WD 2004/ 061972 PCT/ US2003/ 038519 Dense Dual - Pl ane
Devi ces Cross-Reference to Related Applications
wdredoanence i s made to co-pending U S. patent PCT/US2003/038519
applications 10/011, 846, entitled "Miltiple-Plane
Fi nFET CMOS", filed 04 Decenber 2001, and 10/ 063, 330,
"Fin Menory Cell and Method of Fabrication," filed 12
April 02002, both of which are 5 assigned to the
assi gnee of the present invention. Technical Field of
the Present Invention The present invention generally
relates to CMOS technol ogy and very-|arge- scale
integrated circuits and nore specifically, to nethods
and structures that 10 enable the use of
hi gh-nmobility c tallineypla |1 double-gat,e CMOS
technol ogy. Desddiense DuakPlane:Devices
Conpl erentary Metal Oxi de Sem conductor (CMOS) has
been the technol ogy WD 2004/ 061972 PCT/ US2003/ 038519
of choice for Very-Large-Scale Integration (VLSI)
wherein literally tens of mllions of transistors (or

o R Al S

transistors with greater speed, one 5 option that has

been proposed in the art is to utilize freestandi ng

silicon rails as the body for the transistor. These

bodi esReferengs is anadedto’ do-pastdingd §. patemé applicatiams 1@/01 h846, entitled

"Multiple-Plane FinFET CMOS", filed 04 December 2001, and 10/063,330, "Fin
Memory Cell and Method of Fabrication," filed 12 April 02002, both of which are

assigned to the assignee of the present invention.

Technical Field of the Present Invention

The present inyention generally relates to CMOS technology and very-large-
scale integrated circuits and more specifically, to methods and structures that
enable the use of high-mobility crystalline planes in double-gate CMOS

technology.
Description of Related Art

Complementary Metal Oxide Semiconductor (CMOS) has been the technology
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pl ane defined by the wafer surface. See for exanple US
Patent 6,252,284 to Miller, et al. Double-gated

WO e@ass®rnrs constructed with such fins can preer/ds2003/038519

| ower | eakage 10 currents and are scal able to smaller
gate lengths. See Tang et al, "FinFET - A Quasi-Planr
Doubl e- Gat e MOSFET, " 2001 | EEE International Solid
State Circuits Conference, Paper 7.4. It is further
understood that in sem conducting crystals such as
silicon, the 15 nobility of holes and electrons is a
function of the crystalline plane in which the

chanfeh ol ?d?(?/eﬁ'%ggﬁie% le Llﬁ?érgfiWQ{Leéjf\%n%%ﬁ llﬂt&;a‘ﬁ}/ irt]éhs of millions

silicon, €l ectro ave gre

{100}, equi yal ent pl anes il e holes have.their o

U ecA JSIsis fnrybrel ot bedebieatied Byioh aiglE egrated circuit

di scussed by Takagi, et al., "On the Universality of

I nversion Layer 20 Mobility in Si MOSFETs: Part

| -Effects of Substrate Inpurity Concentration," 1994

2 WO 200oRiet &y proide/ dusaie0 sL0des1y transistory mithgreatar speed, one

El ectron Devices, V. 41, No. 12, Dec. 1994, pp.

235 ¢pticithat hek been bﬁgﬁﬁedﬁn thenartisrtd uditizer freastaridiad siicon rails as the
(e.g. galliumarsenide) typically have differing

el e‘BBB?;bfrriﬁé ?rtaHEQt;btiﬁ]Hegé HoRicd! bf §3-8aledPhirafte p'érp‘é?\fdﬂ:ular to the

K"r:gctlc rrgt er _affprovento be d!fficult to form
PR UhPREDS 88 w858 WAt O ppgmy g 252204 o

Muller, et al.

Double-gated transistors constructed with such fins can provide lower leakage
currents and are scalable to smaller gate lengths. See Tang et al, "FinFET - A
Quasi-Planr Double-Gate MOSFET," 2001 IEEE International Solid State Circuits

Conference, Paper 7 .4.

It is further understood that in semiconducting crystals such as silicon, the
mobility of holes and electrons is a function of the crystalline plane in which the
channel of the transistor is formed. For instance in silicon, electrons have their
greatest mobility in {100}-equivalent planes while holes have their greatest mobility
in {110}-equivalent
planes, as discussed by Takagi, et al., "On the Universality of Inversion Layer

Mobility in Si MOSFETs: Part |-Effects of Substrate Impurity Concentration,” 1994
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conplexity. For exanple, in US Patent 4,933, 298
silicon islands on a SO substrate are selectively

worpmkedcioand recrystallized to formislands of eiT/i810031038519

crystal orientation, 10 which increases process cost.
In US Patent 5,317,175 the respective n and p devices
areorned in separate areas of the substrate,

orthogonal to one another, sacrificing density. In US
Patent 5, 698,893, as well as Japanese Published Patent
Applications JP 1264254A and JP 3285351A, the
respective devices are fornmed on horizontal and 15

Vei%?t@‘%?%@ﬁ%‘v‘t@éoﬁap Bof 37 41aNB 14,088 b BB 2 8Fr-2008.
3&5@%&5%@ SEFCBHEET SibBiRh e SR ATsp e irgioally have

%pe transi stors having channels in different

wring dlectperiels mebilitigs pmdiferent pianesdds a ni ni num of
process conplexity and loss in density. 3 WO
2004/ 061972 PCT/ US2003/ 038519 Brief Summary of the
Invention In a first aspect, the invention conprises a

MOS devaga, praéticar inSttacit hag §|*ov@ﬁ‘tb bé et tf)ffmt\m’Emsﬁmd PFETs on
semn conductor bodi es forned on a substrate, said first

5 ﬁfff’e?éﬁtt it eg?nﬁ‘gi“é Sgés}gg&\gﬁe@leg)dehéw /6¥ lﬁ?l"eégm% process

portion a non- orthogona
parall orientation with respect to a flrst portion
'Yecond

For example, in US Patent 4,933,298 silicon islands on a SOI substrate are

selectively masked and recrystallized to form islands of different crystal orientation,
which increases process cost. In US Patent 5,317,175 the respective n and p
devices areormed in separate areas of the substrate, orthogonal to one another,
sacrificing density.

In US Patent 5,698,893, as well as Japanese Published Patent Applications JP
1264254A and JP 3285351A, the respective devices are formed on horizontal and
vertical surfaces of the substrate; trench formation increases process complexity and

expense.

It would, therefore, be a distinct advantage to provide freestanding semiconductor
bodies with p-type and n-type transistors having channels in different channel

planes, in a manner that adds a minimum of process complexity and loss in density.
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freestandi ng sem conduct or body, said portions of said
first and second freestanding sem conductor bodies

whaosngiorespecti ve first and second crystal |l i NBCT/US2003/038519

orientations; a first gate el ectrode crossing over at
| east part of said first portion of said first 10
freestandi ng sem conduct or body at a non-orthogona
angle with respect thereto; a second gate el ectrode
crossing over at least part of said first portion of
said second freestanding sem conductor body at a
non- ort hogonal angle with respect thereto; and

cogﬁg@uh%rﬂﬁgﬁélwgﬁgndi sposed at |east in portions of

sald first ‘and secon freestandi ng sen conduct or
bodi es exposed by said first gate el ectrode and said
15 second gate el ectrode, respectively. In a second

aspec ' ' [ vice -

cormpr 67 R g5 Sb TR 080 ChPRa ENIRS flePcrompisn st and
with a n-type channel region disposed,on a firs .

or 5Eotes s aTison ko heilespTare 80 cosrbistsBla: seig frs
than that of a second crystalline plane of said first

f r freestanding gemicenduetanbedy havdrg a figst ortion theateef disposed at a non-
el ectrode that crosses 20 over said channel region at

a odhogurial) oganmralieh glientafiarhwitie sgspett tohefirst portian sésaid decond
4 WO 2004/ 061972 PCT/ US2003/ 038519 freestandi ng

s effeeQARMIAG SEMROAYU¥IOF Body, Raldyisticitasfid firtBamd second freestanding
di sposed on a second crystalline plane that has a

" Sahst Bl b LSy St rnaions

e A5 ool 2 o R B PS4 T o B

anglegstg\‘i\éigg ggrsnFc%%Eiuct:tg%géyoét a non-orthogonal angle with respect thereto; a
second gate electrode crossing over at least part of said first portion of said second
freestanding semiconductor body at a non-orthogonal angle with respect thereto; and
controlled electrodes disposed at least in portions of said first and second
freestanding semiconductor bodies exposed by said first gate electrode and said
second gate electrode, respectively.

