffitee ' SelyBondie odie Mtk Bbiva apiesebeirode gt arger

sur

acent

R 5 G B SHEAA PP 4 bl BESeRl cBldetisoeter

inclu
0028) RE s ~ i
00261 466724 000E e Sel3ice SRR 00T R sumof e
folir gateewhithd oreanee roatsaronaliclon BoBy APBGf ltéWs‘?élbf 280. in order
each sem conductor body 408 is formed with the sane
toibiri¢ate tive treinglstor6twiticlenperate witiihe, Gaheistdr400an include an
2005/ 010994 PCT/ US2003/ 040320 sem conductor bodies
additonal gr sviépin agimieondusttor bedips es ngeisWedbi shoradh Figure 5.

Each semiconductor body 408 has a gate dielectric layer 422 formed on its top

L T

surface and sidewalls and bottom surface or a portion of the bottom surface as
shown in Figure 5. Gate electrode 424 is formed on and adjacent to each gate
dielectric 422 on each of the semiconductor bodies 408. Each semiconductor

body 408 also inciudes a source region 430 and a drain region 432 formed in the

‘semiconductor body 408 on opposite sides of gate elecirode 424 as shown in

Figure 5. In an embodiment of the present invention each semiconductor body

- 408 is formed with the same width and height (thibkness) as the other

12



15

20

25

+ source regions 430 and drain regions 432 of the

sem conduct or bodi es 408 are electrically coupled
Wyz0Rer9y source | andi ng pad 560 and a drai n PE@NESHY3/640320
pad 580 as shown in Figure 5. Alternatively, the
source regions 430 and drain regions 5 432 can be

semighrethiciodssdies 4bg. v ah %mﬂ)cﬁﬂm'eﬁt of th@%r@béﬁﬁlh'v@ﬂhon each

(e.g., netal 1, netal 2, netal .) used

selire reigiaid 430 ahé esinmegiony aBchfSthé B@nﬁctc&tdvcﬁoﬂtﬁ&jles 408 are
together into functional circuits. The gate wi dth of :
elecinicallyt couplgDicgs treirdyrsdurcé-landirey pad $68qral a draintteding pad
sum of the gate width created by each of the '
588rascefmmit iroFiguioel Be Altedgativiely, thdseunseyregionsr43Qand drain regions

~transistor 400 can be fornmed with any qate wi dt h
a

4gesandee cqt@plfsqdfz@@thg@%b@@er i@ra&mﬂn@t wﬁoaﬁe%m@aM metal

gate "4 _J ' electrode 424

. ] b
Z%té’!;? ?dﬁsgﬂ gé‘ ﬁqugnqgjlsg,lnéfcg}meg{ warouspirangisiess 400 together into

RERBRE iutao o Hesodig Al Sk nsﬁﬁaﬁ‘ AR Shovdyigeiouss is equal
Wl f g BRI HLF e b el s Eﬁ%?%ﬁﬁ@%%&c 9 bogiips 408. In
W P e VAR R e
[00294 B@céﬁ% ﬂ%é’&‘ﬁ’ar’meﬁ%@?n 4504S SakBOnkEY Bh Al siliBs by gate

sur aces regi on e., an i1 nversion Iay

efcetroBd 424 aidgae dlelestHc! %Qra‘h%%té\fﬂhodféin %@%ﬁﬁ?afé?spm a fully

surface 416 and on bottom surface 418 of

depletabnmdmeite wheesly \whefhigandister 4001s tuamed “ONS‘ thb ehaane! region
conductivity type as the source and drain regions and

450 fully depletediberoby prhaiding theetdveetagdoas 2esitvabeharadteristics
drain regions to allow current to fl ow therebetween.

 am eedfepnantcanf arfuly deplaiegl transisior.eEhatdsy waes tfansistor 400 is

ers. The entire channel

ath the inversion |a
-tqragg oA sdanletig refgsc?n tﬁ{\érmﬂd@v §h@mﬂ¢la§gaon| @ma@r@t\é@ an

carriers, ..t hus t r ansi can be said to he

.'ngﬁtﬁ'@n 8&@5@&%8“@@%@.@9@ [0y BiulVetaien layer is fomed on

P T R S "

oPRkldeRhi l:éﬁn&ﬁcgérelﬁﬁﬁgzj |fr 3 Ib%é%i(%" Ia?@F h§§(ﬂ@ls§me°@c%cﬁ}dh0ﬁy type

transi st or ed nmannér,

ad Er@%tﬁ‘b@ranﬁo&agfré%’c?ﬁs]t aragt;] fofflsYa Ebrgtﬁ.ﬂ%ﬁ/%tlfiﬁ ‘?l%h Bbgween the

sl ope. The non sistor c I cate

soMrt8 anerdraft - dIRhesnrd it 18 eRethetebdiR@ent hﬂ’ﬂa agpletaon
nmv/ decade, and ideally about 60 mV/ decade even

refgldar deplieted frdd carriers from beneath the inversion layers. The entlre

channel region 450 except for the inversion layer is depleted of carriers, thus the

transistor can be said to be a “fully depleted®transistor. Fully depleted transistors

have improved electrical perfofmance characteristics over non-fully depleted or

partially depleted transistors. For example, operating transistor 400 in a fully

depleted manner, gives transistor 400 an ideal or very steep subthreshold slope.

~ The nonplanar 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

13



WD 2005/ 010994 PCTI US2003/ 040320 wi t-h sem conduct or

body thi cknesses of |less than 30 nm Additionally,

Mas besion@oy t ransi stor 400 in the fully depl et edpct/us2003/040320

. manner, transistor 400 has an inproved drain induced
‘barrier (DIBL) |owering effect which provides for

\bﬁﬁ t:-;éfnlccfﬂfl’ﬁctcﬁI By thlcﬁﬂléé% MNESH tHAPYH Rdbﬁ*ﬂ@'éll% .operating

| eakage and thereby | ower power consunption

 tearegioma0D ifthd RAly RICHRABH MantRR! iraRsisiof 400 he@aérelmproved draln
~transi-stor 400 has a DIBL effect of |ess than 100mV
inddced balrier (DiBIs) Ibvering @ffiew WhichQf30idekifarbeitdr iGF Ea’%tate
illustration of two plots 902 and 904 which set forth
leakagedpichesghs iralmiven deskageddrid therely wwer povestusemsumption. In
either fully depleted (F.D): or. partially depleted ‘

5 grrempodimenteliheprasaitdnvaniiondhe tid-ogste Fansistpr#00Lgs afDIBL '

30 nm (902) and 10 20 nm (904@espect|vely In an o
effasd f iasstthar 110961\6%33‘&1@95“1‘»(/ itban 40H’6Vb\6dy hei ght,

. dt h_and te length are chosen to
18950t fanfitiefration of Mo plsks OB End Sodeharosetiprth the body
i Booy Wik %@ﬁ%ﬁ&r‘o&ﬁ%%aﬁm&%‘ip‘ &g (G )or partially

B P pk A RR e Bl gk St Rt 002) ana
Sy 100 AR fl?)FB/ngéEh%\ C?ﬁ‘an%rﬁl?ddimte?lt p?trfae glréggﬁtﬁ 8htion, the body

ecaust the inversion [rayer

He@%toﬁo Qidtheand dstﬁ akPé"i:H 58F t0A é@ﬂﬁ%@s@ﬂ%}n which a fully.

I Ca dlrectlos i nSem con UCtOI‘

deprateanieisir \Qm\béﬁ»rmfedt he oﬂfeﬁseﬁﬁbodlf’r\éfiﬂé Bl rﬁﬁ%laﬁﬂa?(iranastor
be considered a nonplanar device because the electric

hiaised Bodly beighiheb@nt widegt and batelehdth sacinfdtieshrdigly Hepketed
bot h ho*i zgr?{n’al(g?'tz and gé%@ ar?g@vertl cal ;#%tles (%1 gln
trgBistproidIaimad.met hod of fabricating a nonpl anar
. transi stor with a part| ally or fully wapped around
15 [¢1d Thecrenpiaran transigor dbiheerasent ioreoiitinmean be@‘aid tebe a
- present invention is illustrated in Figures 6A-6
| “@HE'W W@@S@FWF*?QJ“@M@@ ﬂ@wm'@r%aﬁ lapers o the channg) ragloa 450 are
The fabrication of a

1§ subt r act 't}ﬁgge ,%rglﬁé:r,l d @@é an@twr@dn,q%?pg@q!%or body 408,
Tﬁ%fﬁ?&@%ﬁaﬁd?ﬁﬁw’é\'?hg‘*‘ e EaPERyBa08Y Saf ivp prcengietsd o
n?ﬁgl&hﬁ{ ﬂ@vacg'f%%? g? @Jieeg%c[ribefﬁg les’o?wii Iéo Qéfénéie(?ﬂode 424 is applied

v

£y I'ng su _ et u )
a0 RS8R0 HESO P nd P

[0032] A method of fabricating a nonplanar transistor with a partially or fully
‘wrapped around gate electrode in accordance with embodiments of the present
~ invention is illustrated in Figures 6A-6G. The method of Figures 6A-6G can be
| referred to as a subtractive fabrication process. The fabrication of a nonplanar
25 ftransistor begins with an insulating substrate 602. A silicon or semiconductor film
608 is formed on insulating substrate 602 as shown in Figure 6A. In an
.embodiment of the present invention, insulating substrate 802 includes a lower

monocrystalline silicon substrate 604 and a top insulating layer 606, such as a

14
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. 14 WD 2005/ 010994 PCT/ US2003/ 040320 si | I con dl oxi de

~' 20

filmor silicon nitride film Insulating |ayer 606
Wwoeeb@i|eoessem conductor film 608 from substrat ed@Pds2003/040320
and in enbodinent is formed to a thickness between

