-1 67,200-1040 2002-1080 CMOS | NVERTERS CONFI GURED USI NG MULTI PLE- GATE
TRANSI STORS Field of the Invention 0001 The present invention generally
relates to the field of silicon-on-insulator (SO) circuits, and nore
particularly, to an inverter formed of hultiple-gate metal oxide

sem conductor field effect transistors (MOSFETs). Background of the

I nvention 0002 The dom nant sem conduct or technol ogy used for the

manuf acture of ultra-large scale integrated (ULSI) circuits is the

nmet al - oxi de- sem conductor field effect transistor (MOSFET) technol ogy.
Reduction in the size of MOSFETs has provided continued inprovenent in
speed perfq&ngﬂggb &ircuit density, and cost per unit function over the
past fem1dg&§9g§80%s the gate length of the conventional bulk MOSFET is
reduced, the source and drain increasing interact with the channel and
gain influence on the channel potential. Consequently, a transistor with a

short gate | efifeth RWEREERS fcaNRIBURBD CNBINGE Mt S0, jﬁ}@ﬂ\?ér]ﬂsiTBX of the
gate to substantially control the on and off states of the c anner .
Phenonmena such as reduced gate control associated with transistors
Field of the Invention |
0001 - The present invention generally relates to the field of
silicon-on-insulator (SOI) circuits, and more particularly, to an

inverter formed of multiple-gate metal oxide semiconductor field

effect transistors (MOSFETs) .

Background of the Invention
0002 The dominant semiconductor technology used for the
manufacture of ultra-large scale integrated (ULSI) circuits is the
metal -oxide-semiconductor field effect transistor (MOSFET)
technology. Reduction in the size of MOSFETs has provided
continued improvement in speed performance, circuit density, and
cost per unit function over the past few decades. As the gate
length of the conventional bulk MOSFET is reduced, the source and
drain increasing interact with the channel and gain influence on
the channel potential. Consequently, a transistor with a short
gate length suffers from problems related to the inability of the
gate to substantially control the on and off states of the channel.

Phenomena such as reduced gate control associated with transistors




2 67,200-1040 2002-1080 with short channel |engths are terned

short-channel effects. |Increased body doping concentration, reduced gate
oxi de thickness, and ultra-shallow source/drain (S/D) junctions are ways
to suppress short-channel effects. Hbwever, for device scaling well into

the sub-50 nmregine, the requirenents for body-dopi ng concentration,

gat e oxi de thickness, and source/drain doping profiles becone increasingly
difficult to neet when conventional device structures, based on bulk
silicon (Si) substrates, are enployed. Innovations in front-end process
technol ogies or the introduction of alternative device structures are
required to sustain the historical pace of device scaling. 0003 For device
scal i ng mel7'E 3%Pe sub-30 nmreginme, a pronising approach to

L2002 : . .
controlling's ort channel effects is to use an alternative device

structure with nmultiple-gate el ectrodes. Exanples of nultiple-gate

struct ur es winal ugertthecitiiiiie- gt hsStEHCt HEBred I sRLEE 0 Gk USE AL e
onega- FET structure, and the surround-gate or wap-around gate strucfure.

A mul ti pl e-lgatreased drosliystiopist contenerdts odX pesdiR@d gaeXtBndet 19 SGakabi lity
of CMOS technol ogy beyond the limitations of the conventional bulk MOSFET
and ultra-shallow source/drain (S/D) junctions are ways to suppress
short-channel effects. However, for device scaling well into the
sub-50 nm regime, the requirements for body-doping concentration,
gate oxide thickness, and source/drain doping profiles become
increasingly difficult to meet when conventional device structures,
based on bulk silicon (Si) substrates, are employed. Innovations
in front-end process technologies or the introduction of

alternative device structures are required to sustain the

historical pace of device scaling.

0003 For device scaling well into the sub-30 nm regime, a
promising approach to controlling short-channel effects is to use
an alternative device structure with multiple-gate electrodes.
Examples of multiple-gate structures include the double-gate
Structure, triple-gate structure, omega-FET structure, and the
surround-gate or wrap-around gate structure. A multiple-gate
transistor structure is expected to extend the scalability of CMOS
technology beyond the limitations of the conventional bulk MOSFET
and realize the ultimate limit of silicon MOSFETs. The

introduction of additional gates improves the capacitance coupling




and realize the ultimate imt of silicon MOSFETs. The introduction of
addi tional gates inproves the capacitance coupling 67,200-1040 2002-1080
bet ween the gates and the channel, increases the control of the channel
potential by the gate, hel ps suppress3short channel effects, and prol ongs
the scalability of the MOS transistor. 0004 A sinple exanple of a

mul tiple-gate device is the double- gate MOSFET structure, where there are
two gate el ectrodes on the opposing sides of the channel or silicon body.
A one way to fabricate a double-gate MOSFET is described by U S. Patent
No. 6,413,802B1, issued to Hu et al, for FinFET transistor structures
havi ng a doubl e gate channel extending vertically froma substrate and
met hods of smnodackore. In U.S. Patent No. 6,413,80281, the device channel
conprises a2aoAriosdi licon fin formed on an insulative substrate (e.qg.
silicon oxide) and defined by using an etchant mask. Gate oxidation is

per fornmed, y te de ition an gate patterning to forma
doubl e- gat eg%t"Jre gigfg?g %%%ﬁ yalmﬁg%?‘ﬁe CE‘F‘B%%g' of"FH@SePnthBotPrtpd of the

sour ce-t o- dRinRed NRGLLRA, AN hg, gate: 1 o- te direction are in_ the plane
of the substrate sé?%ace-aThgnlsgg%i%?Egde§gﬁgssf?ﬁgfﬁ?§,E$ﬁ§th@?§P§ ction

?L ewhi ch i seffiecbytddl @doll Bl WL sLhab$1 W ARleY LEGRANIZ8H [ o fie one of
0004 A simple example of a multiple-gate device is the double-
gate MOSFET structure, where there are two gate electrodes on the
opposing sides of the channel or silicon body . A one way to
fabricate a double-gate MOSFET is described’ by U.S. Patent No.
6,413,802B1, issued to Hu et al, for FinFET transistor structures
having a double gate channel extending vertically from a substrate
and methods of manufacture. In U.S. Patent No. 6,413,802B1, the
device channel comprises a thin silicon fin formed on an insulative
substrate (e.g. silicon oxide)- and defined by using an etchant
mask. Gate oxidation is performed, followed by gate deposition and
gate patterning to form a double-gate structure overlying the sides
of the fin. Both the source-to-drain direction and the gate-to-
gate direction are in the plane of the substrate surface. The
specific device structure, the cross-section of which is
illustrated in Figure 1A, is widely recognized to be one of the
most manufacturable double-gate structures. A plane view of the
double-gate structure 10 is shown in Figure 1B. The etchant mask

12 of U.S. Patent No. 6,413,802B1 is retained on the fin 20 in the




nmost manuf acturabl e doubl e-gate structures. A plane view of the

doubl e-gate structure 10 is shown in Figure 1B. The etchant mask 12 of

U S. Patent No. 6,413,802Bl1 is retained on the fin 20 in the 4 67, 200-1040
2002- 1080 channel region through the $rocess. The device width of a single
finis defined to be twice the fin height h. Miltiple device wdths may be
achi eved on the sane substrate 14 by placing multiple fins 22,24 in
parallel, as illustrated in device 30 in Figure 2. An inverter circuit may
be formed using N-channel and P-channel MOSFETs conprising such nultiple
fins. In another enbodinent of U.S. Patent No. 6,413,802B1, an inverter
circuit 40 is inplenented wusing N-channel and P-channel MOSFETs 42, 44 that
are verticd’l $00-aPtgned and separated by a dielectric |layer 46, as
illustrated®PA 1% Pgure 3. 0005 Another exanple of the nultiple-gate
transistor is the triple-gate transistor 50. The cross-section of the

triple-gat @nhahh@DNSked}i®h ShEyed8e90rbSdd  ustrated. i n_Fi.gure 4A. _.The plane
view of the tripl e-eagtélt e structur eeS réIDSeéS%fOWIi‘hlené Ylgcl?r ‘e”lggg CI"%ea Slngfe
triple-gat €ibr aesidsEone8t EUCHEN ewbé hase t Pr.pe, IRNRS 3h.0“ﬁM1913cti%18“deW§e top

surface 52 of the silicone body/fin, and two gat'es on the
widths may be achieved on the same substrate 14 by placing multiple
fins 22,24 in parallel, as illustrated in device 30 in Figure 2.
An inverter circuit may be formed using N-channel and P-channel
MOSFETs comprising such multiple fins. In another embodiment of
U.S. Patent No. 6,413,802B1, an inverter circuit 40 is implemented

using N-channel and P-channel MOSFETs 42,44 that are vertically

aligned and separated by a dielectric layer 46, as illustrated in

Figure 3.