In a second aspect, the invention comprises a CMOS device, comprising a first

freestanding semiconductor body with a n-type channel region disposed on a first
crystalline plane that has greater electron mobility than that of a second crystalline

plane of said first freestanding semiconductor body, a first gate electrode that crosses

over said channel region at a non-orthogonal angle with respect thereto; a second
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51n athird aspect, the invention conprises a nethod
of formng a MOS device, conprising formng a first

wo e@ast@anzi ng sem conductor body with a n-typepchasmwe’/n3ss19

regi on di sposed on a first crystalline plane that has
greater electron nobility than that of a second
crystalline plane of said first freestanding

sem conduct or body, and a first gate el ectrode that
crosses over said channel region at a non-orthogona
angle with 10 respect thereto, and source and drain
regions; and formng a second freestanding silicon

oot R 4058 g FART B B b 2 socon

than t fir [ 1] f .
f i Srysta tpgé)&;leatﬁa %EEﬁ st]a qlg/o@?aqgat%éc%a irst crystalline plane
el ectrode that crosses over said channel region

noof-ssid fis Brestardiny semicondpelopbedy, end @@naﬁéﬁfé@gﬁ éféat crosses
and drain regions. 15 In a fourth aspect, the
| novertsaghchemmet fegies at amarkodhagonat amglelwltg respish thergto.
integrated circuit conprising first and second Fi nFETs

Wit h phatvel agpedt, tirsindértiohsciinprizes fal hethod o ferathiend MOS device,
crystal planes, conprising the steps of orienting a

S eéBrﬁ?ﬁ’qugg L&hhng"%fr%f fréést?ri\ r Sg %Bnﬁ’éﬂnﬁﬁctlﬁp b&'lﬁgltﬁ‘ aerfyéé channel

set o s at a azil mut ang

' e%@%gh%%’(g%sseg odna§J ﬁ@ﬁ gwg@iéé é?%gp%ﬁ%%g&de@c?on%obiIity than that

respect to said ven a ormn Fi nFET bodjes in

s oPTcP Secand cygal rg%@'m Oééqiﬂtﬁ%dtﬁ?ﬁ lmasem'conductor body, and a first
sem conduct or waf er et chi ng portions of the wafer

exgrte eledipde dhat cmssgs oaﬂ@sayduc anrgd ¢egian eba sopfortigernal angle with
shapes; and form ng gate el ectrodes over said Fi nFET
boispsctahereto, and source and drain regions; and forming a second freestanding

silicon body with a p-type channel region disposed on a second crystalline plane that
has a greater hole mobility than that of said first crystalline plane of said first
freestanding semiconductor body, a second electrode that crosses over said channel
region at a non-orthogonal angle with respect thereto, and source and drain regions.
In a fourth aspect, the invention comprises a method of providing a densely

integrated circuit comprising first and second FinFETs with channel regions disposed
on first and second crystal planes, comprising the steps of orienting a semiconductor
wafer at a given axis; forming a first set of mask shapes at a first azimuthal angle with
respect to said given axis; forming a second set of mask shapes at a second

azimuthal angle with respect to said given axis; forming FInFET bodies in said
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orientations that are favorable for |ithographic
control. Brief Description of the Drawings 5 The

w@e@3daat7t nvention will be better understood apdr/UsE®03/038519

nunmer ous objects and advantages will becone nore
apparent to those skilled in the art by reference to
the follow ng drawings, in conjunction with the
acconpanyi ng specification, in which: 10 Fig.1is a
cross-sectional view of an SO wafer at a point in the
process in accordance with a first enbodi nent of the
present invention; Figure 2 is a top view of an SO

24Ot P P RS RS PRl st and s
L0 o3 o L B e B SO e s

step of the process in accordance with the first
enbaentations hat arefaverabledar lithegrapbicsantrelubsequent to
Figure 2; 20 Figure 4Ais a top view, and Figure 4B is
a cBostDesedptioprofithe\Dravingsof an SO wafer 6 WO
2004/ 061972 PCT/ US2003/ 038519 at an intermnedi ate step
of the process in accordance with the first enbodi nent
of the present invention, subsequent to Figures 3A
and 3Be pregentinbentionawill bp bettenvuraferstoo®@nd s freimdreas olnjgcts and
the integrated circuit structures in
advantages will become more apparent to those skilled in the art by reference to the

following drawings, in conjunction with the accompanying specification, in which:

Fig.1 is a cross-sectional view of an SOl wafer at a point in the process in

accordance with a first embodiment of the present invention;

Figure 2 is a top view of an SOl wafer at an intermediate step of the process in

accordance with the first embodiment of the invention;
Figure 3A is a top view, and Figure 3B is a cross sectional view, of an SOl wafer
at an intermediate step of the process in accordance with the first embodiment of the

present invention, subsequent to Figure 2;

Figure 4A is a top view, and Figure 4B is a cross sectional view, of an SOl wafer
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5 accordance with a first enbodi nent of the present
invention; Figure 6 is a layout for an inverter

w@R2o0gs1972 n accordance with a first enbodi nent POF/USI00&038519

present invention; 10 Figure 7 illustrates a physica

| ayout and structure according to a second enbodi nent
of the present invention; and Figure 8 is a top view
of a freestandi ng FET device of the present invention,
illustrating control of the electrical channel |ength
thereof. 15 Detail ed Description of the Invention In
general, the present invention is a nmethod and

oL b5 WS L RPoHRBRE 1y BB g PO et of e

n-type channels 20 of a cond_orientation, with all

ot AEseRiaY§tiopsiihseguenttp dﬂ%??rﬁg 3@ 3B orthogonal ) to

7 WD 2004/ 061972 PCT/ US2003/ 038519 each other. A

{100} surfaced silicon wafer is oriented with {100}

pl anes at 22.5 degrees with respect to a vertical

r ef er Bigoee 2id 3 tapheiewldf as SDlongfet heanrigathe integtated aipquitrstructures in
surface of the wafer, which results in {1 1 0} planes

hayddvadariteanitea first eRibotiiMaéntlof &% présént ifRgitieAs to the
opposite direction of the vertical reference axis.

Freestanding silicon 5 bodies are forned al ong these
respecti ve planes according to whether they are used

|t gy 2 lrjhjpglreggﬁ%/ @ Fqgégt @{ tsﬁ ﬁvg'ﬁ%??i&c&{ﬁﬂﬁ ﬁxg&grgaﬁcl;ee\%tﬁ 94fst embodiment of

the present invention;

Figure 7 illustrates a physical layout and structure according to a second

embodiment of the present invention; and

Figure 8 is a top view of a freestanding FET device of the present invention,

illustrating control of the electrical channel length thereof.
Detailed Description of the Invention

In general, the present invention is a method and structure for providing dense
packing of transistors with p-type channels of a first orientation, and n-type channels

of a second orientation, with all other design features orthonormal (i.e. orthogonal) to
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orthonormal to (i.e. oriented 90 degrees with respect
to) the vertical reference axis of the wafer, with

wo bw4geme2 | engt h bei ng defined by the w dt h ofp¢hespat/esss1o

el ectrode overlaying the freestanding silicon body.
10 The present invention can be fabricated on either a
bul k silicon wafer or a silicon- on-insulator (SO)
wafer. In general, while SO is preferred for its ease
of fabrication of the freestanding silicon bodies as
descri bed below relative to bulk silicon wafers, bulk
silicon wafers could also be used. In addition, while

th%c%%&ﬁﬁ? iAOQé)b sl H%ﬁ%ﬂg%féﬁé%ﬁéé{ tvﬂthg{oﬁgjeﬂr)]l?ﬂ&a 225

uct or es (‘'such as ona
qelshfes i %Zé%a&?foaﬁéﬁgéﬂ reRoaTe dus et ifLafg ﬂ*eaé‘ane of the upper
Si Ge_and Si GeQ), I1-V materials such as

andHrfaeRof the wa owblch res\wts it €0} Rladps beuing @@n@@&iwnztbat lies 22.5
In the invention, freestanding rails of silicon are

f odegrees to tbwecnpp@eite tieeddihiof the vesticabrefotence @7 Freestanding silicon
PCT/ US2003/ 038519 bodi es for doubl e gated FETs (that

i shodiésTardfavined afpmgahedecrispecive pldrals aueotdiny tot wikether they are used
channel region in nultiple dinmensions, not just from

the B.A8 rﬂﬁ/y g %Ctzges FtEE‘g f%?ﬂé{’é ?Iea’f:a—cfé layéSis paRERTE Aléhg a direction

matter, orm suc freest andi ng

zlré: I%q%ggn ftg (?% ouﬁgg{%e% gé@%ggmp%gﬁ& V\%oei tﬁ@@%rﬂc@ reference axis of
L %a&gtd y@tﬁgﬁg@ mp@q(;)tgt Lhe @%‘\gﬁg W otne Iw1dt‘1 ofldwe gate electrode

overlaying the freestanding silicon body.