200- 2000A Insulating | ayer 606 is sonetines referred

sili€o8ickide Mk bl?léﬁf %%Hﬁndé ﬂy'ng: Irpegi%iﬁga}af@i (?(?‘ﬁéfﬁo‘i’%tl %

sem conduct or 08 1s

sErRIndatRr iR 608 FPorhist@Rtrate 6647 mtéiﬁl%d:%nt is formed to a
insulating (SO) substrate is created, [0033]

thidiriesy Petwesh CONQRITIOA, fﬂshlﬁtrﬁ?&ay&@ dobaglsoynatiraes i 'réi@ﬁed toasa

film in other enbodinents it can be other types of
“ariedomaderdaper. fWhen,a silictn as sémicondliclor filrh @8 isdormed on an
germanium (Ge), a silicon germanium alloy (SixCey),
ingalatingraubstrate Ge2 (eillsdn of semizondBbtor GaRns@aihg (8@!) substrate
wel | as carbon nanotubes. In an enbodi nent of the

TSrﬁ*‘@@’@ﬁk |nvent|on seni conductor film608 is an
~intrinsi ndoped) silicon film In_ other

[00A B A eialt Sergidandbaty SO0 Ib a0 @ Sliewmaians| b chyr |

 orbBaimeR ikt as o s obdemionargrr et Ut AR BV ROt imited

fogé%%erf@af - 5 5lG5p derapREim oy i RRegallim Sisenids Gans),
5 SR BB AT e g b ABER ki RB et o g present
kol aae@ﬂ%ﬁzﬁf;‘ﬁnﬁs@%xseﬁﬂ'%ﬁé UL B,
otﬁbr Ehibodiakals, defrfidRdietortila eﬁms% bau8la s@ft%,psé@r ntyp

channel  region of the device. 034] conduc

candutiGBBwith of esmermtiaton Ié%!@eﬂ@één \1\@1 eR-xq0'° tomsicm
approximately equal to the height desired for the

Semixsmguetur fijmféiénesh be msiundhpedd|i.ehadpedrwhilnifisdepbdsited) or
the fabricated nonpianar transistor. In an enbodi nment

deged akenpi issformediomaitstrate 682 bydonexarmple ibhimpéadatias. Doping

a t hi ckness or hei %ht 609 of |ess than 30 nanoneters

afigrdormation gnalles RMOSRIGONMQS sonpianan dexisegitadet
f, e 25 es [ nvent an, m conductor film 608 js
faPhcnad sasil A tﬁﬁ.S@m?eg'@u AR e daaing IgveH the

d d. fab d
setpisfapu AP bBay SERHE Rk ekdtind® hecfinit SR oA i, ehapne
reSff GAREYR\Rle, 11 m 608 is
[0034] Semiconductor film 608 is formed to a thickness which is approximately

equal to the height desired for the subsequently formed semiconductor body or

bodies of the fabricated nonplanar transistor. In an embodiment of the present

invention, semiconductor film 608 has a thickness or height-609 of less than 30

nanometers and ideally less than 20 nanometers. In an embodiment of the

present invention, semiconductor film 608 is formed to the thickness

~approximately equal to the gate “length” desired of the fabricated nonplanar

transistor. in an embodiment of the present invention, semiconductor film 608 is

formed thicker than desired gate length of the device. In an embodiment of the
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» formed thicker than desired gate | ength of the device.

In an enbodi nent of the 15 WO 2005/ 010994

PEG 205200734 040320 present invention, -senm conductPEN/US2003/040320
filme680 is formed to a thickness which will enable

the fabricated nonplanar transistor to be operated in

prefseht inveetidmet ssinicondueor filor 680 $s fbesiedtod Bidikedsenahibh will

- (rkégj' [ 0035] Semi conductor. film 608 can be fornmed on
¢ e

dbe faprinabed nanplasaciransisioy to be wpleratied onva: fokty kiepleted

I'n one nethod of forming a silicon on insulator

@peeT fardis dagigng astetlergtBI(MaX t echni que, oxygen at ons

re inplanted at a high dose into a- single o
@P§§]t ggm"f%‘délicmfé H I be dormed oménsulalingasuhsirate GO2 in any

“the buried oxide 606. wthiJy] the substrate. The
kFefthngrette’ dnageamelipalaftormas sheonosinsdntersubstrate,
RSN as *@”92§ﬂﬂﬁaﬁﬂe°§ﬁia?1§n5?§5%”r§%@tn?%af’eﬁn$ gfﬂﬁeféldlfrggi%% dose into a -

R R RSB M SIS Bl 00

A the sgbéﬁatb?cm S0 d’fi;:ﬁé&inﬁi#g&%llﬁ%fﬁggcgfég%%te above
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thin oxide grown on its surface

iRe btuhi@dwdeeae@aﬁh@@_tr@&lémb&w filS 60 gAn%?tééiftﬁgﬁlﬁipygféﬁrerﬁ[y used

hi gh dose hydrogen inplant is nade In

‘tgifbing SO sm@etésaisfa@f@pimm@mcahrfmﬁ%ﬁrﬁgér%chﬁﬂq% Whigh is

silicon surface of the first wafer. is 15 first

gemieeally referned td bé bpaded BDI. dndhisasetatiqie atflrst §il?é¢?]rﬂ%fer has a

of a second silicon wafer. The first wafer is then
thineidal gevem gntitsesunfagl that wilidater servecasthecbutiyd bRiele 606 in the
hydrogen ‘inplant. This results in a SO structure

k fructune. AiNext, aduigh dage hydrogesgmpiand iv madsdinto fhelfirst siticon

-u?de{f}gfeath all on top of the single crystalline . o
VaTer oRram Bighateessugpiondrlar the slisonistgace siiithe fiess wafer. This

5 fBP)s e TR ol L oot BroPtapiageatas oan silcon warer

TPRTLET AT I HRae el thB gt SG TG CEBiRE y the hydrogen

| irh BBt SPRNTL GRS SRR MiPEinSHEABIMEL ol | iburied

I'n order to I e vari ou
kigermterh85thed FataliSQ kit Q0L ONS\A /el
c}can be efrorﬁtebgél&ﬁ é({ﬁg?}ﬁﬁg %s%ﬂgﬁ‘?i@%gﬁ%{’bﬁﬁé@ Well-known

ssoging tectidues QBich Ws'I9GNinBB1HNG BPEh@NRRIal &‘ng bolishi
by forg exan%l e wel |l - known photolgi]t hograpl’?i Eﬁan i polishing

{@NVieYicag Heobed tusmpotinithet toprsupaeks of semiconductor film 608 1o its

desired thickness.

[0036] At this time, if desired, isolation regions (not shown) can be formed into SO}
semiconductor fifm 608 in order to isolate the various transistors to be formed
therein from one another. Isolation regions can be formed by gtching away
portions of the substrate film 608 surrounding a nonplanar transistor, by for
example well-known photolithographic and etching techniqués, and then back

filling the etched regions with an insulating film, such as SiO-.
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filling the etched regions with an insulating film

such-as Si02. 16 WD 2005/ 010994 PCTI US2003/ 040320
YVOoORFo1eddt , st andard photol ithography and et cHRGIUS2003/040320
techni ques are used to define a sem conductor body or

fin 620 in the sem conductor film®608 for the tri-gate

[003m Nt cstandarhsistolithofiaphyerdstching ascienyoss BRALs&d to define
the present invention, the fin or body 620 is

apsdrhieonddctbobbdy er fin@20tih 1 Semitonductor €iimai0d for de tr:-gate
.greater than 5 the width desired of the gate |ength

- traingsterfag slowmln Figure 6Bt rlarasi embedinent ofitise pegsent irhention, the

most stringent photolit hographé'séonstral nts used to
finaprhasytG2( isepaticansd in bavaa avidiastidowhichds wiqual toher g@eer than

~el ectrode patterni n%WIand not the sem conductor bod

cBsbliahetihejabrisios sanmior In this way,

or fins wll

the widibrdesired o the ga

“?I/ﬁméien éﬁ@l’gﬁt@ggh&%fw%%?éjé%nqn@m@ Uﬁgqmty,w@t%ﬁ'@g transustor are
eS8t FE e o7te q1tTe B nftbiingnd Baf eraBiconductor body or

* TR %ﬁﬂéﬁ?ﬁeﬁﬁ%ﬁbﬁ#@éﬁﬁ\%@éﬂ (P emigaatuctor body

otﬂraé‘ﬂnl?ﬁ%\g%é bt 6’{ 8 H& Aﬂéﬁé?v\huél%%@f Hbmbes /%hpﬁdé’élly less

have i'S between

tHERNHCEGHI 6 20 rgagﬁﬁynﬁétsg hin &pgmﬁﬁg nf tth eéeﬁ'ﬁ m\ﬁntson the

sem conduct or el ght 609. 1 d| ti.ona

sémfcapRietRr idaRy epiys Rk 8VEahe SSéﬁﬂoﬁﬁWatbﬁf é@lﬁﬂ t6 he silicon

form nultiple sem conductor bodies or fins,” for a
bsdybkight 689sils barerabodihmm of thehpregest invention tthe Sinsay bodies
transistors with different gate widths (Gn) can be
62Qbeive at widtn 61 8 vehich isiadtareenTh éhe hemiddrichutprapity eight 609 and
-etching step can also be used to formsource |anding
W&Hme@ghe aﬁmlwmucwrmﬂyrﬂ@eigbb@o%z4 fromthe

onduct or Imin order 20 to provide contact

358LE5AGPre R the aholditumaranaiped SihNG Stamen by dag o form

BB SRig b e Sl dor 4 8@9&%@53%@% Sin Figure 5
B e B B gbn ARl GRS i SR decalEd across =
WAL SRR BP0 PACHRARAL) Eafelkd BLOCERTS Bl source

- laRHMY ﬁ&is@l@ﬁh& ldi?émWQhéﬁHg%%BS'@W fYorh 'i‘ﬁi %@ﬁu&&?ductor film in order

formati on of a photoresi st mask by masking, exposing,
togndvidevmintaitifeas forafketansistor. Additionally, the landing pads can be

used to connect together the various source regions and fo connect together the
various drain regions when multiple semiconductor bodies are used in the
nonplanar transistor.