0005 Another example of the multiple-gate transistor is the
triple-gate transistor 50. The cross-section of the triple-gate
transistor structure 50 is illustrated in Figure 4A. The plane
view of the triple-gate structure 50 is shown in Figure 4C. The
triple-gate transistor structure 50 has three gates: one gate on
the top surface 52 of the silicone body/fin, and two gates on the
sidewalls 54,56 of the silicon body/fin. The triple-gate device
achieves better gate control than the double-gate device because it

has one more gate on the top surface 52 of the silicon fin.



sidewal I s 54,56 of the silicon body/fin. The triple-gate device achieves
better gate control than the doubl e-gate device because it has one nore
gate on the top surface 52 of the silicon fin. 5 67,200-1040 2002-1080
0006 Wile there is some work on the design and fabrication of

mul ti pl e-gate devices such as the double-gate and triple-gate devices,
there is little work on circuits, such as inverter <circuits, configured
usi ng such devices. The relentless pursuit of high-performnce has pushed
logic and circuit designers to utilize every delay and area optim zation
techni que at their disposal. However, the optim zation of circuits, such
as inverter circuits, incorporating multiple-gate transistors has not been
addr essed. s7.Jroadi¢doonal |y, in logic synthesis, delay optimzation

t echni ques 20¢vavé8heavily relied on gate sizing algorithnms which vary drive
strengths of gates to optimze circuit delay. Since the delay in CMOS

al S0 on theCu dh r APEEe P RE R hIORR R B CRATRERIGUOToRe" L9 Mo dt h

ratio), itmhﬁpﬁﬂ%ﬂb@tetQeqﬁggsagﬁghagge1§u§iégﬁﬁ§ —ngtgognto toyi de optimal

P/N width ratios for inverters IRcorporating muftyple-ga et?% nsi¥6r s.
devices, there is 1little work on circuits, such as inverter
circuits, configured using such devices. The relentless pursuit of
high-performance has pushed logic and circuit designers to utilize
»every delay and area optimization technigue at their disposal.
However, the optimization of circuits, such as inverter circuits,
incorporating multiple-gate transistors has not been addressed.
Traditionally, in logic synthesis, delay optimization techniques
have heavily relied on gate sizing algorithms which vary drive
strengths of gates to optimize circuit delay. Since the delay in
CMOS logic circuits not only depends on the drive strengths of each
stage, but also on the width ratio of the P-channel and N-channel
devices (P/N width ratio), it is crucial to make available a simple
method to provide optimal P/N width ratios for inverters

incorporating multiple-gate transistors.

0007 Referring back to Figures 1A and 1B, a double-gate MOSFET
Structure 10 is shown. Figure 1A shows the cross-sectional view of
the double-gate MOSFET 10 through its channel region where the
Semiconductor fin 20 forms the channel and a gate electrode 16

Straddles over the semiconductor fin 20, forming two gates 26,28,



0007 Referring back to Figures 1A and 1B, a doubl e-gate MOSFET structure
10 i s shown. Figure 1A shows the cross-sectional view of the double-gate
MOSFET 10 through its channel region where the sem conductor fin 20 forns
the channel and a gate electrode 16 %traddl es over the seniconductor fin
20, formng two gates 26,28, 6 67,200-1040 2002-1080 one on each of the
two sidewalls 36,38 of the sem conductor fin 20. The plane view of the
doubl e-gate MOSFET structure 10 is shown in Figure 1B. The width of a

doubl e-gate MOSFET formed using a single sem conductor finis two tines
the fin height h, that is, the wwdth of the double-gate MOSFET is equal to

2h. Varying the fin wwdth for the doubl e-gate MOSFET has no effect on the

devi ce wi dt 65? o€Ppl e device widths may be achieved on the same substrate
by placing miltiple fins in parallel. Figure 2A shows the cross- sectional
vi ew of two doubl e-gate MOSFETs connected in parallel. The wdth of the

resul ting parabhelactooBenid 6o didewa1doulY 8398k &1, MOSFETs. 4h. 0008 Figure
4A shows the cross-sectional view of a triple-gate -trandi®EEPT 561 AP ough
t he channelTheegleme Viter bFfi phe-dpaibe e - 460 MoBFlr LSr§dilide®] ot tsfﬁ%wn in
doubl e-gate transistor except for the
Figure 1B. The width of a double-gate MOSFET formed using a single
semiconductor fin is two times the fin height h, that is, the width
of the double-gate MOSFET is equal to 2h. Varying the fin width
for the double-gate MOSFET has no effect on the device width.
Multiple device widths may be achieved on the same substrate by
placing multiple fins in parallel. Figure 2A shows the cross-

sectional view of two double-gate MOSFETs connected in parallel.

The width of the resulting parallel connection of two double-gate

. MOSFETs 4h.
0008 Figure 4A shows the Cross-sectional view of a triple-gate
transistor so0 through the channel region, The triple-gate

transistor is similar to the double-gate transistor except for the
absence of the mask on the top surface 52 of the semiconductor fin
20. The gate dielectric 58 wraps around the semiconductor fin 20-
on three sides, and the gate electrode 48 straddles over the fin
20. The gate electrode 48 forms three gates: a gate 62 on the top
surface 52 of the semiconductor fin 20 and a gate 64,66 on each of
the two sidewalls 54,56 of the fin. The device width of the

tri _ . .
riple-gate MOSFET 50 is given by the sum of the fin width and




absence of the mask on the top surface 52 of the sem conductor fin 20. The
gate dielectric 58 waps around the sem conductor fin 20- on three sides,
and the gate el ectrode 48 straddles aqver the fin 20. The gate el ectrode 48
forms three gates: a gate 62 on the t7op surface 52 of the sem conductor
fin 20 and a gate 64,66 on each of the two sidewalls 54,56 of the fin. The
device wwdth of the triple-gate MOSFET 50 is given by the sumof the fin
width and 7 67,200-1040 2002-1080 twice the fin height, e.g. (2h + w).
Note that in this device structure, a variation of the fin wi dth w changes
the device wwdth. The value of fin width w nay be varied by altering the

| ayout as schematically illustrated in Figure 4C. A three-di nensional

per spectiv ! i?%{)@g'}?ri pl e-gate MOSFET 50 is shown in Figure 5A. 0009
Triple-gate transistors may have a recessed insulator |ayer for inproved
gate control, as illustrated in Figure 4B. Such a structure is also known
as the Onegaiteetle ef frechieigransiesyor (26 FETY) | orNgggpékyatoq%g%hling since the
gate el ectrode has an onega- shape in its cross-sectional view ?ﬁglce

encr oachnestre¢tytfe gavariagliect obddeunitenviiie @%ﬁ@@g%oﬁex;%& QL aPody
forns an onega-shaped gate structure. It closely resenbles the )
gate-all-aﬁﬁﬁnﬂakqgv%f fin width w may be varied by altering the layout as

schematically illustrated in Figure 4cC. A three-dimensional

perspective of the triple-gate MOSFET 50 is shown in Figure 5A.

0009 Triple-gate transistors may have a recessed insulator
layer for improved gate control, as illustrated in Figure 4B. Such
a structure is also known as the Omega field-effect transistor
(FET) , or simply omega-FET, since the gate electrode has an omega-
shape in its cross-sectional view. The encroachment of the gate
electrode under the semiconductor fin or body forms an omega-shaped
gate structure. It closely resembles the gate-all-around (GAA)
transistors for excellent scalability, and uses a manufacturable
brocess similar to that of the double-gate or triple-gate
transistor. The omega-FET has a top gate 62, two sidewall gates
64,66, and special gate extensions or encroachments 68 under the
Semiconductor body. The omega-FET is therefore a field effect
transistor with a gate that almost wraps around the body. 1In fact,
the longer the gate extension, e.g. the greater the extent of the
encroachment E, the more the structure approaches or resembles the

gate-all-around structure. A three-dimensional perspective of the



transistors for excellent scalability, and uses a manufacturable process
simlar to that of the double-gate or triple-gate transistor. The
onega- FET has a top gate 62, two sidewall gates 64,66, and special gate
extensi ons or encroachments 68 under &he sem conductor body. The omega- FET
is therefore a field effect transistor with a gate that al nost w aps
around the body. In fact, the |onger the gate extension, e.g. the greater
the extent of the encroachnment E, the nore the structure approaches or
resenbles the gate-all-around structure. A three-dinensional perspective
of the 8 67,200-1040 2002-1080 triple-gate transistor 50 with recessed
i nsul ator, ©r,200e@aeoFET, is schematically illustrated in Figures 5B. The
encr oachnentooefiaste gate el ectrode 48 under the silicon body helps to
shield the channel fromelectric field lines fromthe drain and inproves
thus alleviating the drain-induced

gat e- to-cq%qggg_coqgrollabiIitg, _

barrier | owertng 8t fedt 2 BAtSiHpPBWitd serortsechannel atper, f o BRASE- FETT NEy

encr oachnmend.,68. pf e_el ectyode _under the silicon body reliés on an
under cut 88 of ?hec%lrr}glulqggg?tfaaﬁféir 1RgF 591 4e5e SBubsthatemcrbdchhdits okOERd Ng an

undercut 8&aitB thecsubsirage t .the base of the silicon body. It should
be noted that the device m%d#&é% Fh% s113Con body helps to shield the

channel from electric field lines from the drain and improves gate-
to-channel controllability, thus alleviating the drain-induced
barrier lowering effect and improving short-channel performance.
The encroachment 68 of the gate electrode under the silicon body
relies on an undercut 88 of the insulator layer 18 on the substrate
14, thus forming an undercut 88 in the substrate 14 at the base of
the silicon body. 1t should be noted that the device width of the
omega-FET is given by the sum of the fin width w, twice the fin
height h, and twice the encroachment E. Therefore, the device
width is given by (w + 2h + 2E). A variation of the fin width for
the omega-FET changes the device width.