The present invention can be fabricated on either a bulk silicon wafer or a silicon-
on-insulator (SOI) wafer. In general, while SOl is preferred for its ease of fabrication
of the freestanding silicon bodies as described below relative to bulk silicon wafers,
bulk silicon wafers could also be used. In addition, while the invention is discussed
relative to a silicon body, other semiconductor bodies (such as conventional single
crystal germanium, compounds of silicon and germanium (e.g.strained silicon
materials such as SiGe and SiGeC), Group llI-V materials such as GaAs and InAs, or

Group |I-VI materials) could be used.

In the invention, freestanding rails of silicon are formed to provide the silicon
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construction as well as their resulting double gated
architecture, other nethods, structures, and

wa@emhioéwer ures for formng FETS (or other acti®er/us2003/038519

passive integrated circuit components) on
freestandi ng sem conductor bodies could be used. 10 In
the description to follow, reference will be nmade to
particul ar thicknesses, dinensions, and other
paranetrics for the various structures of the devices
of the invention that are based on current

sem conduct or fabrication technol ogies as well as

th t i i
5Gel RF éictﬁiﬁgﬁ éév?tmétg ?ﬂ@?%t(méé fé; gsgrﬁgiégﬁg_datte bRclr8d&¥that control the

under st 0o I'n process

TR ot TS A3SbAL eh st B 8B BSGASH conventionai
PoFBIS) | A¥ aimseaietimatonenngrioent ik wauld hEmsih sesBeing sifcon
set forth below. In accordance with a preferred ) )
enbediesmwith of withaut iardesible @xted Brafitestuss, icoulerPerdzfdesThat is, while the
are fornmed by the follow ng process. First, an SO

s upstferegceerhbodisngnt of thididyertianiisitp ase BFETsy for theiy stlative ease of
orientation. The SO wafer has a silicon |layer of a

t hisheheetor®hs WelasAREiA <20 /iRg AobeTE Jated Arhile&tbkd other methods,

approxi mately 10-120nm on top of a buried oxide |ayer.

approx | : b0l e er.
| a§tél:§dt%|19§,gé‘nd Pchltettor §9§§Fof‘rﬁwg¥ﬁrréaﬁ @r 6tl’@?%ﬁ\?é¥t)ﬁﬂéas&ve integrated

11 con oxi grown on

o- ST e et B S BRUE S Bry Er sESpu R e
material suitable for the process as described bel ow)
on the silicon oxide layer 5 12. Then a photomask is

formed on the polysilicon, and the polysilicon |ayer
is In the description to follow, reference will be made to particular thicknesses,

dimensions, and other parametrics for the various structures of the devices of the
invention that are based on current semiconductor fabrication technologies as well as
those that are foreseen in the future. It is to be understood that with future advances
in process integration it may be possible to form the described structures using
different/more advanced parametrics. The scope of the present invention is not to be

interpreted as being limited to the parametrics set forth below.

In accordance with a preferred embodiment of the invention, finFET silicon bodies
are formed by the following process. First, an SOI substrate 10 is provided, having a

given crystal orientation. The SOI wafer has a silicon layer of a thickness of



etched utilizing conventional techniques, stopping on

the silicon oxide |layer 12. Then as shown in Fig. 1,
w@oneemronal processes are utilized to form sPdT/U82003/038519

nitride sidewall spacers 30 on the sides of the

etched polysilicon (mandrels) 20N and 20P. The spacers

woul d be approximately 4-50nmthick at their w dest

point (that is, just above 10 the silicon oxide 12).

Note that it is preferable for the thickness of the

polysilicon ayer to be on the order of 1.5X the

thi ckness of the silicon nitride spacers; note al so

th () I [telde. :

t o Shalrbirai B lEE LA AR OF 195 bt b BRAEL LG8 TR ThRiBBFRTERis covered
oxide 12. Note, however, that s interrel ati onshi ps

o Wt £ 5ot ok 88 CRSIgaRAs A2 Ahgmaly' Qo ofriae siicon layer
froma top view the mandrels 20 are oriented on .

di tisieg sanventignaltechpiques).uand a 6r/ im ickclayereafiungdoped polysilicon (or
ultimately fornmed. The mandrels 20N are oriented so

t hather heatenisd slitabig fartbe pedcess g aescrilfedt letov Edn thiel dilidoa oxide layer
along the {100} plane of the silicon |ayer on SO

wafigr Then aplibtéhaskiBereamed batie Polysilsdn! aRd ERe polysiigon layer is
mandrel s 20P are oriented so that the resulting

ch 20 . i L . | - .

SR RSB Ryl S P o i okdd Byer 12, T

used to for - 10 2004/ 061972 PCT/.US2003/ 038519 .. .. .

tyiio sPPp R EId” %, oy SMGTT st oot By S nivide sidev

pl anes are orjented at 45 degrees. wiith respect to g

NS 30190 thaRIIEEICY theDRICRRA PObRIGATLTANARIPLEON and 20P. The

oriented at 45 degrees with respect to one another.

Asspacers wasldbelaprroxiswtely ¢-5Gne tick atdbeir wistastipoiot ghat is, just above

have different planes at which hole and el ectron

mothid silicpni oxidy 2t edte that it is preferable for the thickness of the polysilicon layer
to be on the order of 1.5X the thickness of the silicon nitride spacers; note also that it
is preferable for the silicon nitride spacers to have the same general thickness as the

silicon oxide 12. Note, however, that such interrelationships are not required.

As shown in Fig. 2, note that from a top view the mandrels 20 are oriented on
different angles, as a function of which device is ultimately formed. The mandrels
20N are oriented so that the resulting channel regions of the FET will be along the
{100} plane of the silicon layer on SOI wafer 10, and are used to form n-type finFETs.
The mandrels 20P are oriented so that the resulting channel regions of the FET will

be along the {110} plane of the silicon layer on SOI wafer 10, and are used to form p-

10
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5 Hence, as a practical matter, for other
sem conductors the mandrels 20N and 20P nmay be

waole@poswdd at angl es ot her than 45 degrees w t hPCBES®03/038519

to one another. They would be disposed at whatever
angles align with the respective crystal orientations
that maxi m ze hole and el ectron nobility,

respectively. Also, while only two finFET bodies are
shown, as a practical matter other bodi es woul d be
formed on the 10 substrate, at either the sane
orientations or orientations orthonormal to one of the

bog eSinFRNs 20 @OR-sik0h i@ o bAd 3110} 5 Pahed%rd Riented at 45 degrees
manf, note tm ?Ee %((ii wafer % tﬁas

preférred enbodi

a notch 10 Thi s tch is typicall t o .fdefine .