[0039] The semicoductor film 608 can be patterned into fins and landing pads by
well known photolithography and etching techniques which generally include the
formation of a photoresist mask by masking, exposing, and developing a blanket
deposited photoresist film, and then etching semiconductor film in alignment with

the photoresist mask to form one or more silicon bodies or fins 620 and source
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Wi

deposited photoresist film and then etching

sem conductor filmin alignment with the photoresist

VRO REH19994 m one or nore silicon bodies or finsPEINAIS2003/040320
and source 17 WD 2005/010994 PCT/ US2003/ 040320 and

drain | andi ng pads 622 and 624 respectively.

Gedrideain dareting philk B200hd 624 asspeetvelnt Isem:h@n@ur&@r fith BO8 is
buried insulating |ayer 606 is exposed. Wll-known.

stehedamilitieoundsrymguftiert msutaiieg, lagerd06is @m;osetjr owel-known
pl asma etching or reactive :ion etching can be used to -

- garolcopdutioo etching tedhiniqued) 8uchn aalangpuimapic plasma éiehig or reactive

phot oresi st mask.. After semni conductor film 608 .is

- ieniehing sardrenised knelebratmicondudiodfinos08 imak@emeahith the

sour ce/drain | anding pads 622 and 624, if desired) the

mﬁipm%%turaaslﬁaé\ﬁef §emm¢éat%ﬁlm@0|8 i géshied ledenngusemiconductor
h h | st 02_ashi
c@eaé‘& Bha e sormesTiauianany ma ?ezé‘éd'e[”z%omsm@mme

rtion of, t.he buri

RN sh A sdiiove iy B hORR B DS ashy Chomical

R A G R T
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8004, BE 48P 50k €L bR G SR Bl B ormec

Kingaith @bﬁ@édnd%c?cﬁ( R Q}J%qe \%delﬁgﬁér‘?‘i’s‘?}t dpi $ oxide efch can be

I nsul ation et rcut etc renoves on
Rafarihiey t@f“uhhérduﬁsthb@énﬁi@oﬁducftble@%aBQO fa'ﬁ@ réﬁwve a portion or all
sem conduct or body 620. In an enb ment of
girties dintied oxiid kbger 606 beatath themeﬁnﬁm&ﬂbw@ﬁﬁo 1idthe
of the body width of the insulating film 606 from
fakreatidn ofearc binsistevrappetiarsund gateckletioodddHy it atidthetch
a transistor with a fully wapped around gate

- form
- (@ndetquga@h)tra@oms only peetticsvoidhetnsulating Blon besesthtthag

Iayer 606 is renoved from beneath the sem conduct or
seagoBduLton hody,BR0a Inas embediment ebtiecRyiegant sventiery the etch

R B R G B B3R bencats
St bR SRS DY ek 588 i oy

WESBPEIGITDsLERAL s s DR LR T puno avr
s%qglrém%@@a 'f%bgeggp{ggﬁtiyw@gsfemebﬁ@urag%eﬁy boOMP8hen aase, the
sdﬁﬁcémctmy 620 B8 LRAUBHONRY By $d0r88 @ndSdrair laf@lhg pads 622
aig 624 formed on the remaining portions of the buried insulating layer. Any well
known isotropic oxide etch may be utilized which is selective to the semiconductor
material (i.e., an etch which can preferentially étch the insulating film 606 without

significantly etching the semiconductor film 608). An etch with a selectivity of at

‘feast 10:1 is desired. When the semiconductor film 608 is silicon and the

insulating film 606 is silicon oxide, a buffered oxide etch (BOE) comprising

hydrogen fluoride (HF) can be utilized.
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insulating film®606 is silicon oxide, a buffered oxide

etch (BOE) conprising hydrogen fluoride (HF) can be

WO 200868019948 WO 2005/ 010994 PCT/ US2003/ 040320 pPODA$2003/040320
Next, a gate dielectric layer 626 is forned on and

around each sem conductor body 620. That is, a gate

[d0#ljebxt, & J=ay eieléAfc Idydr B2688 f@mdéden bAR aréUﬁa d@eh627
of semi conductor body 620 as well as on the laterally

seppiosintiectos bdéysl0s THa8ixa \c/%;hﬁé@@écm%yerfezme formed on the top
sem conduct or bodi es 620. en formng a 5 partially

surtacpdir fanfoserdicgntiecter body 686 ast\well gaba the éhterdllyi apfiite.
| ayer is formed on the exposed portion 631 of the =

Sigealts 628 aﬂdtﬁﬁé o @achaidbe semitantucerhodiés620f YWineéméprming a
a co letely pped around gate el ectrode, the gate
Rfrés élcwranpada@r@ﬂnd gate glegygdenthergate rﬁheie@tn@cﬁaﬁdﬁver is formed on

urface of the e P ?ed sem conduct or body. The .
6?@%8@%@@5) BORKR G2 § Bepsyiaradeqf ém%éewqprwm@rmmm When
SR i G i P ers

'f@ﬁ‘é@@éhf*ﬁ%%bd*%“@?%ﬁa? a8 or RS eBhoteEstinohp LGP Bogy. The

B R i D e
d@éé&ﬁbll%ﬂﬁﬁﬁ@w b8 8finsdBeY & ot rmé’lfprblaé?é’%ﬁﬁpénables the

I nvent i on I con- oxi de rown

férhatioresitheldidliebmwesselén %é@r?derbmeaéftﬁ%%ﬁme&mu&ér E&ﬂ; 620. In

present invention, the gate dielectric film®626 iIs

adepobodietrdiof ttﬁe:prss@nt pvehtias, thetgaletididtit ¢ dr @28 is a silicon
high dielectric constant film such as netal oxide

ditixé¢deedisteatric finc grasn twathtatnfwvpeaxidatiordprdces20 an embodiment |
titantium oxide (Ti 022 haf ni um oxi de (Hf 02),

ofhs respnt inveaten,dhe silicos qdtteitim m@l‘ommrmﬁmhnesslcdé)etween
h-K dielectrics, such as PZT and

Q2) or other hi
58@ Zﬂ dmeaﬁ@hﬁh@enree@adnvmtm the gatq diemctis film 626 is a
Bl h%é%&ﬁéﬁéﬁ' as 54Kk iteeiP GUBLREGP LK oot fim, such
%P@éééféﬂa«g%@%é%@%?%ﬁiés iﬁﬁ%ﬁﬁ?éts%%ox@e?@e%@ww oide
(B " RAfEth ot BRYGAPLRELAG Rl R AEL2P0S i lanthanum

0%68'(@5@% ) 6r SR6r ﬁg;’hgggilél?c@lﬁs a&ﬁ%b&ﬂ%%&:@gﬁor@% by

sidewal ['s 628 an he' sem con

cieatdlides vASSTERShRARFAEVDY or atomic layer deposition (ALD).

[0042] Next, as also shown in Figure 6D, a gate electrode material 630 is blanket
deposited over the substrate. The gate electrode 630 is formed on the gate
dielectric layer 626 formed on the top surface 627 of semiconductor body 620 and
is formed on or adjacent to the gate dielectric 626 formed on or adjacent to the

sidewalls 628 and 622 of the semiconductor body 620 and is formed beneath or

| subadjacent to the gate dielec_tric on the bottom of body 620. The gate electrode

material 630 is formed by a conformal process, such as CVD or ALD, in order to

ensure that gate electrode material can fill beneath the undercut portion of the
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» subadj acent to the gate dielectric on the bottom of

body 620. The gate electrode nmnaterial 630 is forned

by O208HHMBHMal process, such as CVD or ALD, in oP@EES2003/040320
to ensure that gate el ectrode material can fill

beneath the undercut portion of the 19 WD 20051010994

- PamicdBrReSIrdeay XD thebhitwogaiectiectrddsyars patifzly driellyoatsp around

el ectrode can partially or. fully wap around the
Hunseinpnductor body 6668 . Thehgatgaalectedde mateldal G0ecarabe deposited

630 can be deposited to t hi ckness bet ween -

- 9 thighness hefweenaHbadoRmt Intarbelg@odlree@tcthe@ﬁe electrode material

mat eri al is deposited to a thickness or heig

M@mﬁﬂ@ﬁtmﬁdm&mﬁs& of helghd sediciesdy do ferrma @age ﬁéﬂt@ﬂ@@eomth a
BoihE 8 ulsas{ free Aiias he g H0scotsedtieRtdusiopRbagR 620. In
bR Ent o6k pree N anautiohe i ”Eét'efé?@ctﬁé’c&ém:ér?élaoo'n'ar?r?ses
SR a2l PonSheELPRERITBAGH Bk Rl iRt ne aate

- §I‘é’€ﬂ€h€‘?ﬁ‘éteﬂ%l ¢ Hé&sﬁ%gly%é‘ﬁlhé’Ql!lchgqgﬁ%hﬁ,um alloy, Inyet
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el ectrode erl a can I'se a ne

é‘tﬁﬁeP eRgsddiment %@:{}f%eﬁﬁﬁvéﬁ‘tﬁjm i bé’ced ctrob@?ﬁ"cft]anal can

as shown in lgure 6 mat er

dﬂhpﬁsé athatt filndledLiohess tutgaten, mtbﬁm %&ﬂféﬁ fierfles632

whi ch defines the | ocati on where t he gate el ectrode

0943 oNbzt, bershiokn Mgy 6D na plardreieski rahterahisdde fovitedcand

of any material which will not be substantially

@efotasdinicha Ipatteesbharchmiogk 82hWngh teéinga tie IbEation where the gate
electrode material into a gate electrode. In an _
dnpbadensmio ke farmedoTbsdiard maskematesial candenfardedeafiany material

terigal is silicon nitride fornmed to a thickness
whichewh noibeﬁ@@smléﬂaéﬁéqf?d While BhSEaWeSHY elghing Jhe ale

St Tl R SlSEReale Ih e ermbedaent aﬂﬁge prasent

'ﬁe‘é’ﬁ@éﬁﬂ%!‘%ﬁ‘%@?&gég%ﬂ ﬁ"@ﬁ&%fo?@@dﬂ & fiRkhEsS Betwoen
24 cRGE' Pr%ﬁé& i hé&fﬁ}%@k"?n%eﬁ%f Ee'@gﬁéq th? 2patterned hard