0010 The plane view showing the triple-gate transistor of
Figure 4A, or the omega-FET of Figure 4B, is shown in Figure 4cC.
Both cross-sections in Figures 4A and 4B are drawn along line A-A’.
0011 It is therefore an object of the present invention to
brovide an inverter formed of multiple-gate metal oxide

Semiconductor field effect transistors.




onega-FET is given by the sumof the fin width w, twice the fin height h,
and twi ce the encroachnent E. Therefore, the device wdth is given by (w +
2h + 2E). A variation of the fin width for the onega-FET changes the
device width. 0010 The pl ane vieM/shéﬁjng the triple-gate transistor of
Figure 4A, or the onmega-FET of Figure 4B, is shown in Figure 4C. Both
cross-sections in Figures 4A and 4B are drawn along line A-A". 0011 It is
therefore an object of the present invention to provide an inverter forned
of multiple-gate netal oxide sem conductor field effect transistors. 9
67,200- 1040 2002-1080 0012 It is another object of the present invention
to provide .a,pptied for fabricating an inverter by multiple-gate netal

oxi de sem £@pdughor field effect transistors. Summary of the Invention
0013 In accordance with the present invention, an inverter fornmed of

mul tiple-gate netal oxide sem conductor field effect transistors and a

net hod for &Ueh fabritcdsi erctdre pbowided. 80 ldrdgand pﬁ@é&rﬂbﬁdt&rm%qgg%nt,
an inverter is Brgw@ded which includes a first nultiple-gate transistor
i ncl udi ng & &BGree tor fabricating an inverter by multiple-gate metal oxide

semiconductor field effect transistors.

Summary of the Invention
0013 In accordance with the present invention, an inverter
formed of multiple-gate metal oxide semiconductor field effect

transistors and a method for such fabrication are provided.

0014 In a preferred embodiment, an inverter is provided which
includes a first multiple-gate transistor including a source
connected to a power supply, a drain connected to an output
terminal and a gate electrode; a second multiple-gate transistor
including a source connected to a ground, a drain connected to the
output terminal, and a gate electrode; and an input terminal

Connected to the gate electrodes of the first and second multiple-

date transistors.

OO « . .

15 In the present invention inverter, the first and second
m . .
U1t1p1e-gate transistors may be triple-gate transistors, or may be
Omega field-effect transistors. Each of the first and second

m i i
ultiple-gate transistors may further include a substrate that has



connected to a power supply, a drain connected to an output termnal and a
gate electrode; a second nultiple-gate transistor including a source
connected to a ground, a drain connected to the output termnal, and a
gate el ectrode; and an input term nal'® connected to the gate el ectrodes of
the first and second nultiple- gate transistors. 0015 In the present
invention inverter, the first and second mnultiple-gate transistors may be
triple-gate transistors, or nay be onega field-effect transistors. Each of
the first and second nultiple-gate transistors may further include a
substrate that has 10 67, 200- 1040 2002-1080 an insul ating |ayer on top and
source, drajn,fegpens formed therein; a sem conductor fin formed
vertically pp2theosubstrate, the sem conductor fin has two fin sidewalls
and a fin top; a gate dielectric |ayer overlying the sem conductor fin;
and a gate electrode that waps around the sem conductor fin separating
the sourceélamtPHatargedidyss. SFhetaenmindndwatoe, f idratay regibos medraéq
silicon, or may.be fornmed of silicon and germanium The sem conductor fin
may have a TWEASUM fOrFRAHCATAFEEPE AT ifpsped seertdoadidut on the shbdthater the

first nultiple-gate transistor nma
d%e séﬁﬁconduc@or in hasytwo fin sidewalls and a fin top; a gate

dielectric layer overlying the semiconductor fin; and a gate
electrode that wraps around the semiconductor fin separating the
source and drain regions. The semiconductor fin may be formed of
silicon, or may be formed of silicon and germanium. The
semiconductor fin may have a non-uniform fin width. A first
semiconductor fin width for the first multiple-gate transistor may
be-different from a second semiconductor fin width for the second
multiple-gate transistor. The first multiple-gate transistor and
the second multiple-gate transistor may be formed on the same

semiconductor fin, or may be formed on different semiconductor

fins.
0016 In the present invention inverter, the insulating layer
includes a dielectric material, or includes silicon oxide. The

insulating layer may have a thickness between 20 Angstroms and 1000
Angstroms. The gate dielectric layer may include silicon oxide, or
may include silicon oxynitride, or may include a high permittivity
material selected from the group consisting of La,0,, Al,0,, HfO,,

HfON and 2ro,. The gate dielectric layer may be formed of a high




be-different froma second sem conductor fin wdth for the second

mul tiple-gate transistor. The first mul tiple-gate transistor and the
second nul tiple-gate transistor g formed on the same sem conductor
fin, or may be formed on dlfferent S conductor fins. 0016 In the present
invention inverter, the insulating layer includes a dielectric material,

or includes silicon oxide. The insulating |ayer may have a thickness

bet ween 20 Angstrons and 1000 Angstrons. The gate dielectric |ayer may

i nclude silicon oxide, or nmay include silicon oxynitride, or may include a
high permttivity material selected fromthe group consisting of La2C3,
A12038, Hf Q21 gnd Zr2. The gate dielectric |layer may be fornmed of a
high 11 67, 046° 2002- 1080 permttivity material that has a relative
permttivity of at least 5. The gate dielectric |layer may have a thickness
between 3 Angstrons and 100 Angstrons, or may have a thickness on the fin

si dewal | digdmedenivitiamaaerbhaTkirasshon 4 heihind ?Jémﬁ?{t{%& B¥€ 2 1east
t hi ckness on the fin top smaller than a gate dielectric thi'ckness on'the

fin sidewald- ofheagahavdialedtimkndsyean odve Have topeiofcrnbes sepi.condyct or
fin less than 20 Angstrons. The gate el ectrode may
Angstroms "and 100 Angstroms, or may have a thickness on the fin
sidewall different than a thickness on the fin top, or may have a
thickness on the fin top smaller than a gate dielec£ric thickness
on the fin sidewall, or may have a thickness on the fin top of the
semiconductor fin less than 20 Angstroms. The gate electrode may
be formed of poly-crystalline silicon, or may be formed of poly-
crystalline silicon germanium, or may be formed of a metal. The
source and drain regions of the first and second multiple-gate
transistors may be strapped by a conductive material selected from
the group consisting of metals and silicides. An electrical
contact between the conductive material and -the source and drain

regions may be made on at least one of the fin sidewalls and fin

top of the semiconductor fin.

0017 The present inﬁention is further directed to an inverter
that includes a first plurality of P-channel multiple-gate
transistors each including a source connected to a power supply, a
drain connected to an output terminal, and a gate electrode; a
second plufality of .N—channel multiple-gate transistors each

including a source connected to ground, a drain connected to the



be fornmed of poly-crystalline silicon, or may be fornmed of poly-
crystalline silicon germanium or nmay be forned of a netal. The source and
drain regions of the first and second nultiple-gate transistors may be
strapped by a conductive nmateri al sellécted from the group consi sting of
metals and silicides. An electrical contact between the conductive

mat eri al and-the source and drain regions nay be made on at | east one of
the fin sidewalls and fin top of the sem conductor fin. 0017 The present

invention is further directed to an inverter that includes a first
plurality of P-channel multiple-gate transistors each including a source

connected tq.a,ppwer supply, a drain connected to an output terninal, and

a gate el ectygde;sa second plurality of N-channel nultiple-gate
transi stors each including a source connected to ground, a drain connected

to the 12 67,%00;1240 _2%?2-1080 output termnal, and a gate el ectrode; and
an input terRal teohnezt.edand dhegagat elekeebdodes,®f theg fiLs lurality
of P- channel and the second plurality of N—channelnnulatipIng!llg;;a:tggmméﬁl

transi st or s Co8B389%h theth estin ¢Inmsmoden bfiventersi rkhepf i Fsti gy Wealdty of
channel and the second plurality of N-channel multiple-~gate

transistors.

0018 In the present invention.inverter, the first plurality of
P-channel and the second plurality of N-channel multiple-gate
transistors may be triple-gate transistors, or may be omega field-
effect transistors. Each of the first plurality of P-channel and
the second plurality of N-channel multiple-gate transistors may
include a substrate that has an insulating layer formed on a top
surface; source and drain regions formed in the substrate; a
semiconductor fin vertically formed on the insulating layer, the
fin has a fin top and two fin sidewalls; a gate dielectric layer
Overlying the semiconductor fin; and a gate electrode wrapping
around the semiconductor fin separating the source and drain
Tegions. The semiconductor fin may include silicon, or may include
silicon and germanium. The semiconductor fin may have a non-
uniform fin width. A first fin width for the first plurality of p-
channel multiple-gate transistors may be different from a second
fin width for the second plurality of N-channel multiple-gate

transi i
Sistors. The first plurality of P-channel multiple-gate



P-channel and the second plurality of N-channel nultiple-gate transistors
may be triple-gate transistors, or may be onega field- effect transistors.
Each of the first plurality of P-channel and the second plurality of
N-channel nultiple-gate transistors ﬂﬁy include a substrate that has an
insulating |layer formed on a top surface; source and drain regions forned
in the substrate; a sem conductor fin vertically fornmed on the insulating
|ayer, the fin has a fin top and two fin sidewalls; a gate dielectric

| ayer overlying the sem conductor fin; and a gate el ectrode w apping _
around the sem conductor fin separating the source and drain regions. The
sem conductor ,§d Qoggy include silicon, or may include silicon and

germani um sbhe-sewi conductor fin may have a non- uniformfin width. A first
fin wwdth for the first plurality of P- channel nultiple-gate transistors
may be different froma second fin width for the second plurality of
N-channel miPPPpFeRFatadd tihnsiesonds plThel ftiyr stf pt-whahhéy @bl nkagpel

mul tiple-gate 13 67, 200- 1040 2002-1080 transistors and the second
plurality of *RELHEMTeMHuPE i iRracdabe ther 6AR steovisondycter Fanpesk aaytbe sane
sem CondUth%I;:‘mL& nOn Q{ifrfg¥el’tl)g Séfmc.?i.rcrgl ugll':lordlffifngl:ent sem CondUCt or fl ns.