© nthGResghio. e meeties fepndBls Ain hol2DP ArB ukeys faented at 45
waf er during processing. Thus, for exanple, when the

waflegreps withiganachp oie anetheh ks Praviesighgisausseddlifferente

notch is used to define the vertical reference axis

of semeondficiors mave differentrparees at ydhicimheld axidt ¢lectroat makility is greatest.
as a reference point. It is typical in CMOS

t eplened, adya peactitdl ghattdn onetheh sevnidantl Detofs1the manidrsis 20N and 20P
orientation of the wafer. In the invention, the notch

i Spd | ted ,
cop AT AR hofs P i She P sBed o eng apotner They

P 003/.038 fi . ). , )
or VeHEF 8053 viliRer Rl iy T ERRERFE gyt grientatons
i 16X medies ple qic dbcrtan wOPifo eectiep) ARBWRIRANY ho finFET
in {110} or {100} planes according to whether they are
22badige greeghiown, as a practical matter other bodies would be formed on the

substrate, at either the same orientations or orientations orthonormal to one of the

bodies 20N and 20P.

Working with silicon as the preferred embodiment, note that the SOI wafer 10 has
a notch 10A. This notch is typically used to define the horizontal and vertical
reference axes of the wafer during processing. Thus, for example, when the wafer is
inserted into a photolithographic tool, the notch is used to define the vertical reference
axis of the wafer, and the image is printed with that axis as a reference point. It is
typical in CMOS technology to align the notch with the {110} crystal orientation of the
wafer. In the invention, the notch is instead made at a location that lays 22.5

degrees away from the {100} plane.

11
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cl ockwi se or counterclockw se, respectively, fromthe
vertical reference axis. 5 Returning to the process

wale@anspri on, after the polysilicon mandrel s 2004/UDB3/038519

are renoved, the silicon dioxide |layer 12 and the

underl aying silicon |ayer are etched to formthe fin

bodies, with the silicon nitride sidewalls 30 serving

as a mask. Note that the conbination of the nitride

spacers 30 and the underlaying silicon oxide 12 10
collectively provide a hard mask that will maintain

its dinensional integrity for the full etch of the

silic I L i ' :
<pacerussfiehns denkhity SjishEii e 5 ozl from e four cardinal
bodi es. 40N, .40 ach wth a repaigin nmount. the.. .
o Bredians Seaed by B orth hf e W Ty R inins’ Hsiicon with
resulting structure is shown in Fig. 3A €§top Vi ew)

anBlapeg that tie (i {13 o8 £100} plages acearingNewhetigfithey ars &eS degrees
t he bodi es 40N, 40P 15 are defined by sidewall spacers

f ocloekivisa oa cauntdradckwisectespeetiviely, from thervertizlal tefenesce axis.

Vari ous nmask/etch sequences can be used at this

juncture to etch away the connecting parts of the

| oops, to formdiscrete finFET bodi es. For purposes of

the | i ;
R@Kﬁﬁlhpi‘fgltﬁéqgro%_ eﬁéﬁp%n,%@%ﬁﬁ%ﬁpl sﬂkBﬁ?ﬁaﬁog%Q%ON, 20P are

is not mate 0 e fin es 40N, 4

ar d,in.. oy} ' . .

2ol oRTa Y WRFRERRE Rybb 12 ghd T RidtRing it layer are etched to

th e =0 ' .

e SR b BB Sl e R S ssia 3 sk, Note th

n-type dopant woul d be applied to the finFET .
the combination of the nitride spacers 30 and the underlaying silicon oxide 12
collectively provide a hard mask that will maintain its dimensional integrity for the full
etch of the silicon layer. Then the silicon nitrde sidewall spacers 30 are removed,
resulting in finFET silicon bodies 40N, 40P, each with a remaining amount of the
silicon oxide layer 12 on its upper surface. The resulting structure is shown in Fig. 3A
(top view) and Fig. 3B (cross sectional view). Note that because the bodies 40N, 40P
are defined by sidewall spacers formed on a mandrel, they are in the form of loops.
Various mask/etch sequences can be used at this juncture to etch away the

connecting parts of the loops, to form discrete finFET bodies. For purposes of the

invention the presence or absence of these loops is not material.

Then the finFET bodies 40N, 40P are doped in accordance with the product

12



10

15

20

bodi es 40P. As shown in Figs. 4A and 4B, after
sui tabl e body doping, a suitable silicon oxide gate

walc@ymetort ¢ 50 is forned in the fi nFET bodi es PCT/US2003/038519

(typically 1-2.5 nmthick, 5 formed by therma
oxidation). O her gate dielectrics (silicon oxide and
silicon nitride |l|ayers, or silicon oxy nitride, or
any one of the high k gate oxide dielectrics that have
been recently proposed such as hal f ni um oxi de,

al um num oxi de, zirconiumoxide, and netal silicates)
could be used. Then a gate el ectrode material,

t yé’bpgigbildh R%L@hé H’F@élhdo?n Igg&%st %Iﬁéﬂ P- éJBeQikﬂ%SﬁanﬁT bodies 40N

nm an en etche toformgtes 1060

hagbid i dh ﬁegdaﬁgﬁlgéuqqﬂl%{%@g@ Qiypl o@gﬁ%ﬁgﬁﬁ]@ éhpllw?o the finFET
' Bodies 408: s Mhoindn EgseAALRd 45 aef vt LBW r@p'ﬂ@w%,swtab'e

and, in particular, FinFETs. The gates are orient

al slligpneovide gaterdisiedria & s foamed imthe fmﬁﬁTr lodies (tymga"gak% 5 nm thick,
length is not inpaired by the off-axis orientation of

t hferrhied Bl Théroddl esidatidor)e @tber, gate dieledidds (shicen axide Bd silicon nitride
subsequent mask and etching steps are carried out in

al |b9é1rr§ealt sifdonoxdyHridef TP che FPths hithi IcHat DxidRV@EIBEtriEs that have

i t hographi ¢ control. In Fi igure 5, source and
[
fi%@%ﬁ@w&%ﬁw%w@:é{ﬁa'ﬁ‘ﬂ 7800} BRI A Sronum o,

ns %@h%egr ?Efg‘l?q g{e ?fﬁ%gs h’ﬂgﬁ(é@aée gF? trhcla%( ?na%na(f,ety&c&ly

| I I ustrat ed. Note that 13 WO 2004/061972
pa9lyinonds depesiied te adhicknassq2fi50n! 0nm. ndds than elshed to form gates

carried out as a sequence of inplants, at
60 having a given gate length (in this orientation, the width of the gate 60 in the

vertical plane of Fig. 4A) of 7-180 nm.. Gate length is a critical parameter in
determining the speed and proper function of FETs and, in particular, FinFETs. The
gates are oriented along the reference axes, and thus control of the gate length is not
impaired by the off-axis orientation of the finFET bodies. Moreover, note that this and
all subsequent mask and etching steps are carried out in alignment with the reference

axis which is favorable for lithographic control.

In Figure 5, source and drain extensions and halos are ion-implanted into finFETs
40N, with a masking layer 70 open only over regions where nFETs are designed. A

like procedure is subsequently performed for pFETs and not illustrated. Note that

13
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orientations of approximtely 150 degrees (i nplant
71), 30 degrees (inplant 72), 210 degrees (i nplant

w0 400406097830 degrees (inplant 73) wth respectprP¢DUs1163/038519

hori zontal reference axis of the wafer, so as to
conpl etely dope both sides of the finFET bodies 5 40N
For the n devices, the extension inplants are arsenic,
at a dose on the order of 1 E 15 (that is 1 x 10 to
the 15th power ions/cm squared) and an energy of

approxi mately 0.5-15 kEV, and the halo inplants are
boron (B11l) at a dose on the order of 4 E 13 and an

e AR i : i

NI eREnRPEAL hHP i P)én\ggﬂtf%ﬁ%&% ad95eddhcd oql‘ﬁﬁbl‘éfﬁts at

EhES exgen5|on | p P S e BF2 on the order of 1

apRLoxi 857 0 d l.Q:
e orS B PRPEREY s i red i, Pl PO gfoliEsTipplant 72), 210
Lo 1 g%%é@pﬁ%g%ggrﬂ gﬁ% g%i;glgg gé]p@agg 553/ fgitrl\ treslpSecE t% th horizontal
approxi mati ons, and are both technol ogy and product

depéarercs axigloéthe wafessoasdoapmpietelyrdsipgrodh sides of theninFET bodies
source and drain regions 75, the 15 finFETs are

i 4GN.c Ponthet redevisés) theextersion inplants| ame ardené at a dose on the order of
back-end-of Iine (BECL) passivation |ayers (e.qg.

bof g- 1 AR&0s 3iX 16 & Bedl5as powét iBASEBsduatet)and! ansénergy df
lowk dielectrics such as those sold under the trade

? e%%qﬁl@@g%-%f\’@b’ Qj‘c?m%pg%lo Hfant 4 B‘éfd?{ @rﬁg’at a dose on the

am num ractory netals

refract tal allaoys, . copper _a - b .
- rbges 4 6, R et P Bl BRRERaBP AU 5o p device, the
Damascene 20 (i n which both the interconnectjng stud
arrxtensionvispplantsiwauid be BFerarctherdersdli hEnly and qisproximalgly .05-15
2004/ 061972 PCT/ US2003/ 038519
kEV, and the halo implants would be phosphorus, on the order of 5 E 13 to 1 E 14,
and approximately 1-40 kKEV. It is to be understood that all of these values are

approximations, and are both technology and product dependent.