Aake 69'4@1’5%{@{3&%@5@1 ph&tofith to?F%%i)l SR EtPling RRNRIRRR The patterned

I nvention gate el ec s first

- rentsntsionss & formeldabetwidih aVHis Eddsivd for theeltRirddERBH e length

to forma pair of laterally opposite sidewall 639 and

F4he alevideown in Figure 6E. In

[0044] Next the gate electrode material is efched in alignment with the hard mask
634 to form a gate electrode 636. In an embodiment of the present invention, the
gate elecirode is first anisotropically etched in élignment with the hard mask to
form a pair of laterally opposite sidewall 632 and 641 as shown in Figure 6E. In
an embodiment of the present invention, the anisotropic etch is continued until just

about all of the unmasked gate electrode material 630 is removed and just before

- the buried insulating layer 606 is exposed. In an alternative embodiment of the

present invention, the anisotropic etch is continued untit all of the unmasked gate
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- WiRen 888l semitepiai e fﬂjﬁ
me

25 an enbodi nent of the present invention, the

ani sotropic etch is continued until just about all of
mz‘Wﬁﬁ’ﬁ@R‘bd gate el ectrode material 630 is renBCEAS2003/040320

and just before the buried insulating | ayer 606 is

exposed. In an alternative enbodi nrent of the ‘present
¢lacteode omteridids seinswed apd thebaotied insttatingriceer 606 idkpasdd. Inan
of the unmasked gate 20 WD 2005/010994 B
papdinyot 3f thprEsest Bventde, thetemisattopicetchrivpedfoamed with an
the byried insulating | ayer 606 exposed. In an _ S
e RIchwhithhiggmesepassivating paymer fin anitbetsidewall 639 and

ch.is perfornmed with an appropriate etch which . - -
e?“t&r ﬁ%sfhs %g% @F‘%Fé&qdﬁgtoﬁlﬂlgl istre thathverioshsidewedadn pligagent with
i nsure that:

R 1 oo 9, 55 S BB 4 e ans

AR R SR AR RNAS 8Bt ot

SUPS ey R BRI RasR andsbBittna IO RTR O 5o g used.
el ectrode are for ?r%ﬁ?%@el %ﬁ@ﬁ?gﬁat‘%&éﬁ@ game

nsatbiigloBuCK aBRIIOMBE Hhabd A gASsLR éscémcéH; ﬁﬁﬂi&&o&ﬁ%egfsgg to

used to 10 pattern the sem conduct or m 1 nto bodi

 patteirt the semnidondatol @i imo biddidséhd e hatdtrRadiRldiesh difing the

etch to protect the sem conductor body or bodies from
gatechatigninguefichdotneteghthe smicondidetod bedpoe BobiRisIR& etching
the lLaterally opposite sidewalls 639 and 641 defines -
dureg e salecpighh Thejistance hetuesn the latratly bhpobite dideaakls 639
terial is silicon nitride, and the gate el ectrode
aRaE41 dafines tap loae leneih Be)\eiitne devicet Néhenthe bsrd mask material
etched and a

. el b [ [ |1
B S s S el ot yefioon,the gat

B AR R IS 4 S 2l ooy

j ' ' ' tch. The i sot '
L R AR O
t. } t . . .
OUISENBEEIS oAy BB e A5 A0 ot

toraamw&of)twetuﬁd a¥d i86irHPE @ ?erﬁévéé“ﬁe‘-’%%fg )ﬁ%@%d@ﬁ%ﬁg{ai from

material fromunder the sem conduct or 0 so

regins uyteradatr ersimibefductohbedy whBre R datbRBeSIPMER not 1o be
and drain regions to the gate el ectrode. The isotropic '

fosmed. uhisdimpostant td ienealet therentmsiret poriciy dher géte Gtirode
be perforned after the

“material from under the semiconductor body 620 so that “stringers” are not left
which can short the source and drain regions to the gate electrode. The isotropic -

etch which is utilized to remove the “stringers” can be performed after the

anisotropic etch completely etches down to the underlying insulating layer or can

- be done after the anisotropic etch almost reaches the underlying insulating layer,

A polymer sidewall passivation on the gate electrodes protects the gate electrode
from laterally etching during the isotropic etch step. Some lateral undercutting

635 of the gate electrode 634 may result near the bottom of the gate electrode but
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ani sotropic etch conpletely etches down to the

underlying insulating | ayer or can 25 be done after

tWe 2003/0%opi ¢ etch al nost reaches the under| yir@rus2003/040320
insulating layer. A polyner sidewall passivation on

the gate electrodes protects the gate el ectrode from

i pasdivateq t e bBRIGAUTtAE g%af@ele‘éﬁbﬂ@ BheuR! MairRhPALs 0°t‘?d1ﬁal profile.

| ateral undercutting 63 the gate el ectrode 63

TRy degses bf u@d@rehhlﬁgT ioercontrdlleel @@h@cﬁ‘yﬁ@m@@né‘&ﬁt of

21 WO 2005/ 010994 PCT/ US2003/ 040320 t he passivated top ‘
ipsutdtiog layertureleyaitting lbedtthe deptthotihd nesess #ito thé msulating layer.
original profile. The degree of undercutting can be

theteats bledtrbde Bi3di is wiched treil dnegate elctrods id admpliely isolated

| ayer undercutting and the depth of the recess into

fro@ thesiemiconductayBm 60§ heed do &orer thet bodie 688 4ndsource and drain

- etched until the gate electrode is conpletely isolated

D RNARNY Rags. chreiembodimeng @dbelm@&entdnthmns He isotropic etch

AR Pl v A Skl v

BRI et srozq%tgg&%%s eI s
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L e
?Jrr éé@usee%t QHe}nQ) k)iatﬂé?‘i’:ra‘?ﬁfé\f lpkﬂ‘?ﬁﬁé inan

us b PR e no anaroppaniar $a ?

S L i T AT 1) e ko

gamhags & riinfraosi featued cﬁ:’ﬁ@néibﬁrtﬁltﬁé %ndi@br@@fr}@n b
phot ol i t hography). In an enbodi ment of the present :
photelithographyhelrgan erbaxiynbnt of theqresémtdnventiory tise gbte length is
30 nanoneters and ideally less than or equal to 20 15
lees e @requdl 60 36 naNemetesoand ety lessdthanairediidl to 20
reg| ons for the transistor are forned in

medgtfuct or body 620 on opp03|te sides of gate

trode 630 s shown in gure 6G Source and dr
[3@&3 NeXigagiran 4gand ?r@é@)@é? .%pys ferawetiéau%‘@tﬁéar%ﬁprmed in

BT E%y 6 enprpsls St ie eladEdRA A Shown in

"RAHEIQ8 gl S HPAR LPARr AR L B T830R bt e forme by

pHdihd @8PantsEM RISs@MRDOAIRREN dlies 620 on both sides 639, 641 of
gate electrode 630 in order to form regions 640 and 642 as shown in Figure 6G. If
source and drain landing pads 622 and 624 are utilized, they are also doped at

this time. For a PMOS tri-gate transistor, the semiconductor fin or body 620 on

‘opposite sides of the gate electrode are doped to a p type conductivity and to a

concentration between 1x10*°-1x10%' atoms/cm? to form the source and drain
regions. For a NMOS tri-gate transistor, the semiconductor fin or body 620 on

opposite sides of the gate electrode is doped with n type conductivity ions to a

concentration between 1x10%-1x10%" atoms/cm?® to form source and drain regions.

In an embodiment of the present invention, the body is doped by ion-implantation.
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. this tinme. For a PMOS tri-gate transistor, the

sem conductor fin or body 620 on opposite sides of _
W@ 2¢pate0%et ect rode are doped to a p type conducPC¥iusgon3/o40320
and to a concentration between 1x1020-1x1021

atons/enB to formthe source and drain 25 regions. For

la MMERbbUIm@#tE the pRsdetit Aiventida, SRNbaIMBEHISod bBe@s in a-
body 620 on opposite sides of the gate electrode is
vbofieal divetctiom (ite/pe direstioe pexpdndicudastotsubatrate 600) as shown in
concentration between 1x1020-1x1021 atons/cnB to form .
Hgurec@Ganthen giate elegirods 6301 ia egpolysiticnti gatetelettrodie it can be
cs)resent.i_ nvention, the body is doped by T ,
aned dyringhthetipadmplantatoepesess byJustremavrpbardreeR®34. A
In an enbodi nent of the Fresent i nvention, the _

RAYRIIGHN erfepledrpdsc@dl will actas g anaskdal pravéridhedan-implantation
i B TR RER AL o Bt e

FRDHB iAo 0838 bR A P boneat
Il ey RO PR S PO A
55108, 5 IGEIE SN B4, AR g urng v
OSBRI, sl

seufsy diffieioh3 Mmdyshbaused & dogé @%d s@mfontletdfibRIdgebFbkn source and
hard mask 634 can be used to bl ock the doping during

draie eXlemnsions. ntlthist gdinto felrioation Hf al wormldvedr tearixdidi vwtht 5 partially
ot her methods, such as solid source diffusion, may be -
on$gly weappedearohed gete electrodeds comgieteéo f or m source and
drain extensions. At this point, fabrication of a
[HATh 1B abadimasis othaipresentdayention, Yhalet regions/cam hpgerned in
ound gate electrode is conplete, [0047] In .
slizB dosbrarior de the orgadion it ar%wﬁ@/ﬂm regigng or seyre{drain -

oD PR A oo g st eson
GBI B 8 S SR A B A SO g

o8h&erfatl h%ﬁ"fﬁ%%Bﬁt\dlygéfgthdﬁaHHgsl @ﬁgﬁl ﬁﬂﬂn@fqé\xcé?! ﬂgﬁdo regions

concentration than opirng O cnannel redio

chh %e%\/ﬂnéa-byﬁ'_éhii’rng?ﬂité’tﬂfg d6pehi8Dehebifethetate electro le %{/ utilizing

i on-inplantating dopants beneath the gate electro
latgé langletioAlnpidraatian & dmidu@s: | npl ant ati on techni ques.