0019 In the present invention inverter, the insulating layer
may include a dielectric material, or may include a silicon oxide.
The insulating layer may have a thickness between 20 Angstroms and
1000 Angstroms. The gate dielectric layer may include silicon
oxide, or may include silicon oxynitride, or may include a high
permittivity material selected from the group consisting of La,0,,
Al,0;, HfO,, HEON and ZrO,. The gate dielectric layer may include
a high permittivity material that has a relative permittivity of at
"least 5. The gate dielectric layer may have a thickness between 3
Angstroms and 100 Angstroms, or may have a different thickness on
the fin sidewall than on the fin top, or may have a smaller
thickness on the fin top than on the fin sidewall, or may have a
thickness on the fin top of less than 20 Angstroms. The gate
electrode may include poly-crystalline silicon, or poly-crystalline
silicon germanium, or a metal. The source and drain regions may be
Strapped by a conductive material selected from the group
consisting of metals and silicides. An electrical contact between

the conductive material and the source and drain regions may be




0019 In the present invention inverter, the insulating |layer may include a
dielectric material, or may include a silicon oxide. The insulating |ayer
may have a thickness between 20 Angstrons and 1000 Angstrons. The gate
dielectric layer may include silicon14oxide, or may include silicon
oxynitride, or may include a high permttivity material selected fromthe
group consisting of La203, Al1203, H 2, H ON and ZrQ2. The gate dielectric
| ayer may include a high permittivity material that has a relative
permttivity of at |east 5. The gate dielectric |ayer nmay have a thickness
between 3 Angstrons and 100 Angstrons, or may have a different thickness
on the fin_sidewall than on the fin top, or may have a smaller thickness
on the fin¥ ?%& ’on the fin sidewall, or may have a thickness on the
fin top of Tess than 20 Angstrons. The gate electrode may include
poly-crystalline silicon, or poly-crystalline silicon germanium or a
netal . Themsdearce atd leékatnonego@nshrBibe siskhaPPEdaRyY ficopgdycti Ve o
material selected fromthe group consisting of netals and silicides.” An

el ectri cal sepacardudserwéén. the conductive material and the source and
drain regions may be 14 67,200-1040 2002-1080 nade on at | east one of the
fin sidewalls and fin top of the

0020 The present invention is still further directed to a
method for fabricating an inverter by multiple-gate transistors
which can be carried out by the operating steps of providing a
substrate that includes a semi-conducting layer overlying an
insulating layer; forming a semiconductor fin in the semi-
copducting layer, the fin has two sidewalls and a top; depositing
a layer of a dielectric material overlying the semiconductor fin;
depositing a layer of a conductive material overlying the layer of
dielectric material; patterning the layer of conductive material
forming gate electrode straddling across the two sidewalls and the
top of the semiconductor fin; and forming a source and a drain
region in the semiconducting layer.

0021 In the method for fabricating an inverter by multiple-
gate transistors, the semi-conducting layer may include silicon, or
may include silicon and germanium. The insulating layer mway
include silicon oxide. The semiconductor fin forming process may
further include a Ffin surface smoothing step. The surface

Smoothing step may further include sacrificial oxidation and high




sem conductor fin. 0020 The present invention is still further directed to
a nethod for fabricating an inverter by nultiple-gate transistors which
can be carried out by the operating %%eps of providing a substrate that

i ncludes a sem -conducting | ayer overPying an insulating |ayer; formng a
sem conductor fin in the sem - conducting |layer, the fin has two sidewalls
and a top; depositing a layer of a dielectric material overlying the

sem conductor fin; depositing a |ayer of a conductive material overlying
the layer of dielectric material; patterning the |ayer of conductive
material formng gate el ectrode straddling across the two sidewalls and
the top ofg}gg_ﬁsgaconductor fin, and formng a source and a drain region
in the semgdidycting layer. 0021 In the nethod for fabricating an inverter
by nultiple- gate transistors, the sem -conducting |ayer may include
silicon, or may include silicon and germanium The insulating |ayer may

i ncl ude si liegparakive. afhealsieng condacthydrbyen f anbi &g Pr oCessS MM ockUE L her
include a fin surface snoothing step. The surface snoothing step may
further indAig§eidhckavacivgy érrieds orilapdnhoghdd5 67 m2Q0iddUdie 20024980

oxynitride, or may include a high permittivity material of La,0,,
Al,0,, HfO,, HfON or zrO,. The high permittivity material may have
a relative permittivity of at least 5. The dielectric material
layer may have a thickness between 3 Angstroms and 100 Angstroms,
or may have a thickness on the fin sidewalls different than a
thickness on the fin top, or may have a smaller thickness on the
fin top compared to a thickness on the fin sidewall, or may have a
thickness on the fin top of less than 20 Angstroms. The dielectric
material may include poly-crystalline silicon, or poly-crystalline
silicon germanium. The conductive material layer may be formed on
the source region and the drain region. The conductive material

layer may be selected from the group consisting of metals, metallic

silicides and metallic nitrides.

Brief Description of the Drawings
0022 These and other objects, features and advantages of the
Present invention will become apparent from the following detailed -

description and the appended drawings in which:



tenperature annealing in a hydrogen anbient. The dielectric material |ayer
may include silicon oxide, or may include silicon oxynitride, or may
include a high permttivity material ,of La203, A1203, H 021 Hf ON or Zr02.
The high permttivity material may hdPe a relative permttivity of at

| east 5. The dielectric material |ayer nmay have a thickness between 3
Angstrons and 100 Angstrons, or may have a thickness on the fin sidewalls
different than a thickness on the fin top, or nay have a smaller thickness
on the fin top conpared to a thickness on the fin sidewall, or may have a
t hi ckness on the fin top of |less than 20 Angstronms. The dielectric

mat erial may include poly-crystalline silicon, or poly-crystalline silicon
ger mani um ?1' GUctive material layer may be formed on the source
regi on and PRé arai n region. The conductive- material |ayer nmay be
selected fromthe group consisting of nmetals, netallic silicides and

metal |ic niaoedes. BrigefreDesChainpt 19 hhg X AWMDYS; 0022 . These and_ot her
obj ect s, figrures and advantages of the present invention Wt 1V i5&Cd

appar ent fmdaneheifwl | oydpegtdetai) edor dgseshRtiabyand d dr awi ngs
in which: 16 67,200-1040 2002-1080 o d&&%ﬁéﬂ@%@@ %ngce

structure.

0024 Figures 2A and 2B are enlarged, cross-sectional view and

plane view, respectively, for two double-gate devices connected in

parallel.

0025 Figure 3 is an enlarged, perspective view of a
conventional CMOS inverter utilizing stacked P-channel and N-

channel MOSFETs.

0026 Figures 4A, 4B and 4C are enlarged, cross-sectional views

and plane view, respectively, for a triple-gate device structure

with recessed insulator.

0027 Figures 5A and SB are enlarged, perspective views for a

Present invention triple-gate transistor without and with recessed’

insulator, respectively.




0023 Figures | A and 1B are enlarged, cross-sectional view and plane view,
respectively, for a conventional double-gate device structure. 0024
Figures 2A and 2B are enl arged, cross-sectional view and plane view,
respectively, for two doubl e-gate de Yces connected in paral l el . 0025
Figure 3 is an enlarged, perspective view of a conventional CMOS inverter
utilizing stacked P-channel and N- channel MOSFETs. 0026 Fi gures 4A, 4B and
4C are enlarged, cross-sectional views and plane view, respectively, for a
triple-gate device structure wth recessed insulator. 0027 Figures 5A and
5B are enl arged, perspective views for a present invention triple-gate
transistor without and with recessed insulator, respectively. 17
67, 200- 104067,2002:ck080 0028 Figure 6 is an enl arged, perspective view of a
present i ne&Rti@®r® CMOS inverter forned by triple-gate N-channel and P-
channel MOSFETs. 0029 Figure 7 is a |layout diagramfor the present
invention o5g Figure 6 i

. § an enlarged, berspective view of g pPresent
invention CMOS inverter formed by triple-gate N-channel and p-

channel MOSFETs.

0 . . .
029 Figure 7 is a layout diagram for the Present invention

CMOS inverter of Figure 6.

0030 i i i
Figure 8 is a schematic representation for a present

in i i i i
vention inventor configured using multiple-gate transistors

0031 '
Figures 9A and 9B are layout diagrams for a present

invention CMOS inverter including triple-gate N-channel and p-

channel MOSFETs with multiple fins.

0032 i i i
Figure 10 is a layout diagram for a present invention

CMOSs i i
S inverter, in an alternate embodiment, formed by triple-gate N-

channel and P-channel MOSFETs with multiple fins.

0033 i
Figures 114, 11B, 11C and 11D are enlarged, cross-
Sectji i i i
onal views illustrating the present invention process flow for

the formation of a triple-gate transistor.




CMOS inverter of Figure G 0030 Figure 8 is a schematic representation for
a present invention inventor configured using nultiple-gate transistors.
0031 Figures 9A and 9B are | ayout diagrans for a present invention CMOS
inverter including triple-gate N—chaﬂ%el and P- channel MOSFETs with
multiple fins. 0032 Figure 10 is a layout diagramfor a present invention
CMOS inverter, in an alternate enbodinent, forned by triple-gate N channel
and P-channel MOSFETs with nultiple fins. 0033 Figures 11A, 11B, 11C and
11D are enl arged, cross- sectional views illustrating the present invention
process flow for the formation of a triple-gate transistor. 18 67, 200-1040
2002- 1080 0034 Figures 12A and 12B are enl arged, cross-sectional views
illustrating’ ﬁ%ﬁ f&sent invention process flow for the formation of
onega- FET. 335 igure 13 is an enlarged, plane view of a conpleted

present invention triple-gate transistor or onega-FET. Detail ed Description

of the Pref@mred ardidlireer Mm&arﬂﬂi@ﬁi 8Bdl&hlarged, cross-sectional views
illustrating the present invention process flow for the formation

of omega-FET.