Then, after subsequent implantation of the source and drain regions 75, the
finFETs are interconnected using conventional planarized back-end-of line (BEOL)
passivation layers (e.g. boro-phosho-silicate glass, fluoro-silicate glass, and low-k
dielectrics such as those sold under the trade names SiLK and Black Diamond) and
conductors 80 (doped silicon, aluminum, refractory metals and refractory metal alloys,
copper and copper-based alloys). These structures can be single or dual Damascene

(in which both the interconnecting stud and the metal line are formed by defining a via
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or groove into which the netal is deposited and
subsquently planarized), or any other BEOL

WO miogge@ari on schenme that produces an i nterconnect/us2003/038519

density consistent with the density of the finFET
bodies. 5 Utilizing the process as set forth above, an
inverter circuit can be fornmed having a topology as
shown in Fig. 6. Note that the gate el ectrodes 60 are
coupled to an overlaying netal stud 1008 t hat
contacts the gate el ectrode | anding pad 100A. A
feature of the process and structure of the invention

' Sort @%Bvé Mo WhiSthe W?ﬁg idgpés‘?t% &rif SUBRGUERRY dlér‘iéﬁz@&) or any other

and devi ces ovi di ng orthonormal shapes

PEH‘( &%ﬁ%@g%‘&h&ﬁt\éq %t ﬁ?ﬁ%&én?@#{rg&?ﬂ‘éﬂgéﬁtg c1p|n%|§tent with the

| s, mai nt | ne on- ort honormal directions by use of
eda%n%!% fd"’éélﬁgaﬁ’@thy (in this enbodinent, by

sidewal | -i mage-transfer (SIT) using the sidewall

spacers as nasks). Note that in the invention,

carrier nobility has been maxi m zed w t hout the

i nt r oUtilidingthegfroesdsras s $dtabotes pr imvertet hiecuitmrandess formed having a
conplexity. At the sane tinme, 15 while density is

COPb ?X%%%h‘é%ﬁﬂﬂ% eoYNbtEahatithé QeteCslbetfodds 60 are coupled to an
non-orfhonormal features, the density reduction is

l eé%rbgﬁlﬁtﬁl&%f st%ol\()bgelﬂ?tbé’on‘?édtéjf éte g?kb?ﬁimg pad 100A A

becaus IS applie a sin he mask

Coﬁ?ta&ﬁgfg'{ ﬂ’beslﬁft?rﬁggéglﬁﬁ a‘gd| nCﬂétPe?b g&'erg 8’1 |ﬁ§$% % Ipvention maximizes
carrier mohility for both the n and vhces and t he
usearger mp@@gltqf,%qa RENderdgyegsseh |Ie2(prq\g<§)|ng orthonormal shapes on all

design levels except for the mandrel definition mask. Critical image control for the fins
is maintained in non-orthonormal directions by use of edge-defined lithography (in this
embodiment, by sidewall-image-transfer (SIT) using the sidewall spacers as masks).
Note that in the invention, carrier mobility has been maximized without the

introduction of extra masking steps or other process complexity. At the same time,
while density is compromised somewhat by the introduction of non-orthonormal
features, the density reduction is less than that provided by prior art approaches
because it is applied at a single mask level (the mask that defines the freestanding
bodies), and is compensated for by the combination of increased carrier mobility for

both the n and p devices and the use of freestanding FET bodies.
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WO 2004/ 061972 PCT/ US2003/ 038519 In Figure 7 a second
enbodi nent of the present invention is illustrated. In

wao hiog/newnbodi nent, the detailed | ayout differspdT/082003/038519

that of the previous enbodinment in that the

freestandi ng FET bodi es 40NA, 40PA are in directions

orthonormal to the cardinal reference axes of the

waf er, except in the imrediate vicinity of where the

gate 5 el ectrodes and the FET bodies intersect. This

"dogl eg" I ayout topology provides a tradeoff; it

i ncreases density over the FET density provided by the

first e j , ' i j i
m’ﬁgb.@f‘h se etr{t‘)gg@‘?éfﬁi ne?ﬁ?&%g 7 S!ﬁ\fél imcgﬁ’@ fi¥strated. In this

to the maskRing step tha e

TR e TR R R e v

the silicon nitride mandrels, offset from one, another .
by thenfeeestandipgyF & T hodiaset Ay 1495 ariedt Aegtions aibippgieal to the cardinal
the relationship between the effective channel |ength

of reference ases obihei wafer EXceptam thecimraetiatecdsinityref where the gate
present invention with respect to that of a

cosleetnbdenand thedfET bediet iintéfséct. Citiie"doglery” 1dyiouh togolaglyy provides a
often limts the mninmum 15 i mage by which FET gate

| efgddoff; &t ifGb8sE H&tbity DvBERelFET H&Véﬁgf;ird\ﬁdéﬁ By ERE first embodiment,

silicon 90 fin crossées the gate at -5 degrees
Bl ot on ¥ 59 B me b e PR R Bt
coMFBSRorEfY PHEMIIEy NEotGPEABUIY. BByl B capipggut two sequenti
source and drain re%iong conventional | y extend under

t henagking/etehing steps erithasiicgn nitidemandre|ss offgat fiona opg another by the

total length of the gate, approximately 10% of it
ovanglayd the dogleg.sour ce regi on);

Figure 8 illustrates the relationship between the effective channel length of the
freestanding FETs fabricated according to the present invention with respect to that of
a conventionally defined finFET. Gate-level lithography often limits the minimum
image by which FET gate length is determined. Since the inventive FinFET silicon 90
fin crosses the gate at 67.5 degrees instead of the usual 90 degrees, the minimum
physical length of the channel plane covered by the gate will be secant(22.5 degrees)
times that of the conventional FET, or 9% greater. Diffusion of the source and drain
regions conventionally extend under the gate edge approximately 10% (that is, of the

total length of the gate, approximately 10% of it overlays e.g. a source region);
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16 WO 2004/ 061972 PCT/ US2003/ 038519 therefore, in
order to achi eve LEFF of conparable value in the

wo povadioef Figure 8, processing woul d have toPdEUS2003/038519

nodified to increase the distance of the source and
drain diffusion under the gate to approximately 15%
As a practical matter the source and drain extensions
of the invention can be further diffused beneath the
edges of the 5 gate el ectrode 93 using various

techni ques known in the art (e.g. extending the tine
or raising the tenperature of the inplant over

g}&ﬁ&%%rjeoﬁ’\ac#d@ﬂba%ﬁfe%%FFI(EE%’rﬁﬁ?%Iﬁ 'vg%fiih & fifFET of Figure 8,

ective channel 1 ength, eterm nes the
lectrical b ' f the i ' Fi
e G RPVE b Brmodifed REFThaTEIE dhtaos FFBeurce and
10 1t will be readily apparent that various changes
2oy ciffusion Vagar tom gBteciaiapPBRNmAENG ! Hr 1S RiaCHiG fatier the source

departing fromthe spirit and scope of the present

i rarehdriamexignsiores ¢fitbel inventiore cam be duithey diffuseddengath the edges of the
exanpl e, while the invention has been described wth

r efefté efetrotl® 9GRISINGi vairiogs tadbiniquey khownlimthe drhéee.g extehding the time
devi ces, there may be product applications (such as

fg&‘r\{\ﬂﬁ%ﬁ{g' the _térﬁbeeé&wié ldf 'tHef ifarteveesdiveatidrial erdmér‘]téfﬁi).Z €Thus the

e Carrier nobility for one device and not the

ot . r 5 iL.ou ; i i ; .
e stk BB B HE kA eterilfes (R RRCKRA! behavior of
capaci tor.s qr esistors,. jn ichth reest andi .
dhe etk Eng el Rart bR arainlahendib o at fRE Rk fignal FinFET.
"gate" consititutes a passing conductor or
i nt erconnecting conductor (depending on the nature of
the el enment being fabricated).