{0048] Additionally, if desired, the substrate shown in Figure 6G can be further

- processed to form additional well known features, such aé heavily doped

‘source/drain contact regions, deposited silicon on the source and drain regions as

well as the gate electrode, and the formation of silicide on the source/drain contact

regions as well as on the gate electrode.

[0049] Figures 7A-7D illustrate a replacement gate method for forming a

~ nonplanar transistor with an almost wrapper around or fully wrapped around gate

electrode. The replacement gate technique is ideal for use when a metal gate
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- [0048] Additionally, if desired, the substrate shown
in Figure 6G can be further processed to form
N 20PHHEP94 el | known features, such as heavi | y REGEESR003/040320
- source/drain contact regions, deposited silicon on the
source and drain regions as well as the gate
- elenitadeds deained.t Mhefreplestment ghtesimetidibegins tWith the same
" source/drain contact 25 regions as well as on the
‘gubsiralecand proees$ing 48]shevguingSignrs 6 andl 6B of Hieesabtractive method
repl acement gate nmethod for formng a nonplanar
deaprbed apovd. t Aftanpalferding olrthpsemiserdutioniiing it v semiconductor
wrapped around gate electrode. The replacenment gate .
pedkar dnd20andithe formation ef aauiseanddrain lpadinppadp a dislectric

5 i 106] 3@@%&5&%&0?@%&6@@@%@%&%' b riiandig pads and
V¢ %ﬁéae?&ar?of’.w&s?éf%m%@%ﬂa Rl el T iratng tayer s

- BRI DA eGSR heaae siriett, aMednRuipting taver 702 can be
- 3RV sERaBE hdlidut (98F 8RR Sicdh BEIEG! LhiCop diohddB. [9e

bl an OVer sem conduc or- bo

h@l@étﬂ@ ﬂwﬁ%z %‘ﬁ:rrr%\d%f fﬁ%@éﬁ‘ﬂ VARER 8 %e%elé&?ve?sg btidd with

i nsul ating layer 608. e 1 nsul-ating ayer I'S

10 fespRect f BlenRmticosgidteefilhP608 hadaiohang) tﬂ@tdleféﬁ&lc film ideally can
“J " insulating layer 702 can be any suitable insulating

bapetectiseiyletaisedwith tespaut to it undedyihg darediinsilding Teyer 606.
dielectric film702 is fornmed of a material which can

Vithegethediuried ins@atihg thyeir issilibom dﬂmﬂﬂ ana theneemiconductor layer
sem conductor film608. Additionall the dielectric
$08 is sitieen, ithe mulatb@ lopbrE@2 gan peasikisacnitider Tlee ;bwtket

to the underly g'ﬁburl ed insul ating | ayer 606.
A9RoBiad iBsulAHAG A4 is Hian patderaedivilinwell snpwe motﬂﬁ@graphy

15 5@?@?%{%&%'0@ 3P|f@r@g%n'rﬁa$4"ié39 Frahrgiadns dle_r?gfﬂc film 702
- RERPNIS1BGs Dhbefon Mot B¢ SabOET B telied g e patiernes
|b9}1fa‘ﬁf;§giﬂ'ﬂm7“@§ﬂhﬁ§ feto f@ﬁt?d?foca?ﬁ’% f?\\?;qufrgg @%ﬂl‘{é §ate electrode

18} 8ddrRsRehe r%a@te?rge?%rﬂﬁt??achm?h ;él@étﬂﬁ qlleror mbaétbﬁ‘@cg with any

film 702 for on rras or t tion

duiiegebRhahewhichdsan SYisatrdpidB g efth tRatdigebirkrdiim 702 without
approach. The dielectric film702 is etched with any

=) 20 etohinghiemiebnductdr bbiy 6202 henhsolating @726k echdunti the
dielectric film 702 w thout
underlying buried insulating layer 606 is exposed as well as the portion of the
semiconductor body which is to provide the channel region of the device as shown
in Figure 7A. The opening 704 is formed with a width 706 desired of the gate
length (Lg) of the nonplanar fransistor.

25 [0050] Next, the buried insulating layer 606 is etched away from undermeath the
semiconductor body 620 to form an opening 705 which undercut the active
channef region of the semiconductor body 620 as shown in Figure 7B. When

forming a nonplanar transistor with an almost wrapped around ga'te electrode, the
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. 20 etching sem conductor body 620. The insulating

| ayer 702 is etched until the underlying buried ‘ .
iY@ 20051010984 | ayer 606 is exposed as well as the POTAISEN3/040320
of the sem conductor body which is to provide the

channel region of the device as shown in Figure 7A _
iNbelatipg tayey uABdrous etarr reebvestdpertiohdifithd Osuigid REePfrom

the gate Ilength (Lg) of the nonplanar transistor. 25 = -
(rBEs0atNesach diteobtid semicoadueibibgdy.ajrean @debadinring bethe

away from underneath the seniconductor body 620 to .
prepemtinvestiom, tye dodenobi efchurmdiarcuts thé semitondictahiaodyeby an
regi on of the sem conductor body 620 as shown in - _
#ngumtewirish enables therawbsgquentbrioiaad gate slesitrodertowvialp around at

an 3}1 st wrapped around gate el ectrode, the 24 WO =
Isatisne 1owerncasasia 2iAbe Herwoenductonketnb2e gnidhereby control the

¢JLE€?2\& ?Iggwdﬁftﬁ% ﬁég}%géﬁ h g@ %ﬁ%@%fﬁl &%&r@%&{w%hggmr@, -rwhén
it 2 foBafAtaAEer s S Sitbes Pl SBtp afSiroce, the
R A e GPo st Rl BB e i SEbnesty ecn
Mo 628 2ABRABIAHE SBICHMLAS LR e3d AR fRHALE ddiBlanar

current flowin the corners.

dVRESRIth BTURPIVFSSbedBRuINd! fitd ety dBOHY BIMEd insulating layer
transi stor viith an al nost "wrapped around gate

ubidecdut @deh istdttinuad @intilthecdrttite fsmatiey @2@:‘ B¥h&atheah¥ exposed
1/3 of the insulating | ayer beneath eac si de 628 and '

pezidorofi.e. hehapeei cyichicddhe BedycdRMictoftsouyf 620risgorapletely-
nonpl anar } 10 device with a fully wapped around gate

remeyedoddy welbkmawn dsbiiapdeietehiwigich aperetcluifteburied atsubating layer
i.s continued until the entire insulating |ayer beneath

vitheug gigedficantly etahing the semicopdaeiee body ghanbe sfsetihdVhen the
sem,conduct or body 620 is conpletely renoved. Any

B Wﬂ%mg Qyer tFiicen exdamneine samicenduater bedy isilicon; a wet

o P M SSRGS e o

AR LG e RSB IR sighy oo e

_ Lized to f Pt
PRSI EITRYg oo MR o BN B e RO tren
trefdgI7odat etch will slightly undercut the patterned

insulating layer 704 resulting in a slightly larger .
[G03e N iNegt, DFatendielelett layer 624 is formed on and around the exposed

portion (i.e., channel region) of semiconductor body 620 as described above.

~ That is, the gate dielectric layer is formed on the top surface of semiconductor

body 620, is formed on the sidewalls 628 and 6290f semiconductor body 620 and

is formed beneath or subadjacent to the exposed portions of the underside 631 of
the semiconductor body. In the case of a fully wrapped around géte electrode, the
gate dielectric layer 624 is formed on the entire underside 631 of the channel

region or the semiconductor body. As described above, the gate dielectric layer

- 'may be any suitable material and should be formed with a conformal deposition
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+ trench 704. 20 [00511 Next, a gate dielectric |ayer

624 is fornmed on and around t he exposed portion
(WOass/gheanel regi on) of sem conductor body 620>(aS§U82003/040320
descri bed above. That is, the gate dielectric |ayer :
is formed on the top surface of sem conductor body _
pestesss sici asét@ﬂidlbﬁeﬁdejﬁ)@ﬁldrﬁﬁﬁﬁ.m GHsheddi 88 vapor deposition .
sem conduct or body 620 and orned beneat h or

(UYBR)jtadsore soffichent éorposion gfer yalerdielettridiayande tisé dﬁdersnde 631
631 of 25 the sem conductor body. In the case of a - -

plLsemicangpped bady G20. gate el ectrode, the gate .
dielectric layer 624 is formed on the entire underside

B@ﬁzbf\'etxh@ gaigrelectrodegiaterialis bleakebdepaesitdover tbetsylbstrate -

oclgscrl bed above, the gate dielectric |ayer
g PRAPR ofdlieledtrs laved 79RANGOM IO @ﬁmawuﬂd f@e gate dlelectnc

onfo eposi tion, 25 WO 2005/ 010994
Wehedoih %3 S?m&?élggc %%@Hy 8Anshpptoliagdating layer 608.

et W A

OB eTeh AR ‘Eﬁgﬁs&s%'s&@gﬂ%?‘i%tﬁﬁﬁ% B aRiERR materiai

L%ﬁangﬁj foRfl Diféte é!@ Edé %E td%sbﬁt?éd*ggg\% Oth éﬂ%@;odlmem of the

ectric ayer alr oun

m‘ébént iﬁk/éhﬁifri rthé fé’él’é%ﬁoﬁ@ ﬁ\@néf 19;)58@1&&%&0@%@59 but not

body 608 and ont I nsulatin ayer

liehiesd tcoﬂimgm(w%ﬁalﬁuﬁﬁﬂﬁﬁjéflmiQn@cbﬁéﬁ%ﬂi@% (Cosy). The gate |

sufficient to conpletely fil openi ngs 705 and
efbatrode matérialtshodil bafermetl be anidpesition teuhtigheesuch as chemlcal

"material wused to forma gate el ectrode such as

Vapor depesitiab ¢C¥D)lar sdomintagdi depositidn {(AleD Lo masaeocbnformal film
invention, the gate electrode material is a netal :
i3 formedse thaidhe entirotrench aperingt796 isfijed @s wal) as the undercut

"%‘é’“alﬂg nelé{eé’lég Sfaéi gégﬁbﬂog\%ﬂafo?%| F?BIOIoég I &hﬂé@!etqtn@mask 702.
enQsi ti,on zechnl g uch as cﬁem

1N 9iten Pl Qi R SIEER 5 combib onages ot material

[
| f@?@ﬁh G %%%*f&éa@ 707 shahale pletagh o Sufftee Bty be formed

o8RRIl 2 R B RPEtafFD e

sUEs 2RI dhidenil bél bbhAmE AR
fromthe tlop of di el gcédrﬁlsg ayrgels%gseggﬁ? Eg‘é ?@éfﬁé%&nhzed ,to

rthenethe eﬁcémét@rrﬁamamwrrbmeftebrm@he dielectric film 702.