0035 Figure 13 is an enlarged, plane view of a completed

present invention triple-gate transistor or omega-FET.

Detailed Description of the Preferred

and Alternate Embodiments
0036 In accordance with the present invention, an inverter
circuit may be formed using N-channel and P-channel MOSFETs
comprising of a single fin or multiple fins. An inverter circuit
comprises a complementary pair of transistors. The complementary
pair includes a P-channel transistor and an N-channel transistor.
The ratio of the width of the P-channel MOSFET to the width of the
N-channel MOSFET is termed the P/N width ratio. It is advantageous
to have the freedom of selecting an appropriate P/N width ratio to
optimize circuit performance or circuit delay time. It should be
noted that the double-gate MOSFET as shown in Figures 1 and 2 are
hot able to offer a continuous range of P/N width ratio if the Pp-
channel and the N-channel MOSFETs have the same fin height, or are

formed from the same semiconductor film. If two fins are used for




0036 In accordance with the present invention, an inverter circuit may be
formed using N-channel and P-channel MOSFETs conprising of a single fin or
multiple fins. An inverter circuit caonprises a conplenentary pair of

transi stors. The conplenentary pair 'ncludes a P-channel transistor and an
N-channel transistor. The ratio of the width of the P-channel MOSFET to
the width of the N-channel MOSFET is terned the PPN wdth ratio. It is
advant ageous to have the freedom of selecting an appropriate P/ N w dth
ratio to optimze circuit performance or circuit delay tine. It should be
noted that the doubl e-gate MOSFET as shown in Figures 1 and 2 are not able
to offer a continuous range of PPN width ratio if the P- channel and the

N- channel '!\%(%%Eﬁ"f;gﬁave the same fin height, or are forned fromthe sane
sem conduct or m If two fins are used for 19 67, 200-1040 2002-1080 the

P- channel MOSFET and one fin is used for the N-channel MOSFET in an
inverter citleuiPtchamee PMIswEAtdnd &0 ri s 2s “Lf "[\Er ee fins —are used for the
P- channel MOSFET and two fins are used for: the N %hath el cherrer MOSFER
inverter ciimaint inveetdy Niwicdib, raid ©/is w342n 2k 35 Ihe é'\! width ratio
nmust be a nunber (gi ven by a quotient of two integers. It (f:) nHgtcehéins
cont i nuous|3revafeedor thesPrmdiannel MOSFET and two fins are used for the N-

channel MOSFET in an inverter circuit, the P/N width ratio is 3/2

or 1.5. The P/N width ratio must be a number given by a quotient

of two integers. It cannot be continuously varied. It is not

straightforward to realize a P/N width ratio of 1.35 using the

double-gate MOSFET as shown in Figures 1 and 2

0037 One way to vary the P/N ratio of the double~gate MOSFET
continuously is to use a stacked structure comprising of P-channel
and N-channel MOSFETs vertically aligned and separated by a
dielectric 1layer, as shown in Figure 3. This structure is
described in U.S. Patent No. 6,413,802B1. The PMOS layer has a
thickness tPMOS and the NMOS layer has a thickness tNMOS. The
ratio of the thickness of the PMOS layer to the NMOS layer, e.g.
tPMOS/tNMOS, is the P/N width ratio and may be varied over a wide
range. The stacked structure, as shown in Figure 3, is not easily
fabricated. 1t requires the formation of a crystalline PMOS layer
overlying the dielectric layer, by methods such as solid phase

e : . .
Pltaxy and lateral epitaxial overgrowth, which are expensive and

have low throughput.



straightforward to realize a PPN wdth ratio of 1.35 using the double-gate
MOSFET as shown in Figures 1 and 2. 0037 One way to vary the P/Nratio of

t he doubl e-gate MOSFET continuously is to use a stacked structure
conprising of P-channel and N- channéP MOSFETs vertically aligned and
separated by a dielectric layer, as shown in Figure 3. This structure is
described in U S. Patent No. 6,413,802B1. The PMOS | ayer has a thickness

t PMOS and the NMOS | ayer has a thickness tNMOS. The ratio of the thickness
of the PMOS | ayer to the NMOS |ayer, e.g. tPMOS/tNMOS, is the P/N width
ratio and may be varied over a wide range. The stacked structure, as shown
in Figure 3, is not easily fabricated. It requires the formation of a
crystal |l i ng7PM0OS1040yer overlying the dielectric |ayer, by methods such as
sol i d phaseooxpPelaxy and | ateral epitaxial overgrowth, which are expensive
and have |ow throughput. 20 67, 200-1040 2002-1080 0038 In the present

i nventi on, g probkgng, of .pri rt are solved confjiguring an inverter
circuit usiohg nul ti pﬁe-%%tpel%s!te?lgn%)g or's Wi ?iﬁe 5 8m8n°¢ 1P5p38urdHce of

tSBref Zgg‘ g?@gWé&r by f 'canMlhti'r@I enfat fud £ adis! c.s}.x%ruitw‘}SQng gn%tl%igfezgaetet op
transistors with a gate on the top surface of the semiconductor
fin. Multiple-gate transistors with a gate on the top surface of

the semiconductor fin include the triple-gate MOSFET and the omega-

FET.

0039 An inverter circuit incorporating multiple-gate
transistors such as triple-gate MOSFET and omega-FET is provided in
the present invention. In one embodiment of the present invention,
the inverter circuit is provided with the triple-gate transistors
,Of Figure 4A. In another embodiment, the inverter circuit is
provided with triple-gate transistors with a recessed insulator
layer, also known as omega-FETs, of Figure 4B. An illustration of
the inverter structure 70 incorporating triple-gate transistors
- 72,74 are shown in Figure 6. In Figure 6, the inverter structure
70 is comprised of a single semiconductor fin 76. The
semiconductor fin 76 constitutes the inverter which may have a non-
uniform width. The fin width is wNMOS in the portion where an N-
channel MOSFET 74 is formed and wPMOS in the portion where a P-
Channel MOSFET 72 is formed. The fin height is h for both N-

channel and P-channel MOSFETs 72,74 in the preferred embodiment.




the sem conductor fin include the triple-gate MOSFET and the onmega- FET.
0039 An inverter circuit incorporating nultiple-gate transistors such as
triple-gate MOSFET and onega- FET is provided in the present invention. In
one enbodi nent of the present inventdion, the inverter circuit is provided
with the triple-gate transistors of Figure 4A. In another enbodi ment, the
inverter circuit is provided with triple-gate transistors with a recessed
i nsul ator |ayer, also known as onega- FETs, of Figure-4B. An illustration
of the inverter structure 70 incorporating triple-gate transistors 72,74
are shown in Figure 6. In Figure 6, the inverter structure 70 is conprised
of a single sem conductor fin 76. The sem conductor fin 76 constitutes the
i nverter whrchoorayadiave a non- uniformw dth. The fin width is WNMOS in the
portion whewpezarwsh channel MOSFET 74 is fornmed and wPMOS in the portion
where a P- channel MOSFET 72 is forned. The fin height is h for both N

channel an%ee-c %anel NEEFE s 72,74 in the preferred enbodi mnent. 21
67, 200- 104030051080 ReVetheldgart dpes mar Bavghto deesmidprhavend cabe

uniform a di f f in different regions of the sem conductor

76. In theQQ 8f¥keﬂ§%t HL 5¥f¥gfeng regions o thé;semlconductor 76. 1In the
preferred embodiment, the semiconductor fin 76 is comprised of
silicon. In general, the semiconductor fin 76 may be comprised of
any elemental semiconductor such as germanium, any alloy

semiconductor such as silicon-germanium, or any compound

semiconductor such as indium phosphide and gallium arsenide.

0040 The inverter structure 70 of Figure 6 is formed from a
complementary pair of transistors, an N-channel triple-gate
transistor 74 comprising N-type source and drain regions 84,86
separated by a gate electrode 78, and a P-channel triple-gate
transistor 72 comprising P-type source and drain regions 92,94
separated by a gate electrode 82. In the preferred embodiment, the
gate electrode 78,82 is poly-crystalline silicon (poly-8i) and is
doped N-type in the N-channel MOSFET 74 and doped P-type in the P-
channel MOSFET 72. 1In general, the gate electrodes 78,82 may be
Ccomprised of a material such as poly-crystalline silicon (poly-Si),
pPoly-crystalline silicon-germanium (poly-SiGe), a refractory metal
Such as molybdenum and tungsten, compounds such as titanium

Nitride, or other conducting materials.



preferred enbodi nent, the sem conductor fin 76 is conprised of silicon. In
general, the sem conductor fin 76 may be conprised of any elenenta

sem conductor such as germanium any alloy sem conductor such as
silicon-germani um or any conpound en conductor such as indi um phosphi de
and gal lium arseni de. 0040 The inverter structure 70 of Figure 6 is forned
froma conplenentary pair of transistors, an N-channel triple-gate

transi stor 74 conprising N-type source and drain regions 84,86 separated
by a gate electrode 78, and a P-channel triple-gate transistor 72
conprising P-type source and drain regions 92,94 separated by a gate

el ectrode 82. In the preferred enbodinent, the gate electrode 78,82 is
pol y-crysted kooe ol i con (poly-Si) and is doped N-type in the N-channel
MOSFET 74 zovd-degeed P-type in the P- channel MOSFET 72. In general, the
gate el ectrodes 78,82 may be conprised of a material such as

pol y- cryst Ilne S|I|coév£pol é, _Poly-crystalline silicon-gernmani um
(pol y-Si Ge), a refritg 9H5t8F BchTERr4RY phdeauwrartd taingstene €ongounds

such as ti u rlde t her conducting nmaterials. 22 67, 200-1040
2002- 1080 %gc’%‘ %‘e%éyout of tﬁ‘& iFEr EEPCEIIRE Ui 820 obf tHegdr ehéniel

multiple-gate transistor 74 and the P-channel multiple-gate
transistor 96 are connected together. The inverter also includes
a gate contact 96. The gate contact 96 connects the gate electrode
to a metal line 98, which provides an input to the inverter.
Further, the inverter includes an electrical contact between the
drain regions 86,94 of the N-channel and P-channel multiple-gate
transistors 74,72 to provide an output for the inverter 70. The‘
source 84 of the N-channel multiple-gate transistor 74 is connected
to ground 100, and the source 92 of the P-channel multiple-gate
transistor 72 is connected to the power supply 102. The circuit
diagram for the inverter structure 70 of Figure 6 is shown in

Figure 8.