It will be readily apparent that various changes and/or modifications could be

made herein without departing from the spirit and scope of the present invention as
defined in the following claims. For example, while the invention has been described
with reference to maximizing mobility for both the n and p devices, there may be
product applications (such as SRAM cells) for which it may be desireable to maximize
the carrier mobility for one device and not the other. Moreover, as previously stated,
the invention applies to the fabrication of other devices such as capacitors or
resistors, in which the freestanding body defines a semiconductor carrier path, and
the "gate" consititutes a passing conductor or interconnecting conductor (depending

on the nature of the element being fabricated).
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17 WO 2004/ 061972 PCT/ US2003/ 038519 What is C ai ned
is: 1 1. A MOS device, conprising: 2 first and second

wo eaess@amdi ng sem conduct or bodi es fornmed on apPCT/US2003/038519

substrate, said first 3 freestanding sem conductor
body having a first portion thereof disposed at a non
4 orthogonal, non parallel orientation with respect to
a first portion of said second 5 freestandi ng

sem conduct or body, said portions of said first and
second freestanding 6 sem conductor bodi es having
respective first and second crystalline orientations;
7 a first gate @haGlERMRGL:0SSing over at |east part
of said first portion of said first 8 freestanding

sem c tor. ho .a_non-orthogonal angle with
re?pe%Wﬁé%é({C%: g%rﬂgés"&a second gate el ectrode

crgssing over at least part of said first portion pf .

s ailestemdcirgond freps@Bding samicpnGLRIoL BRelist feymiastien A gubsrate, said first
non-orthogonal angle with respect thereto;, 11 and 12

c direestanding semiconddeler bndydayving afirst eagionithergef disepsedoat a non-
said first and second 13 freestandi ng sem conduct or

b ostittejonal owaparglies aniehtdtionswitlyeespeet toc firstigortionl obsaid second

14 second gate el ectrode, respectively. 1 2. The

st fradtaBing SemicdhbudtoMbsdye s BidSirtibris! dfsaicefitst st esvdnd freestanding
freestanding sem conductor 2 bodies are conprised of

Rl el AR PRI LBidline orntatons
gera wg{ glfarl?e e‘?enc(?rogre%l#gsslmlgl 6v\</ar g?fe%%i Sér? of @5}8’ first portion of said first
freestanding semiconductor body at a non-orthogonal angle with respect thereto; and
a second gate electrode crossing over at least part of said first portion of said second
freestanding semiconductor body at a non-orthogonal angle with respect thereto;
and
controlled electrodes disposed at least in portions of said first and second

freestanding semiconductor bodies exposed by said first gate electrode and said

second gate electrode, respectively.

2. The structure of claim 1 wherein said first and second freestanding semiconductor
bodies are comprised of a material selected from the group consisting of silicon,
germanium, compounds of silicon or germanium, and Group lli-V materials, and

Group lI-IV materials.

18



4 Goup I1-1V materials. 18 WD 2004/ 061972

PCT/ US2003/ 038519 1 3. The structure of claim2 in
wowoogheat d first freestandi ng sem conductor bpdyus®0a038519

2 oriented at an angle of approximately forty-five

degrees with respect to said second 3 freestanding

sem conduct or body. 1 4. The structure of claim3

wherein said first gate el ectrode crosses said first

portion 2 of said first freestandi ng sem conduct or

body at an angle of approxi mtely sixty-seven 3 and

one-half degrees. 1 5. The structure of claim4

wherein a channel region of said first freestanding 2

sem conductor body is aligned with a {100} plane of

saidd The structsiesrotdaicu2 frowhibb dgid fsstdregstandingrsemicordyictar body is at

of said second freestandi ng sem conductor body is

al drighestl it dhangle af ééﬁ@kin@t@g&)r@f-ﬂ\@&ie@rmmrespect to said second
freestandi ng sem conductor body. 1 6. The structure of

cled i are mpjority carriers in
¢l C%gf]ﬁrp:f&hf&oﬁéﬁﬁéﬂm. j y

2 region of "said first freestanding
sem conduct or body, and holes are nmjority carriers in
3 said channel region of said second freestanding

sewi, Thedtatiare bbelzim 3 wherein SAllEirstepate eleciradgperossergsaid first portion
a first freestanding silicon body with a n-type

chanag firsesbsitasting SRR oRTudor Bddiat ntngid & dgpieximately sixty-seven

plane, and a first gate el ectrodé that crosses over

Sal fh GR2RGPLeGrRELON at & 19

5. The structure of claim 4 wherein a channel region of said first freestanding
semiconductor body is aligned with a {100} plane of said first semiconductor body,
and a channel region of said second freestanding semiconductor body is aligned with

a {110} plane of said second freestanding semiconductor body.

6. The structure of claim 5 wherein electrons are majority carriers in said channel
region of said first freestanding semiconductor body, and holes are majority carriers in

said channel region of said second freestanding semiconductor body.

7. A CMOS device, comprising:
a first freestanding silicon body with a n-type channel region disposed on a first

crystalline plane, and a first gate electrode that crosses over said channel region at a

19



WD 2004/ 061972 PCT/ US2003/ 038519 4 non-orthogona
angle wth respect thereto, and source and drain

wo e@itoe®72 5 a second freestandi ng silicon bodypaa/uk20a3/038519
p-type channel region disposed on a 6 second
crystalline plane, and a second el ectrode that crosses
over said channel 7 region at a non-orthogonal angle
with respect thereto, and source and drain regions. 1
8. The structure of claim?7 wherein said first
crystalline plane is a {100} plane, and 2 said second
crystalline plane is a {1 10} plane. 1 9. The

Y GbLELOb TR M5 g AR pors
S?Siynaé SgromtPersiabies te%hﬁé‘m@ﬂd Fpf ghanei Fedib disposed on a
sem conduct or body are p-type 10, The structure o

cl seqend crysialling plage. prchg segond @Jectgqﬂedhﬁt FropsemeVel Salshehannel

2 freestanding silicon bodies has at |east one of said

soregion atralnom-arthogargil angle vdthmesgect thesetoo pnd sguieeland drain regions.
angle with respect to a respective one of said first

and second gate 4 electrodes. 1 11. The structure of

claim9, wherein each of said fjrst and seco

f r 8edhardiugyre of elaim ¢ yheseipisadl fiehravslaling @'aﬁﬁdﬁ a{1{30; plane, and

regions formng an orthogonal angle with 3 respect to
sasald secend drystatine glameds g41 t0}gllanst. r odes, respectively.
20 WD 2004/ 061972 PCT/ US2003/ 038519

9. The structure of claim 8 wherein said source and drain regions of said first
freestanding semiconductor body are n-type dopant regions, and said source and

drain regions of said second freestanding semiconductor body are p-type.

10. The structure of claim 8, wherein at least one of said first and second
freestanding silicon bodies has at least one of said source and drain regions forming
an orthogonal angle with respect to a respective one of said first and second gate

electrodes.