[0054] Next, as shown in Figure 7D, the dielectric film 702 is removed. At this

timef source and drain regions may be formed by doping portions of the

‘semiconductor body 620 as described above. This completes the fabrication of a

nonplanar device having a partiafly or fully wrapped around gate electrode utilizing
a replacement gate process. If desired, well known additional features, such as
sidewall spacers, heavily source/drain contact regions, and silicide may be added

at this time,
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as shown in Figure 7C. Any well known and suitable

pl anari zation techni ques, such as chem cal nechanical

B 209K PHY90r pl asma et ch back may be utilized t BCRWS2003/040320
renmove the excess gate material fromthe top of the
dielectric film702. [0054] Next, as shown in Figure
[9e5S]tiguds 8RS diesciibe antétBod of faming & ndMpladrrdevicaBaving a
source and drain regions nmay be formed by doping . SR
wieptaronsdafr fulhewrappedarndod gate bledtrofadvizsebe sasplegment gate
above. This conpletes the fabrication of a nonplanar -
RIeGesfeistigachefter thafennation ofradditianal feaipresd suel asdipgagions,

el ectrode utilizing 25 a replacenent gate process. |f

 speset.afidiipal srGandastars feTay sossea/deain regiens asd silicide on the

S| deégal |. spacers, heavily source/drain contact
SOUESHALIN 28Q08%4 i ci de may be added at this tinme. 26

AT R N R —
g G R T

SSHSindsc] 5978208 S D B0eLol O e e 622 anc

2088 S ABI A o S AN 89 e 1 e

forhredsever thelish isatface afl dRIRSAAR dTatha SilkdRWbdy 6207548 $h6wn in
6A and 6B. After the patterning of the sem Conductor

Figuren8308Irt ordeo tarforaetecszngaficibbgatecdivlccit oid blRdtro8eb/@t a
and source/drain | anding pads 622 and 624, o
saerdfidialigataldigjectric dxyetendieyial isddanlketdieposiied biecihal substrate
_gate electrode 804. are 10 forned over the top surface
ingHifling Heaaxpesast sunfacesi ofimsdatingliayep 60&stheHoprsuiriaces and
Figure 8A. In order to formthe sacrificial gate :
sigedrds isemipRnAIcRithaslyH2G and semicengdyctar, lan&ngm 622 and

o) L S RSB TSR e
SIS Ty 5 SEEH SRR B Bt
PSR 67 M o S8 R Fymad ot

elebhsdeé dbeth@aich i | rRfehvideC Tt?é’i%criﬁ-@iﬁ A€ Bt mafkal and the

el ectrode material is deposit

sacrificial gate dielectric material are then patterned by well known techniques,
such as with photolithography and etching, to form the sacrificial gate eiectfode

804 and sacrificial gate dielectric 802 as shown in Figure 8A. The sactificial gate

-electrode and the sacrificial gate dielectric are patterned into the same shape and

- at the same location where the subsequently formed gate electrode and gate

dielectric are to be formed. In an embodiment of the present invention, the
sacrificial gate electrode material is formed from a material, such as silicon nitride
or polysilicon. |

[0057] Next, if desired, tip or source/drain extensions can be formed by doping the

semiconductor body 620 on opposite sides of the sacrificial gate electrode 804
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- to a thickness desired for the height 805 of the

subsequent |y formed gate electrode for the nonpl anar
JEQi2BGHE" sacrificial gate el ectrode material PEGTAUS2003/040320

the sacrificial gate dielectric material are then
patterned by well known techni ques, 20 such as with

yhbtiwiputitieg obflieyssane cohdbetingty type tobeusbd te dom bi smﬁrbeldram |
gate el ectrode 804 and sacrificial gate dielectric: -

Bgong $hein regioRs gandesiornedeysary wil khaivndatinique, such’ as by

el ectrode and -the sacrificial gate dielectric are ‘
ipatimpiaiatiomywhichémplents dnaprisH06 inta thersensisnrductor body 620.as

- l.ocat i OE! where the subsequent | ggf orned gate el ectrode -

Shvadn Eiguie 8Pecthe sadifisial @ate 6|Pﬁ%\d3ﬂt$ Hweaahannel region of the
SHBRPEPr Dody 2alteEt Bstng b 'ﬂﬁﬁng e B ﬁ%rmatmwt@p Inan
B0 a4 H6f pPepet lrf'af%%?rqp* o redins Beflap goping concentration

| .Wé’éﬁ@f2352@2“8@6@%@-5%%%%9;2?. o e

e R YOO OARR B SRR AR e

I‘ItIeS

\ d‘fﬁ)’dﬁht@ ISR GiTiRE %acﬁﬁtﬂépgﬁtﬁ eTé’t?ir&de[’BGtﬁ g5 %ﬂévﬁe\ﬂoﬁﬁure_%.

med by any well known ni que, suc :
SidpWalitsphters carhbe fon HHowrbiee ;
sem cotr?guct or body 6?§@a@mbﬁ¥m in Fi gupg'a%% Ebﬁh as by blanket
depositinigea ebnfganel S8dwall spavesdishetihevsrehe 'eBs@BtePicluding the
the 5 seni conductor body 620 from bei ng doped during
tem sutfiape odmidaévesiisstfabe sacrificial gatbadectrrde 804 thavell as over the
present invention, tip regions having a doping '

t% sHEAEE andsidevwslis/afensamicnauctor bogly 6200amd lamehmg pads 622 and

r med 0058] Next, if desired, dielectric sidewall
63%&%\“@“ QW%X@W@@@ ingiypting subsirate\G02. sTbe

as shown in Figur

d&e@&@%%fgb&'gﬁ@%{te%g é%g?go% ?rgq slyy,hlghg,s agpqoxmate!y equal
gﬁrﬁ/‘g\rtdtﬁ%@rgg for tf\g%ggggpsb %ﬁ)gl n%lﬁ itep de OS' LQP the) present
invehsibhaii diBfel l:H?:' é;%cbp m%t{a | J§¥%&§§ﬁ%@§£ﬁ%§@%¥eﬁeﬁh@n 20-

the sacrificla

10991&?%&6% ange §;bé’(?é’|‘%aﬁer%gﬁ§n %%'Eil AU s%ﬁx $iéds, silicon

and | andi ng pads 622 an onfo t
oRyitriRrorsa Chabiaibnithstd L IMhe &éi@&frrcaé;ﬁac@@%natéﬂsl 8%hen

di el ectric spacer material is deposited to a thickness
amilsotrbpml!yapmfwdl bmiketbyeaw_w the dielectric spacer material from all
horizontal surfaces (e.g., top surface of the sacrificial gate electrode 804 and the

top surface of semiconductor body 620 and insulating Iayér 606) while leaving

'spacer material on vertical surfaces (e.g., the sidewalls of sacrificial gate electrode

804) to form sidewall spacers 808 as shown.in Figure 8B. By making the height
805 of a sacrificial gate electrode 804 sufficiently taller (e.g., 3X) than the

thickness or height of the semiconductor body 620, an “over etch” of the

~anisotropic etch back can be used to remove the spacer material from the

sidewalls of the semiconductor body 620 and landing pads 622 and 622 while
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to the width desired for the spacers 808. In an
enbodi nent of the present invention, the dielectric
WWS0MMPerial is deposited to a thickness bet REBAIS2003/040320

20- 100 nanometers. The spacer material can be silicon

"nitride, silicon oxide, silicon oxynitride or a

leawhgrmm‘ﬁcmnttdmceomatémm tdipeddde spacenses88 omtite sidahwails of the
then 20 anisotropically etched back to renove the '
sfcsifisiel pate elpeicede Bderial fromall horizontal

surfaces surface of the sacrificial gate

80@?:& N@ﬂeES@%OWﬁdﬂﬁI@JFGt&Q} afldhiiensd sicos &tilcandioc siticide 812 can

bo% 620 and insulating |layer 606) while |eaving
BledRitte the expasabion acﬁﬁﬂch@lélgwelis gf the ﬁ@miCOHdUCtOF body

Nt padE bha shabads ohdoifians syiros %Oééﬁr‘ﬁé%g the
Sfierf DTer o B s los Body oot G eisklisg deposiion
PR e Pty Bl s
A1 g A b ooy 50
|aVhdiihe %5@2%694@98410%@%&%%?%& 3R Bl FGH. gﬂgon containing

suffrcient spacer materi al ovi de spacers

arbes, sclewsdgifiefal ar cleagbié l%ﬂabiew;ﬁ’c 8h86&E BB &% insulating
[0059] Next, as shown in Figure 8C, additional silicon

I®BAr 606/ Ay wiellikpioge sElgctvendepusitior predess heaybaeused to provide -
exposed top surface and sidewal | s of the seni conductor -

tie @gditionebepitaxipl Isdicenndn gadsmbadingend of #4e prekdint irommtion,

- silicon can be formed on the exposed surface of the

bebween R8I obaditienal epjtaiel silicomis seleelivaly deposited onto

d s. A selective silicon deposition
Sprgaki et S50 AnG UG GaHS 220 Gt i Forsn faiessh,

ant 0 ilicon containing regions, such as semn conductor
SBYIP/E5H SO Y andi ng pads 622 and 624 and does not

8 4 PR, FRA0G 3D 8 B0 ebBe P Fne
i e R T R AL

etét@ro@@%é wenak 9Pl thaxading palds @22 di 624 R RS ars 808

the present invention, between 50-500A of additli onal

pepidraxh@bingetying Ifbrda\ﬁo@ﬁy eoimacetiy régions bhedhe Beticonductor body
sem conduct or body 620 and | andi ng pads 622 and 624 to :

620from diegeridoped by the heavy source/drain implant 810. - Additionally, as

before, the sacrificial gate electrode 804 masks the channel region from being

‘doped during the heavy source/drain formation step.