0042 According to another embodiment of the invention, an
inverter may also be configured using multiple semiconductor fins
with non-uniform widths. An inverter 110 . comprising two
semiconductor fins 112,114 with non-uniform widths is illustrated
in Figure 9A. The first semiconductor fin 114 comprises two
regions 116,118, one region 116 where a first N-channel multiple-

gate transistor is formed, and another region 118 where a first P-




shown in Figure 7. The gate el ectrodes 78,82 of the N channel

mul tiple-gate transistor 74 and the P-channel nultiple-gate transistor 96
are connected together. The inverter also includes a gate contact 96. The
gate contact 96 connects the gate elegtrode to a netal |ine 98, which
provides an input to the inverter. Further, the inverter includes an

el ectrical contact between the drain regions 86,94 of the N-channel and
P-channel multiple-gate transistors 74,72 to provide an output for the
inverter 70. The source 84 of the N-channel mnmultiple-gate transistor 74 is
connected to ground 100, and the source 92 of the P-channel nultiple-gate
transistor 72 is connected to the power supply 102. The circuit diagram
for the inverter structure 70 of Figure 6 is shown in Figure 8. 0042
Accor di ng g7e2@ndPher enbodi nent of the invention, an inverter nmay al so be
confi gur ed%@3i¥§°nul ti pl e sem conductor fins wth non-uniformwdths. An
inverter 110 conprising two sem conductor fins 112,114 with non-uniform

Wi dths is il hustr akgehipTe G-gur e c94nsTheod | 18 sesiwanduct ofnd i nsddbhg
conprises two regions 116,118, one region 116 where a first N channel

mul tipl e- Gatiechd@nsSERR 112 Eonpeihesando anetibas 18mi10m2, 148 wagién adhi rst P

23 67, 200- 1040
where a second N-channel multiple-gate transistor is formed, and
another region 122 where a second P-channel multiple-gate
transistor is formed. In general, the fin widths wNMOS1, w NMOS2,
wPMOS1, and wPMOS2 are not the same. The drain regions of all the
transistors 116, 118, 120, 122 in Figure 9 are connectéd to the
output terminal 124. The electrodes 128,130 of the N-channel and
P-channel transistors are connected to the input terminal. The
source regions of the P-channel transistors are connected to the

power supply 132, and the source regions of the N-channel

transistors are connected to ground 134.

0043 The N-type metal-oxide semiconductor (NMOS) and P-type
metal-oxide-semiconductor (PMOS) devices need not be on the same
semiconductor fin. In Figure 10, structure 150 of yet another
embodimeht of the invention where the N-channel multiple-gate
transistor and the P-channel multiple-gate transistor are formed

using different semiconductor fins 152,154 with different fin

widths.




2002- 1080 channel nultiple-gate transistor is forned. The second
sem conductor fin 112 conprises two regions 120,122, one region 120 where
a second N-channel nultiple-gate transistor is fornmed, and another region

122 where a second P-channel nultiplgggate transistor is forned. In
general, the fin widths wNMOS1, w NMOS2, wPMOS1, and wPMOS2 are not the

sane. The drain regions of all the transistors 116, 118, 120, 122 in
Figure 9 are connected to the output termnal 124. The el ectrodes 128,130
of the N-channel and P.-channel transistors are connected to the input
termnal. The source regions of the P-channel transistors are connected to
the power supply 132, and the source regions of the N-channel transistors
are connected to ground 134. 0043 The N-type netal - oxi de sem conduct or
(NMOS) and @-typeaosoret al - oxi de- sem conduct or (PMOS) devi ces need not be on
the same s¥@fRcoisductor fin. In Figure 10, structure 150 of yet another

enbodi nent of the invention where the N-channel nultiple-gate transistor
usi ng different

and the P-cpannel nq%%jplekgfte transi stor are formed
semi conductor fins 152, 154 EA"Ei f FEPbaratiion \dedthss 24n67, 200:4Q49 5
description of the inverter configured using multiple-gate
transistors. Various variations of this invention may be
implemented.  As an illustration, semiconductor fin with non-

uniform width may comprise of a plurality of multiple—gate

transi
nsistors of the same type, e.g. two P-channel transistors.

triple-gate transistor Oor an omega-FET.

0046 The fabrication process for the triple-gate transistor,
the preferred embodiment of his invention, is schematically
described in Figures 11A-11D. Figures 11A-11D show the device
Cross-sections at the various process steps, as observed along line
A-A’ of the plane view of the completed device 170 shown in Figure
13. The starting substrate 14 is a silicon-on-insulator substrate,
as shown in Figure 11A. The starting substrate comprises a silicon

fil i i
M 32 overlying an insulator layer 18. The insulator layer 18

has i
a thickness of between 20 Angstroms and 1000 Angstroms The




2002- 1080 0044 The precedi ng expl anation details the structural
description of the inverter configured using nmultiple-gate transistors.
Various variations of this invention may be inplenented. As an
illustration, sem conductor fin wthpmon- uniformw dth may conprise of a
plurality of multiple-gate transistors of the sane type, e.g. two

P-channel transistors. 0045 A nethod for the fornmation of the present
invention structure is now described by a process flow for fabricating a
triple-gate transistor or an omega-PET. 0046 The fabrication process for
the triple-gate transistor, the preferred enbodi ment of his invention, is
schematically described in Figures 11A-11D. Figures 11A-11D show the
device cross-sections at the various process steps, as observed along |ine
A- A of thg,g%@g%4giem10f the conpl eted device 170 shown in Figure 13. The
starting siyf§st{@le 14 is a silicon-on-insulator substrate, as shown in
Figure 11A. The starting substrate conprises a silicon film 32 overlying
an insulator layer 18. The insulator layer 18 has a thickness of between

20 Angst r oigsandns@DE- Angstyeana s Tha BS @Zd@ogflgéﬁ dfgyé%t%ggomaterial
such as silicon oxide. In the preferred embodiment, the first

dielectric material is silicon oxide

0047 The silicon fins 20 are patterned using an etchant mask
12, as shown in Figure 11B. The etchant mask may comprise a
material commonly used for masking an étch process, such as
photoresist, silicon oxide, silicon,nitride, etc. In the preferred
embodiment, the etchant mask is silicon oxide. In the present
invention, an optional fin surface smoothing step is used to
improve or reduce the surface roughness of the fin sidewalls 36, 38.
If the etchant mask used for fin definition is silicon oxide, as in
the preferred embodiment, it may be removed before or after the fin
smoothing process. The removal of the etchant mask 12 on the
silicon fin 20 prior to gate dielectric formation allows the device
to have a triple-gate structure since the gate electrode 16 will
finally be formed on each of the two sidewalls 36,38 as well as the
top surface of the fin, as shown in Figure 11C. If the etchant
mask 12 used for fin definition is a photoresist, it has to be
removed before the fin surface smoothing step to avoid the high
temperatures used in the fin smoothing process. The fin surface

smoothing is performed by subjecting the fin 20 to a sacrificial



first insulator layer 18 can be nmade of any dielectric material such as
silicon oxide. In the preferred enbodinent, the first dielectric materi al
is silicon oxide. 0047 The silicon fins 20 are patterned using an etchant
mask 12, as shown in Figure 11B. Thg etchant nmask may conprise a materia
commonly used for masking an etch process, such as photoresist, silicon
oxide, silicon nitride, etc. In the preferred enbodinent, the etchant nask
is silicon oxide. In the present invention, an optional fin surface
snoothing step is used to inprove or reduce the surface roughness of the
fin sidewalls 36,38. |If the etchant mask used for fin definition is :
silicon oxide, as in the preferred enbodinent, it may be renoved before or
after the fin snoothing process. The renoval of the etchant mask 12 on the
silicon fug 20, Rpipr to gate dielectric formation allows the device to
have a triphe-gape structure since the gate electrode 16 will finally be
formed on each of the two sidewalls 36,38 as well as the top surface of
the fin, as shown in Figure 11C. |f the etchant nmask 12 used for fin

defi ni ti orp¥idapipmemey/ esi siliqon padeval bérepempvedehbef dHeht hempénntagef ace
snoot hing step_to avoid the high tenperatures used in the fin snoothing
process. PRl s OP8CE 1R fhot WP HYt!s pePf TUREQCBySHMiEdsi AF thfe firn 20
to a Sacrlgfdéug{lgG contributes to the achievement of good carrier

mobilities. Depending on whether the silicon oxide etchant mask is
removed prior to the fin smoothing process step, the shape of the
fin may be square-like or rounded at the top. If the etchant mask
may be retained on the.fin throughout the process, the final device

structure will be a double-gate device structure.