11. The structure of claim 9, wherein each of said first and second freestanding
silicon bodies have source and drain regions forming an orthogonal angle with
respect to said first

and second gate electrodes, respectively.
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1 12. The structure of claim8, wherein at |east one
of said first and second 2 freestanding silicon bodies

wham4mcdogl eg shape. 1 13. The structure of cledTUS2003/038519

wherein said first crystalline plane provides el ectron
2 nobility that is greater than that of at |east one
ot her crystalline plane of silicon, and 3 wherein said
second crystalline plane provides hole nobility that
is greater than that of 4 said first crystalline
plane. 1 14. A CMOS device, conprising: 2 a first
freestandi ng sem conductor body with a n-type channe

' di d : 3.first '
nade ofhe e BRI RIERIR Sriersil ot ERso of Sy RisPaRy sadbng
crystalline plane of said, first, freestanding
s dieestsndinsticopbegiesis 2999184 8NPGk e 5 el ectrode that

crosses over said channel region at a non-orthogonal
angle with 6 respect thereto, and source and drain

regj qns; .7 r j: ]

B 58 i B A A5 0 Bt SR R o cecron
crystalline plane tha a reat er, hal e il o

C robithi ity Bisaes thats et 6 gt B PH T Py gf sicon. and
first freestandi ng sem conductor body, an_g a, second f
1 Ovhereiotseistissaond cTystaliseans Brovelgs ol meRUIY thatjs SFeager than that o
a non-orthogonal angle with 11 respect thereto, and

s Gaicfirseargstdiline planegi ons. 1 15. The structure of claim

14 wherein said sem conductor conprises silicon, said
first 21 WD 2004/061972 PCT/ US2003/ 038519

14. A CMOS device, comprising:

a first freestanding semiconductor body with a n-type channel region disposed on a
first crystalline plane that has greater electron mobility than that of a second
crystalline plane of said first freestanding semiconductor body, and a first gate
electrode that crosses over said channel region at a non-orthogonal angle with
respect thereto, and source and drain regions;

a second freestanding semiconductor body with a p-type channel region disposed
on a second crystalline plane that has a greater hole mobility than that of said first
crystalline plane of said first freestanding semiconductor body, and a second
electrode that crosses over said channel region at a non-orthogonal angle with

respect thereto, and source and drain regions.

15. The structure of claim 14 wherein said semiconductor comprises silicon, said first
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2 crystalline plane is a {100} plane, and said second

crystalline plane is a {110} plane. 1 16. The
werowosere of claim 15 wherein said source andpdr/es1v03/038519

regions of said first 2 freestandi ng sem conduct or

body are n-type dopant regions, and said source and 3

drain regions of said second freestanding

sem conduct or body are p-type. 1 17. The structure of

claim14, wherein at |east one of said first and

second 2 freestanding silicon bodies has at |east one

of said source and drain regions that form 3 an

or | lane.

ooy NG pidtets 2 OO ERSRATH ol stk RERSALANE o 98 (110]p
structure of claim 17, wherein each of sald flrst and
second freestanding 2 silicon bodies have source and
dr aBnThe ginadigret dfalaimorswierenv $dic goured aad girain wegibns 6f said first
respect to said first and second gate el ectrodes,

r eﬁ@é‘éi&hdﬁﬁd) ¥em?coﬂa8uct3h80c¥} &rdGi-ype depant r@gﬂhé“and/\émcﬂ gbiirce and

| east one of said first and second freestandi ng
fobﬁ%ﬁﬁg‘b‘ﬁ%[ﬁ%amcﬁrg "’%%%Pé@ﬁ%%%ﬂé?ﬁﬁb O} BRtons

second freestandi ng sem conductor bodies fornmed on a 3
substrate, said first freestandi ng sem conductor body

hayi7mghésfriidtale dTRIdimony, Wherae bt ledgt oNe YA fret.aridsecond
PCT/ US2003/ 038519 4 di sposed at a non-orthogonal, non

pa‘fr@%tgﬁdu bﬁ%r{"fg{bggs Wb% Qtl Gt of SQidPs drééén@% déu'\ flyions that form

Sal secon rees I Ng sem conduct or

Salar(%I oﬁ%éon%?%né’le W|ﬁ1 respect?t a?'ggpescﬁ%) 8ne of said first and second gate

electrodes.

18. The structure of claim 17, wherein each of said first and second freestanding
silicon bodies have source and drain regions that form an orthogonal angle with

respect to said first and second gate electrodes, respectively.

19. The structure of claim 14, wherein at least one of said first and second

freestanding silicon bodies has a dogleg shape.

20. A method of forming a MOS device, comprising:
forming first and second freestanding semiconductor bodies formed on a

substrate, said first freestanding semiconductor body having a first portion thereof
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14

15

16

6 freestandi ng sem conductor bodies having respective
first and second crystalline 7 orientations; 8 formng

w@2dosne7gat e el ectrode crossing over at | eastPEEUS$2005/038519

said first portion of said 9 first freestandi ng

sem conduct or body at a non-orthogonal angle with
respect thereto; 10 and 11 form ng a second gate

el ectrode crossing over at |east part of said first
portion of 12 said second freestandi ng sem conduct or
body at a non-orthogonal angle with respect 13
thereto; and 14 form ng controlled electrodes in

portions of said first and second.freestandi .

D iFRasRa RO alk OB I ST G (sapgct S a fist portion of
el ectrode and said second gate 16 el ectrode. 1 23
Thesidrsesans ipsestanding semisedlater bsdlvasaid Po[tios 9f Saldgiret and second
freestanding 2 sem conductor bodies are conprised of a
nefregstanding bernicoddotombddies badngraspastivet firsigandssesond crystalline
silicon, germanium conpounds of silicon or gernmani um
angidatsins! | 1 -V materials, 4 and Goup Il-1V

materials. 1 22. The nethod of claim20 in which said

first fo%ﬁ]%z.é @gﬁgg@ é@dﬂoﬁ%’ﬁ%’s“sﬁ@; oRRGY |dast part Bf 55&6&113@#'; portion of said

at an ang pproxi mat e ty-five degrees Wt
t to said d. 2 / , .
bCP e i satosdictataediar f noodhodtnal angle yith respect thereto
and

forming a second gate electrode crossing over at least part of said first portion of
said second freestanding semiconductor body at a non-orthogonal angle with respect

thereto; and

forming controlled electrodes in portions of said first and second freestanding
semiconductor bodies exposed by said first gate electrode and said second gate

electrode.

21. The method of claim 20 wherein said first and second freestanding
semiconductor bodies are comprised of a material selected from the group consisting
of silicon, germanium, compounds of silicon or germanium, and Group I1-V materials,

and Group II-IV materials.

22. The method of claim 20 in which said first freestanding semiconductor body is

oriented at an angle of approximately forty-five degrees with respect to said second
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1 23. The nmethod of claim 22 wherein said first gate
el ectrode crosses said first portion 2 of said first

wo e@eséi@andi ng sem conduct or body at an angl e OPCT/US2003/038519

approxi mately sixty-seven 3 and one-half degrees. 1
24. The nethod of claim 23 wherein a channel region of
said first freestanding 2 sem conductor body is
aligned with a {100} plane of said first sem conductor
body, 3 and a channel region of said second
freestandi ng sem conductor body is aligned with 4 a
{110} plane of said second freestandi ng sem conduct or
body. 1 25. The nethod of claim 24 wherein el ectrons
arfeeastgnsling sersigendusiar bodYsai d channel 2 region of said
first freestandi ng sem conductor body, and holes are
majority carriers in 3 said channel region of said

o 24 e G B SR 22 B s 1s1 9R)e Eiechafiaodps B b48 frst portion
first freestandi ng sem conduct or bod% with an n-type, .

c efrsaid firsipestanding saspiserdugtorpodyad anangle: %ﬁﬁﬂpf@“%gt&.‘yes'ﬂy'se"e”
that has greater electron nobility than that of a 4
saruhcheshgifdegreésne pl ane of said first freestanding

sem conductor body, and a first gate 5 electrode that

crosses over said channel region at a non-orthogonal

angle with 6 respect thereto; and 24 WO 2004/ Of61972 .
pCrAuTPeoBEhedol glaim 23 vhargna Sinprtrediond saictirsjreestanding

silicon body wwth a p-type channel region di sposed 8
orseanisendustbrdiogy issdlignad withaengl 00h alane £% saiddiret siegticansiustor body,
nmobility than that of said first :

and a channel region of said second freestanding semiconductor body is aligned with

a {110} plane of said second freestanding semiconductor body.

25. The method of claim 24 wherein electrons are majority carriers in said channel
region of said first freestanding semiconductor body, and holes are majority carriers in

said channel region of said second freestanding semiconductor body.