[0061] Additionally, if desired, silicide 812, such as but not limited to cobalt silicide,

nickel siliide, and titanium silicide may be formed onto the exposed surfaces of the
semiconductor body or onto the additionally added silicon film as shown in Figure
8C. Silicide can be formed onto the top surface and side surfaces of the exposed

semiconductor body or additional silicon by utilizing a self-aligned or “salicide”

process. In a seh-aligned or “salicide” process, a refractory metal film, such as

20



15 source/drain regions, [0060] Next, if desired,
heavy source/drain regi ons naybe formed in the : _
K20 or body (and additional silicon, if UWUS2003/040320
on opposites of the gate electrode as wel | as into ,
‘the landi ng pads 622 and 624. Sidewall spacers 808 _
pukneldimiteetaitaaingj mgkelrand eobmitycahdrerblinkep deposiebover the
and the seni conductor body 20 620 from being doped by = - -
Buestraiancleding dae siliwon regiohamndsiidlectiddiegionsal The sabstrate is
ef or e, the sacrificial gate el ectrode 804 nasks the

e alegion tW@ﬁrraiére@ufﬂmsptsto mﬁeﬁ@etmanmadgposuted metal
our ce/ dr r]tfor at i on step, [0061] Additionally, if
'%’é@f Eoefi?a g?"’l héha siligpp. C%‘E@Hlnﬂg’eEl@ﬂSﬁ@thﬂmM$ib@deo Reglons such

B T T
A e AL, g v
We S TR Bbed RErfBS e BRARRN RbET Wl o R bpmetat
shh’c&d’é BHQZ'Iﬁ‘Q’ué‘ w%ﬁ) sniﬁd&&%ﬂp@%ele%ﬂ{/élﬁ'fgﬁne gﬂgﬁ@ thle %lllcon or

a self-aligned o process;

. gephiabndidter r 8fa stBsiiIc2R08Hh Eig :
PCT/ US2003/ 040320 but not 11 I @J’igpt‘n”é%u 0 nickel .

[a06R] dddaet] &s showhdn FigurieedD A Bt diRelIapee 8 14Ns blanket dePOSIted
substrate including the silicon regions and dielectr

aveg thensubstrate s Tt dieteztriclaybhizroansd & adhicknass sufficient to
tenmperature sufficient to cause the blanket deposited

ceBtRietely eouar the Sﬂbatratamclmdingesmriﬂcm gatoelsatrode®04. The

-d;éelglon to forma silicide. (IJJIOHS such 5 as- :
ssersq&éblérfgrrs@g of agnaisrial whichrean be isetpatisglyretsiosd with

W | | react, with the netal and the netal wll :

rnRet D e SATIN EaMatal i weh s semingRductar body 620, That
d

e i e Rhd B hed b ﬁ%ﬂe@wbghwﬁsrevbvsﬁwﬁ.scaca@cmgate

elé?:tﬁoalrfehe an @% quérg'lr Ql%ngﬂﬁ%ogﬁ afgi'vffﬁa% Ig(élt éo%‘nweag/ A Yotectric

S 58 o, Sh R efBners

shown 1 n Figu

sUEPas ichemicAl REcHAcA PS4 ¥Bion UM ﬁieeﬂoﬁﬁtfr[a“ﬁé &‘ytﬁé dte°1ectr|c |

formed to a thickness sufficient to

filrhis Sabst with ¢hé Babtifidiagyfte Glédtictieddndteet éiﬁéc%d@ft
804. The dielectric Ig%/er 814 is forrredog’:‘ a materhe sacnﬁcaal

galei déctoade bepesddeas ishelvy irtRidiee 88t h |
[0063] Next, as shown in Figure 8E, the sacrificial gate 804 and gate dielectric 802
are etched out to form an opening 816 where the gate electrode is to be form'e_d.'
‘Removing the sacrificial gate 808 and the sacrificial gate dielectric layer 802
exposes the channel region of the semiconductor body 620 of the nonplanar
device as shown in Figure 8E. Removal of the sacrificial gate electrode forms an
opening 816 where the gate electrode is to be formed. _

[0064] Next, as shown in Figure 8F, the substrate is exposed to a undercut etch to

form undercut opening 818 as described above. The undercut etch removes a
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respect to the sacrificial gate material as well as

sem conduct or body620. That 15 is, the dielectric 7

PP 290541099¢ formed of a material whereby the  PCT/US2003/040320
sacrificial gate electrode 804 can be renoved w t hout

significantly etching away the dielectric |ayer 814.

g ion aiithe knsilatingosy e 66 from beredath the chathe region of
dielectric |ayer is planarized, such as chenical
$REBIcaRHEalior QDQM £2028 shawnin Figuré\8Ft dinesumdeacet etfchtdam bé used
dielectric Imis planar with the sacrificial gate
raiEfely ée%‘ﬁéfetﬂﬁ% inseitisgrlpuerOf iromebenrath the chandelal

Ko UECHh By BLDP Gpass e niredinsrsineiat e ahanadi4sgion of
f ‘
EIcPRY ek BufiL abin 8B Tera vk awrrane arsfyrrﬁ?cféie@lectrode
ARy B PR it @%@@2@ T RePetRiaR s ihe kngiing layer
606 &R @eﬁ’f@aﬁl‘i’ %gﬂﬁtsﬂ]{g Qﬁﬁé c%épmg Btospe? | ﬁga%{:luctor body 620 so

devi ce as own

tlsaca péhﬁsﬂl?'wnﬁ b&d %'r&%d géi% él?éﬂf@n%%@a? gggﬁﬁnﬁﬁ%ﬁjgﬁ%sv@ SScribed

the gate elec rode ist

. abboan in Figure 8F, the substrate is exposed to a

undercut etch to form undercut opening 818 as

(65§ Nebe: dasbatecdicBotric8RERAE G gét@feléafm,f@z&a@fd{’ﬂed in

2005/ 010994 PCT/ US2003/ 040320 portion of the

opa@mgatm@amwés asGghoiwroim Figorea8 . tHisst C@g@ﬂaedjlele%*t@fim 820 is
sem conduct or body 620 as shown in Figure 8F

blﬁ%@l‘f Qﬁpoﬁtmwdheéuésﬁdte cHimppeteatiglectiomatdris covers the top

sul ati.n er 606 from beneath the channel of
S% %Bﬁéégq ]W)IhQEOGBBGIer)@QMEOftthe semicordusidebedyle20 as

0
W g e GXPRRGH 1o fL7aea 25 dR6 AP upandysics bushe2d sadsscribed

b 91 et e B 5550 B34 Bty o

por i on

C?Djﬁr ALDt Wo%?@&%bsﬂ%%&g@%gﬁ%rﬂhﬁ%du 62 g&? dﬁ%@g\uﬁl on the

that'a partially wra

eﬁﬁ;sfe@bjnd‘eﬁ%i%@ cﬁ%h@%ﬁgﬁhé‘% b&"tﬁe sethi é@%@% J;ﬁé&y 650 Next, a

gate dielectric 820 and a &8t o _ _
gdterai@strode meReihiNg biohket é@ﬁosﬁfb% (ﬂz%lrﬁl’?@g@té EieFécQHé eThSgate

First, a gate dielectric fil
eia@m neatedalanay be aybsel ah@wnﬂa@e eRicrodledh8@hial, Such as

mat eri al covers the top
described above. The gate electrode material and gate dielectric are then
chemically mechanically planarized until the top surface of the dislectric layer 814
is revealed as shown in Figure 8G. Once the gate electrode material and the gate
dielectric material are polished back or removed from the top dielectric material
814, a gate electrode 824 and gate dielectric layer 820 have been formed. The
gate dielectric and gate electrode either partially or fully wraps around the channel
region of the semiconductor body 620 as described above. Dielectric layer 814
can left on the nonplanar device as shown in Figure 8G and become part of the

“back end” or interlayer dielectric (ILD) and metalization system used to
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surface and sidewalls of the channel region of the
sem conduct or body 620 as well as the exposed | ower
NP 2SOV t he seni conduct or body 620 as descrlprS‘éTdU%ﬂi‘/O“ﬂnﬂ

above. The gate dielectric material is formed by a

~conformal process, such as CVD or ALD, in order to

elacirically beuplerverious morbldrze dgalcesdogiber irite ftﬁf@dt@iﬂaﬂibrrcwts
on the exposed underside of the channel region of -

Albemativieliicdiefediticliayer 814 Nerthe mmoadatthictimedmd. replaced by

~.material is blanket deposited over the gate

m@he&typiecof imeglayer dielasiric for thie “backezndi]l Triy compietes this method_

‘ﬂ% known gate.el ectrode material, such as 20 _
HPE”EG%I napeear drecy heying 2iullyoweppad@around an@agaatllg wrapped

c,are then chemcally nechanically -

%P'a{ﬂ‘i i%&'%ﬁfﬂd? the top surface of the dielectric .

layer 814 is revealed as shown in Figure 8G Once the

gat e —etectrode—ratert+al—and-the-gate—di-el ectric

material are polished back or renoved fromthe top

dielectric material 814, a gate el ectrode 824 and

10846 8, Sebblshe 4RAR0 Gty fﬂrwggraﬁaq%wnm '

eiedtrddeyaﬁrnﬁtre‘ﬁ%@ﬁndd%eof%&%ion HERY OePlcddbed, .