0048 The process is followed by gate dielectric formation.
The gate dielectric may be formed by thermal oxidation, chemical
vapor deposition, sputtering, etc. In general, the thickness of
the gate dielectric may be different on the sidewall of the fin and
on the top of the fin. Depending on the technique of gate
dielectric formation, the gate dielectric thickness on the top of
the fin may be thinner than the thickness on the fin sidewall. 1In
one embodiment, the gate dielectric thickness on the top surface of
the fin is less than 20 Angstroms. The gate dielectric may
comprise a conventional material such as silicon dioxide or silicon
OXynitride with a thickness ranging from 3 Angstroms to 100
Angstroms, and more preferably, from about 10 Angstroms or less.

The gate dielectric may also comprise high permittivity (high-k)



67, 200- 1040 2002-1080 oxidation and/or silicon sidewall treatnent (e.g.

hi gh tenperature anneal at 1000C in H2 anbient). The surface snpot hi ng of
the fin sidewalls contributes to the achievenent of good carrier

mobi lities. Depending on whether theysilicon oxide etchant nmask is renoved
prior to the fin snoothing process step, the shape of the fin may be
square-like or rounded at the top. If the etchant nmask nay be retained on
the fin throughout the process, the final device structure will be a
doubl e-gate device structure. 0048 The process is followed by gate
dielectric formation. The gate dielectric may be formed by thermnal

oxi dation, chem cal vapor deposition, sputtering, etc. In general, the

t hi ckness sgf the,pate dielectric may be different on the sidewall of the
fin and %(’)i(h%ggop of the fin. Depending on the technique of gate
dielectric formation, the gate dielectric thickness on the top of the fin
may be thinner than the thickness on the fin sidewall. In one enbodi nent,
the gate diasbsta¥s EUchi ERNEIBEH WhEXLEF $iiLace TUMPHE PrHS sAledd  t han

20 Angstrons. The te dielectric na C i's onvent.i onal mater.i al
Such as sTHAEROHR APOKPAETER) s RFREHT BYPREE I oM aoF HICRABLE" (EnGPng
froms3 Angstrgms 10,100 eANEAION 0x30 PRI SR €r2! hnghE LRARQY ob0
Angst roms GF Otesd* d

Angstroms.

0049 In the next step, the gate material is deposited. The
gate material may be polycrystalline-silicon (poly-Si), poly-
crystalline silicon-germanium (poly-SiGe), a refractory metal such
as molybdenum and tungsten, compounds such as titanium nitride, or
other conducting materials. A gate mask is defined and the
underlying gate material is etched to form the gate electrode. The
gate etch stops on the gate dielectric, and the gate is
electrically isolated from the transistor structure by the gate
dielectric. In the preferred embodiment, the gate material is
poly-Si and the gate dielectric is silicon oxynitride. A plasma
etch using chlorine and bromine chemistry may be used to achieve a
high etch selectivity. A high etch selectivity is critical for
device structures with a tall fin and aggressively scaled gate

dielectric thickness.




The gate dielectric may al so conprise high permttivity (high-k) 27

67, 200- 1040 2002-1080 materials such as |anthal umoxide (La2G3) , al um num
oxi de (A12Q3) , hafnium oxide (Hf Q). hafniumoxynitride (H QON), or
zirconiumoxide (ZrQ2), with an equgal ent oxide thickness of 3 Angstrons
to 100 Angstrons. 0049 In the next step, the gate material is deposited.
The gate material may be polycrystalline-silicon (poly-Si), poly-
crystalline silicon-germanium (poly-SiGe), a refractory netal such as

nmol ybdenum and tungsten, conpounds such as titaniumnitride, or other
conducting materials. A gate mask is defined and the underlying gate
material is etched to formthe gate electrode. The gate etch stops on the
gate diel%ggﬁkglmﬂpd the gate is electrically isolated fromthe transistor

structure pi, theg,gate dielectric. In the preferred enbodiment, the gate

material 1s poly-Si and the gate dielectric is silicon oxynitride. A
pl asma etch using chlorine and brom ne chem stry may be used to achieve a
hi gh et chogBbect i vAfyer ALl giefemdly ioB| et tRe tdpties Ehft pelg Mask cgavbee

structures with a tall fin and ag%ressively,scaled gate dielectric
thickness;emoved. At this stage of the device fabrication, the three-

dimensional perspective of the device is similar to that shown in
Figure 5 (spacers and source/drain extensions are not shown). The
iightly—doped drain (LDD) or drain extension is formed next. This
may be achieved by 1ion implantation, plasma immersion ion
implantation (PIII), or other techniques known and used in the art.
Next, a spacer is formed on the sidewalls of the gate by techniques
known and used in the art, e.g. deposition and selective etching of
the spacer material. The spacer material may be comprised of a
dielectric material such as silicon nitride or silicon dioxide. In
the preferred embodiment, the spacer comprises a silicon nitride
and an oxide composite spacer. After spacer formation, source and
drain regions are doped by ion implantation, PIII, gas or solid
source diffusion, or any other techniques known and used in the
art. Any implant damage or amorphization can be annealed through
subsequent exposure to elevated temperatures. The resistance of
the source, drain, and gate can also be reduced by strapping the
Source, drain, and gate with a conductive material. The conductive
material may be a metallic silicide such as titanium silicide,
cobalt silicide or nickel silicide, a metallic nitride such as

titanium nitride and tantalum nitride, a metal such as tungsten and




28 67,200-1040 2002-1080 0050 After the definition of the gate, the gate
mask can be renpved. At this stage of the device fabrication, the three-

di mensi onal perspective of the device is simlar to that shown in Figure 5
(spacers and source/drain extensi onsgre not shown). The |ightly-doped
drain (LDD) or drain extension is fornmed next. This may be achieved by ion
i npl antation, plasma inmersion ion inplantation (PIIl), or other

t echni ques known and used in the art. Next, a spacer is fornmed on the
sidewal I s of the gate by techniques known and used in the art, e.g.
deposition and selective etching of the spacer material. The spacer
material nay be conprised of a dielectric material such as silicon nitride
or silicon dioxide. In the preferred enbodi ment, the spacer conprises a
silicon nktrdoderosand an oxi de conposite spacer. After spacer formation,
source angoo2digdh regi ons are doped by ion inplantation, PIll, gas or solid
source diffusion, or any other techniques known and used in the art. Any

| nplant dagRae Obraliali3g! h80ef AULPEARNEALEd I QUah, sufseqyent,

. &
exposur e el evated tenperatures. The resistance o he sour C€,
and gate cap 3 -80cPred edHesdi ByniSt I 8RR NbHe i $OUNER e dhai Ny and gate with
a conductive material. The conductive
silicide which may be formed by a self-aligned silicide (salicide)
process. In the source and drain regions, the conductive material

may be formed on both the top of the fin as well as on the sidewall

of the fin.

0051 Contacts are then formed to the source, drain, and gate
regions using techniques known and used in the art. It is

important to achieve a very low contact resistance in nanoscale

devices. This completes the fabrication of the triple-gate
transistor.
0052 The fabrication process for the omega-FET is similar to

that of the triple-gate transistor. The fabrication of the omega-
FET adopts the same process as the triple-gate transistor up to the
fin formation step, as shown in Figure 11C. Following Figure 11C,
a recess in the insulator layer is formed and generally involves an
etch process. Figures 12A and 12B show the cross-sections of the
device after the recess is formed. An example of an etch process
is a wet etch using dilute hydrofluoric acid (HF) (formed by a

mixture of 25 parts water and 1 part concentrated HF) for 30 - 600




material may be a netallic silicide such as titaniumsilicide, cobalt
silicide or nickel silicide, a nmetallic nitride such "as titaniumnitride
and tantalumnitride, a nmetal such as tungsten and 29 67, 200- 1040
2002- 1080 copper, or a heavily dopedggsem conductor such as n+ doped Si. In
the preferred enbodi nent, the conductive material is nickel silicide which
may be fornmed by a self-aligned silicide (salicide) process. In the source
and drain regions, the conductive nmaterial rmay be forned on both the top
of the fin as well as on the sidewall of the fin. 0051 Contacts are then
formed to the source, drain, and gate regions using techniques known and
used in the art. It is inportant to achieve a very | ow contact resistance
i n nanoscal e devices. This conpletes the fabrication of the triple-gate
transi st o§7.200924%he fabricati on process for the omega-FET is similar to
that of t#®2t19%) e-gate transistor. The fabrication of the onega- FET
adopts the sanme process as the triple-gate transistor up to the fin
formati ongsigPs as gbowntbneEcguarodl Go Fol Lovd mepdsitgome ©ICtheamzklgess in
the insulator layer is fornmed and generally involves an

" grown silicon oxide. In the preferred embodiment, the recess R is

between 20 Angstroms and 500 Angstroms. After the formation of the
recess, subsequent processes such as gate dielectric formation,
gate electrode formation, and contact formation are exactly the

same as that described for the triple-gate transistor.

0053 While the present invention has been described in an
illustrative manner, it should be understood that the terminology
used is intended to be in a nature of words of description rather

than of limitation.

0054 Furthermore, while the present invention has been
described in terms of a preferred and alternate embodiments, it is
to be appreciated that those skilled in the art will readily apply

these teachings to other possible variations of the inventions.