26. A method of forming a CMOS device, comprising:

forming a first freestanding semiconductor body with an n-type channel region
disposed on a first crystalline plane that has greater electron mobility than that of a
second crystalline plane of said first freestanding semiconductor body, and a first gate
electrode that crosses over said channel region at a non-orthogonal angle with

respect thereto; and
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9 crystalline plane of said first freestanding

sem conduct or body, and a second 10 el ectrode that
weeagsed7over said channel region at a non-ort hODUREN3/038519

angle with 11 respect thereto. 1 27. The nethod of

claim 26 wherein said first crystalline plane is a

{100} plane, and 2 said second crystalline plane is a

{110} plane. 1 28. The nmethod of claim27 wherein said

source and drain regions of said first 2 freestanding

sem conduct or body are n-type dopant regions, and said

source and 3 drain regions of said second

freestandi ng sem conductor body are p-type. 1 29. The .

met ho#Prating:a seeerthireqgiandingsiligon edit wigha noype shannel ragion disposed

and second 2 freestanding silicon bodies has at | east

onenaf sezand csystaline planke thahhas aageates hdlermobilify tharaihat of said first

ort hogonal angle with respect to a respective one of

satgsfdllinetplanglobetid Mgt faéstarding eeimicondactodbSdy, ahie second
met hod of claim?29, wherein each of said first and

segRRfols fRR CARGEE E\f(er?saff'ci Eh&rRl F?é{ﬁér??t :Dﬁaﬁuoaﬁqsg it gHQIe with

drain regions that form an orthogonal angle w

re id first and second gate el ectrodes,
rese%g%%tltbg\'e;& 25 WO 2004/ 061972 PCT/ US2003/ 038519 1
31. The nethod of claim 26, wherein at |east one of
said first and second 2 freestanding silicon bodies

haspz THedhesoa ReRiIm 26ItherdinSaid et &Hstariny Pﬁ\h@% a8 {100} cf)lane, and

densely integrated circuit conprising first and secon
said second crystalline plane is a {110} plane.

28. The method of claim 27 wherein said source and drain regions of said first
freestanding semiconductor body are n-type dopant regions, and said source and

drain regions of said second freestanding semiconductor body are p-type.

29. The method of claim 26, wherein at least one of said first and second
freestanding silicon bodies has at least one of said source and drain regions forming
an orthogonal angle with respect to a respective one of said first and second gate

electrodes.

30. The method of claim 29, wherein each of said first and second freestanding
silicon bodies have source and drain regions that form an orthogonal angle with

respect to said first and second gate electrodes, respectively.
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2 finFETs wth channel regions disposed on first and

second crystal planes, conprising 3 the steps of; 4
wa@eooenbiong a sem conductor wafer at a gi ven axPGI/US2003/038519

formng a first set of mask shapes at a first

azi muthal angle with respect to said given 6 axis; 7

formng a second set of mask shapes at a second

azi muthal angle with respect to 8 said given axis; 9

form ng finFet bodies in said sem conductor wafer by

etching portions of the wafer 10 exposed by said

first and said second sets of mask shapes; and 11

form ng gate el ectrodes over said finFet bodies at

orientations that are favorable 12 for |ithographic

comrbr fl h ; ' j [

A4! Phe methicd of dSim54, WAErah a‘f'l@dspbég gﬁ%@ ?Esg aﬁé"sgc?r}]de

sem conduct or conpri Sés a nateria rom

gr pup .consi st.i ng, of. silicon, ,germani um conpounds of
o1 FeResftRo Shedpicins bt SARSIHRI 11Vt er i s,
and Goup Il-1V materials. 26 WD 2004/ 061972

PCT/ US2003/ 038519 1 34. The nethod of claim 33

whepe iﬁ{‘n%g;\dgf &a?g\ﬁﬁﬂg %f&e\%e&%bﬁ@é cifdditicﬁﬂ'gzzriisi#gf’ﬁrg[ and second

The net ho erein“said first

et sheid Tigidie bl LTy Rl planes. comprising

than that of a second 3 crystalline plane, and said
se@@n‘%ﬁe@?z?’ thal angle is at a second crystalline

pl ane of : . :
orienting a semiconductor wafer at a given axis;

forming a first set of mask shapes at a first azimuthal angle with respect to said given

axis;

forming a second set of mask shapes at a second azimuthal angle with respect to
said given axis;

forming finFet bodies in said semiconductor wafer by etching portions of the wafer

10

11

12

exposed by said first and said second sets of mask shapes; and

forming gate electrodes over said finFet bodies at orientations that are favorable

for lithographic control.

33. The method of claim 32 wherein said semiconductor comprises a material

selected from the group consisting of silicon, germanium, compounds of silicon or

germanium, and Group llI-V materials, and Group II-IV materials.
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4 said sem conductor in which hole nobility is higher

than that of said first crystalline 5 plane. 1 36. The
woredohoeioef cl ai m 35, wherein said sem conduct opCTVEEBI03/038519

has a {100} crystalline 2 plane that is oriented

substantially 45 degrees froma {110} plane. 1 37. The

nmet hod of claim 32, wherein said first azimuthal angle

is equal to and 2 opposite of said second azi nmut ha

angle. 1 38. The nethod of claim37 wherein said first

and said second fins are oriented +22.5 2 degrees and

-22.5 degrees, respectively, fromsaid sem conduct or

wafer axis. 1 39. A structure conprising: 2 a first

freestandi ng sem conductor body having a first

co | fQhihas id SerhicbRdudténsdnrises silicon.

pl gﬂ:ﬂé 2'?3%%%%%"3?99%%@#%%03/ 038519 4 a second

freestandi ng sem conduct or body having a second

conductive region laying 5 on a second crystalline )

pl ameTheamattdf ofrciima3 2] whersim daid dinstazinautbaltdngle isaé alfisst crystalline

said first and second conductive regions, 7

' B bt ¥54 ¥edficor@lc®F infvaien BRGiroMn mmvgr 8lHigHer #val that of a second

with respect to said first and 8 second conductive

re . St h IR i i lane of

q O%gﬁ?rﬁpee élla‘}\% and g?lﬁ s%%ﬁ%‘a;mglghﬁ? ggglt@ iS8 a WOIRY dﬁyﬁglhne plane

on'r's drspose one of 2 sai

i LS égarirr]qdfgs 88@? in{v&lﬁ@@s B@aniq&%nt)sl ?snpuiﬁﬁé}quﬁ tHat Bf’géiS Yirst crystalline

plane.

36. The method of claim 35, wherein said semiconductor wafer has a {100} crystalline

plane that is oriented substantially 45 degrees from a {110} plane.

37. The method of claim 32, wherein said first azimuthal angle is equal to and

opposite of said second azimuthal angle.

38. The method of claim 37 wherein said first and said second fins are oriented +22.5

degrees and -22.5 degrees, respectively, from said semiconductor wafer axis.

39. A structure comprising:

a first freestanding semiconductor body having a first conductive region laying on a

first crystalline plane;
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3 respective one of said first and second conductors

havi ng approximately 15% of its 4 total |ength
wo®rbenrng sai d dopant region. 1 41. The str uptT/IUS2005/038519

cl ai m 40, wherein said dopant regi on conprises a

source 2 diffusion of an FET, and said at |east a

respective one of said first and second 3 conductors

conprises a gate electrode of an FET. 1 42. The

structure of claim40, wherein said dopant region

conprises a drain diffusion 2 of an FET, and said at

| east a respective one of said first and second

oS S TR S5 S 010 Bl 55738 oo v

of claim39, further conprising a third freestanding

seph agesond sfystalinegigne; @dposed at an ort honor mal

orientation with respect to one of said first and 3 ) )
seconfirst ard secondi condsetorscibatioartay saistiiretand gecond conductive regions,

respectively at non-orthonormal, non parallel angles with respect to said first and

second conductive regions.

40. The structure of claim 39, wherein a dopant region is disposed in at least one of
said first and second freestanding semiconductor bodies, respectively, at least a
respective one of said first and second conductors having approximately 15% of its

total length overlaying said dopant region.

41. The structure of claim 40, wherein said dopant region comprises a source
diffusion of an FET, and said at least a respective one of said first and second

conductors comprises a gate electrode of an FET.
42. The structure of claim 40, wherein said dopant region comprises a drain diffusion

of an FET, and said at least a respective one of said first and second conductors

comprises a gate electrode of an FET.
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43. The structure of claim 39, further comprising a third freestanding semiconductor
body, disposed at an orthonormal orientation with respect to one of said first and

second freestanding semiconductor bodies.
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