sem conduct or body 620 as describ ove _
layer 814 can left on the nonplanar deV|ce as shomm '
in Figure 8G and becone part of the "back end”
interlayer dielectric (ILD) and netalization system
used .to 31 WD 2005/010994 PCTI US2003/ 040320

el ectrically couple various nonpl anar devi ces' t oget her

“into functional circuits. Alternatively, dielectric

| ayer 814 can be renoved at this tinme and replaced by
another type of interlayer dielectric for the "back-
end". This conpletes this method of formng a
nonplanar device having a fully wapped around or
partially wapped 5 around gate el ectrode. 10066]
Thus, nonplanar transistors with partially or fully
mwapped around gate electrodes and their nethods of
fabrication have been descri bed. 10 32 I N THE CLAI M5

W claim
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5 1. A nmethod of form ng a nonplanar transistor
conprising: formng a sem conductor body having a pair
of laterally opposite sidewalls and a top surface and
a bottom surface on an insul ating substrate; renoving
a portion of said insulating substrate from beneath
said sem conductor body to undercut said
sem conduct or body and expose a portion of 10 said
bottom surface of said sem conductor body; formng a
te dielectric on said top surface of said
INT BVt or body, on said sidewalls of said
sem conduct or body, and on said exposed bottom portion
of said sem conductor body; depositing a gate
VVec%@h%rial over and around said sem conductor body and
jeneat h sai d exposed portion of said sem conductor
body; etching gate el ectrode material into a gate
el ectrode utilizing a first anisotropic etch followed
1. by mdthed b8PbemBiC nbApl@aMtANIRIS &b@ptishe Which is
fornmed over the gate dielectric layer on the top
s fiptinaing ©fermidohduetordundiuhavinghogyir cdigterslly oppesite sidewalls
adj acent the gate dielectric fornmed on the sidewalls
and agbpsairthczamgkearbotingusurachon pnanduliasingaubstrategneat h
said gate dielectric forned on said exposed portions

ofeTaY M2 PPBIT OF saiddnsplabingsubstatohoue bereatbapid and
R e R A
: /drain.redions. 25 2 Ihe method of claim 1l
sid QP b BRupgdie othod of claim L
\‘f\ﬁdﬁﬂiﬁg' dsgiﬁgsdﬂale%ﬁgbt of3ar Eo}{‘ﬁn‘ﬁ&b&ﬁseﬁﬁ s%hﬁbgﬁl%umg})r body, on

erel I NSu Ing su rate conprises a

said si@agﬁny gfghﬂdkgb%i%bhﬂﬁ@ﬂ&rwﬂ% hAl ®re§d @xpeRed bbttéA'portion of
e

oxi de. . nmet hod of form ng a nonplanar transi stor

said seanpondactor bbdym ng a seni conduct or body having a top
surface and a bottomsurface and a pair of laterally

ofgmsitieg 9i gieandterishower amd atamtridhspid sbaticandyctéoboidpgnd
a dielectric filmover_ and around sai d sem conduct or
beneaply g91d owrasedporigndigaid semicenducten bedy:an openi ng

I ch exposes the channel. region of said ...
V\Qcﬁmg gate electrode ma eruﬁ into a gate efectrode utilizing a first

anisotropic etch followed by a isotropic etch to form a gate electrode which is
formed over the gate dielectric layer on the top surface of said semiconductor body
and is formed adjacent the gate dielectric formed on the sidewalls of said
semiconductor body and is formed beneath said gate dielectric formed on said
exposed portions of said bottom surface of said semiconductor body; and
 placing dopants into said semiconductor body on opposite sides of said gate

electrode to form a pair of source/drain regions.

2. The method of claim 1 wherein said semiconductor body is formed from

‘single crystalline silicon.
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10 sem conductors body; renoving a portion of said

i nsul ating substrate in said opening beneath said
sem conduct or body to expose at |east a portion of
said bottom surface of said sem conductor body;
formng a gate dielectric |ayer on said top surface
and said sidewalls of said 15 sem conductor body in
sai d opening and on said exposed portion of said
bottom surface of said sem conductor body; bl anket
depositing a gate electrode material over said
dielectric filmand into said opening and on said

e dielectric.layer on said.top surface of said.
3. I3 aBeiack o By “herSncaid insobaind slvrale spguiscs a lower

[ L: I sai 1 CO tor body and

mon%%x%@#&%%@%%&%&%%@ %Hj?’l%gp gﬁ{.nc&%l %agéposed portions

of said sem conductor body; renoving said gate

el ectrode material fromthe top surface of said
4. didehrelidd 6f foinhifigt PnbApMnAr GALSisEhrecdhpHSing: enovi ng

said dielectric film and placing dopants into said

s forntimgcusdmiconddy taarbapphsving Stopesurticesadia bdbtom surface

el ectrode to forma pair source/drain regions. 34 5.
and aTpasr aflatechllyf oppetite sidewallsion aninguidimg eubiitatey body

inggtfo_r med _from, single crystalline silicon. 6. The )
Ryagst diglestrc dilpherer and arenndysaid senigoadwetor hody, wherein

] 0 i.S | ower 5 nonpcrystalline sjlicgn substrat.

said digigelyic Fimdas atpaperingeW i $50s6s the Fhonnel Taginn pbspi

semiQngdyf Ry B DD L Aot op SurFace and bot f o
AR PortaPt in EER A XSRIRE: SR o) binclth e

semi@ndatictdoBPRVEx sttt 18Rt IUp bidfod Of saidibditom sulrt;ace of said

sem conduct'or body and adjacent to said laterally
semicomdasidrébaiygewal | s of said semi conductor body, said
sacrificial gate electrode having a pair of laterally
ofoposing @ gitdeieletic lalyac ongaid e serface and aand sidewalls of said
. sem conduct or body on_ opposite sides of said .
semiconductor body in said opening and on said exposed portion of said bottom

surface of said semiconductor body;

blanket depositing a gate electrode material over said dielectric film and into

-said opening and on said gate dielectric layer on said top surface of said

semiconductor body, adjacent to said gate dielectric on said sidewalls of said

semiconductor body and beneath said gate dielectric on said exposed portions of

“said semiconductor body;

removing said gate electrode material from the top surface of said dielectric
film to form a gate electrode; removing said dielectric film; and
placing dopants into said semiconductor body on opposite sides of said

electrode to form a pair source/drain regions.
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15 sacrificial gate electrode to forma pair of
source/ drai n extensi ons on opposite sides of said
gate electrode; formng a pair of sidewall spacers
along laterally opposite sidewalls of said
sacrificial gate electrode; formng silicon on said
sem conduct or body adjacent to said sidewall 20
spacers; placing dopants into said silicon and into
sai d sem conductor body in alignment with said
sidewal | spacers; formng a silicide on said silicon

5. f dhesaethpdaf dlavad vheteiat said seaycondijcserehedy és fermeed from
. .Si devva.hl spacers; forming a dielectric |ayer over said
singlgjorystpline ’E‘gpansacri ficial gate electrode 25 and said
si dewal | spacers; 35 planarizing said dielectric |ayer
until the top surface of said dielectric layer is
p . - . |
6. oIEehetlddof Mo P W o ARG ntu BB E BmBS a lower
mon&erRSafithe SRITOU B statcdarkidsibp sAicn AR iﬁklﬂ%ﬁhgqﬂnﬁ.o
expose the channel region of said 5 sem conductor
body and said insulating substrate; renoving a portion
of said insulating substrate in said opening beneath
7. sd& metbeddf bodantgpa nboglaniao texpster eampaastg:a portion
of said bottomsurface of said sem conductor body;
f SoEMing asemicongiusterichody:havipgra tnp suface apd bottparsurface and

o S a0 g e SR o0
bot t f f i,d i duct. body. bl ank
T e e

s R P L0000 PR e

| semi&ﬁiﬂ&%%@d&ﬂ rsalpcf géfcﬂﬁ@ﬂaﬁgﬁf@ elbOrsdé ﬁggﬁ{gea Pag! (?Pl‘ag r{glly

on sai d si dewa of sald 15 sem conductor “body,
oppoSiensidetvatiat d gate dielectric on said exposed portion
of said bottom surface of said sem conductor body;
aplicirgrdepargs satodsaidisenatenducide body em appdsitensidasof spid
surface of said dielectric
sacrificial gate electrode to form a pair of source/drain extensions on opposite sides

of said gate electrode;

forming a pair of sidewall spacers along laterally opposite sidewalls of said
sacrificial gate electrode;

forming silicon on said semiconductor body adjacent to said sidewall

épacers; placing dopants into said silicon and into said semiconductor body in

| alignment with said sidewall spacers;

forming a silicide on said silicon formed on said semiconductor body

adjacent to said sidewall spacers;
forming a dielectric layer over said silicide, said sacrificial gate electrode

and said sidewall spacers;
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filmto forma gate electrode. 20 8. The net hod of
claim?7 wherein sem conductor body is fornmed from
single crystalline silicon. 9. The nethod of claim8
wherein said insulating substrate conprises a | ower
nmonocrystalline silicon substrate and a top silicon
insulating film 25 36

planarizing said dielectric layer until the top surface of said dielectric layer
is planar with the top surface of said sacrificial gate electrode and said sacrificial
gate electrode is exposed;

removing said sacrificial gate electrode to expose the channel region of said
semiconductor body and said insulating substrate;

removing a portion of said insulating substrate in said opening beneath said
semiconductor body to expose at least a portion of said bottom surface of said
semiconductor body;

forming a gate dielectric layer on said top surface and said sidewalls of said
semiconductor body in said opening and on said portion of said exposed bottom
surface of said semiconductor body;

blanket depositing a gate electrode material on said gate dielectric layer and
into said opening and on said gate dielectric layer on said top surface of said
semiconductor body, adjacent to said gate dielectric on said sidewalls of said
semiconductor body, and beneath said gate dielectric on said exposed portion of
said bottom surface of said semiconductor body; and

removing said gate electrode material from the top surface of said dielectric

film to form a gate electrode.

8. The method of claim 7 wherein semiconductor body is formed from single

_crystalline silicon.

9. The method of claim 8 wherein said insulating substrate comprises a lower

monocrystalline silicon substrate and a top silicon insulating film.
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