0055 The embodiment of the invention in which an exclusive

property or privilege is claimed are defined as follows.



etch process. Figures 12A and 12B show the cross-sections of the device
after the recess is forned. An exanple of an etch process is a wet etch
using dilute hydrofluoric acid (HF) (forned by a mxture of 25 parts water
and 1 part concentrated HF) for 30 -3$00 30 67, 200- 1040 2002-1080 seconds
at 25C to etch about 50 - 1000 Angstrons of thermally grown silicon oxide.
In the preferred enbodinent, the recess Ris between 20 Angstrons and 500
Angstrons. After the formation of the recess, subsequent processes such as
gate dielectric formation, gate electrode formation, and contact formation
are exactly the sane as that described for the triple-gate transistor.
0053 Wil e the present invention has been described in an illustrative
manner, it sggylg pe understood that the term nology used is intended to
be in a n wor ds of description rather than of |imtation. 0054
FurthernDre |Ie the present invention has been described in terns of a
preferred and alternate enbodinents, it is to be appreciated that those
skilled in the art will readily appl yCLATI¥MSse teachings to other possible
variations of the inventions. 0055 The enbodi nent of the invention in which
an excl usiWhgt is claimed is:

1. An inverter comprising:

a first multiple-gate transistor comprises a source
connected to a power supply, a drain connected to an éutput
terminal, and a gate electrode;

a second multiple-gate transistor comprises a source
connected to a ground, a drain connected to said output terminal,
and a gate electrode; and

an input terminal connected to said gate electrodes of

said first and second multiple-gate transistors.

2. The inverter of claim 1, wherein said first and

second multiple-gate transistors are triple-gate transistors.

3. The inverter of claim 1, wherein said first and

second multiple-gate transistors are omega field-effect

transistors.




property or privilege is clained are defined as follows. 31 67, 200-1040
2002-1080 CLAIMS What is clainmed is: 1. An inverter conprising: a first

mul ti pl e-gate transi stor conprises a source

connected to a power supply,

drain connected to an output termng, and a gate el ectrode; a second

‘multiple-gate transistor conprises a source

connected to said output termnal, and a gate electrode; and an input
term nal connected to said gate electrodes of said first and second

mul ti pl e-gate transistors.

and

second multiple-gate transistors are triple-gate transistors.

inverter of claiml1l, wherein said first and second nultiple-gate
transistorg,asp _9pppa field-effect transistors. 32 67, 200- 1040

2002-1080

2. The inverter of claiml1l, wherein said first

3. The

4. The inverter of claim 1, wherein each of said first

and second multiple-gate transistors further comprises:

a substrate having an insulating layer on top and source,

drain regions formed therein;

a semiconductor fin formed vertically on said substrate

said semiconductor fin having two fin sidewalls and a fin top;

a gate dielectric layer overlying said semiconductor fin;

and

a gate electrode wraps around said semiconductor fin

separating said source and drain regions.

5. The inverter of claim 4, -wherein said semiconductor

fin comprises silicon.

6. The inverter of claim 4, wherein said semiconductor

fin comprises silicon and germanium.

7. The inverter of claim 4, wherein said semiconductor

fin has a non-uniform fin width.

a

connected to a ground, a drain




2002-1080 4. The inverter of claim1l, wherein each of said first and
second multiple-gate transistors further conprises: a substrate having an
insulating |ayer on top and source, drain regions fornmed therein; a
sem conductor fin formed vertically o5 said substrate, said sem conductor
fin having two fin sidewalls and a fin top; a gate dielectric |ayer
overlying said sem conductor fin; and a gate el ectrode waps around said
sem conductor fin separating said source and drain regions. 5. The
inverter of claim4,-wherein said sem conductor fin conprises silicon. 6.
The inverter of claim4, wherein said sem conductor fin conprises silicon
and germanium 7. The inverter of claim4, wherein said sem conductor fin
has a non- unlfor |n wi dt h. 33 67, 200-1040 2002-1080 8. The inverter of
claim 4, % E %first seniconductor fin width for said first
mul ti pl e- g% ranS|stor IS
8. The inverter of claim 4, wherein a first
semiconductor fin width for said first multiple-gate transistor is
different from a second semiconductor fin width for said second

multiple-gate transistor.

9. The inverter of claim 4, wherein said first multiple-
gate transistor and said second multiple-gate transistor are formed

on the same semiconductor fin.

10. The inverter of c¢laim 4, wherein said first
multiple-gate transistor and said second multiple-gate transistor

are formed on different semiconductor fins.

11. The inverter of claim 4, wherein said insulating

layer comprises a dielectric.

12. The inverter of claim 4, wherein said insulating

layer comprises silicon oxide.

13. The inverter of claim 4, wherein said insulating

layer having a thickness between 20 Angstroms and 1000 Angstroms.




different froma second sem conductor fin wdth for said second
multiple-gate transistor. 9. The inverter of claim4, wherein said first

mul tiple- gate transistor and said second nultiple-gate transistor are
formed on the sane sem conductor figg 10. The inverter of claim4, wherein
said first nultiple-gate transistor and said second nultiple-gate
transistor are fornmed on different sem conductor fins. 11. The inverter of
claim4, wherein said insulating |ayer conprises a dielectric. 12. The
inverter of claim4, wherein said insulating |ayer conprises silicon oxide.
13. The inverter of claim4, wherein said insulating | ayer having a

t hi ckness between 20 Angstrons and 1000 Angstrons. 34 67, 200- 1040

2002- 1080 14, ;ngl'nverter of claim4, wherein said gate dielectric |ayer
conpri ses sbbégg@ag de. 15. The inverter of claim4, wherein said gate
dielectric layer conprises silicon oxynitride. 16. The inverter of claimi4,
wherein said gate
: 14. .
| The inverter of claim 4, wherein said gate
dielectric layer comprises silicon oxide.

15, The inverter of claim 4

e wherein said gate
ielectri i
tric layer Comprises silicon Ooxynitride

16. T i
he inverter of claim 4, wherein said gat
dielectric laye i V e
Yer comprises a high permittivity material selected
from the isti
group consisting of La,0;, Al,0,, HfO HEON and zro
‘ . ¥ ro,.

relative permittivity of at least s

18, The inverter of claim g4

wherein said
N | | gate
lectric layer having a thickness between 3

Angstroms and
Angstroms. .

19, The inverter of claim 4

wherein saig t
dielectric i o
layer having a thickness on said fin sidewall diff
| lfferent
than 4 thickness on saigd fin top




dielectric layer conprises a high permttivity material selected fraomthe
group consisting of La2(3,” A12C3, Hf 2, H ON and ZrQ2. 17. The inverter of
claim4, wherein said gate dielectric layer conprises a high permttivity
material having a relative permttigsty of at least S. 18. The inverter of
claim4, wherein said gate dielectric |layer having a thickness between 3
Angstrons and 100 Angstronms. 19. The inverter of claim4, wherein said
gate dielectric layer having a thickness on said fin sidewall different
than a thickness on said fin top. 35 67,200-1040 2002-1080 20. The
inverter of claim4, wherein said gate dielectric |ayer having a thickness
on said fin top snmaller than a gate dielectric thickness on said fin
sidewal | . 21. The inverter of claim4, wherein said gate dielectric |ayer
having a thi Kneé¥%s1emosaid fin top of the semconductor fin |ess than 20
Angstroms. 2Z2°0FH@8Pnverter of claim4, wherein said gate el ectrode

conprises poly-crystalline silicon.

gate dielectric thickness on said fin sidewall

21. i
The inverter of claim 4, wherein said gate

semiconductor fin legs than 20 Angstroms

22. The i i
inverter of claim 4, wherein said gate electrode

Comprises poly-crystalline silicon.

23. The i i
inverter of claim 4, wherein said gate electrode

compri i
prises poly-crystalline silicon germanium

24. The i i
€ inverter of claim 4, wherein.said.gate electrode

Comprises a metal.

25. The -i i
€ 'inverter of claim 4, wherein said source and

drain region
g § are strapped by a conductive material selected from

t Co
he group consisting of metals and silicides



23. The inverter of claim4, wherein said gate el ectrode conprises
poly-crystalline silicon germanium 24. The inverter of claim4, wherein
said gate el ectrode conprises a netal. 25. The inverter of claimd4,
wherein said source and drain regiofg are strapped by a conductive
material selected from the group consisting of metals and silicides. 36
67, 200- 1040 2002-1080 26. The inverter of claim25, wherein electrical
contact between said conductive material and said source and drain regions
are made on at |east one of the fin sidewalls and fin top of the

sem conductor fin. 27. An inverter conprising: a first plurality of
P-channel multiple-gate transistors each conprises a source connected to a

power supplyhzgogﬁ%%n connected to an output termnal, and a gate

el ectrode; mosecpnd plurality of N-channel nultiple-gate transistors each
conprises a source connected to ground, a drain connected to said. output
termnal, and a gate el ectrode; and an input termnal connected to the gate

el ect rodes of 26. The inverter of claim 25, wherein electrical contact
ac

o .
onnected to an output terminal, and a gate electrode;

a .
Second plurality of N-channel multiple-gate transistors

each c i
omprises a source connected to ground, a drain connected to

said output terminal, and a gate electrode; and

multiple-gate transistors.

28. The inverter of claim 27, wherein said first
1 .
plurality of P-channel and said second plurality of N-channel

multiple-gate transistors are triple-gate transistors




said first plurality of P-channel and second plurality of N-channel
multiple-gate transistors. 28. The inverter of claim27, wherein said first
plurality of P-channel and said second plurality of N-channel

mul tiple-gate transistors are tripleggate transistors. 37 67, 200-1040

2002- 1080 29. The inverter of claim?27, wherein said first plurality of
P-channel and said second plurality of N-channel nmnultiple-gate transistors
are onega field-effect transistors. 30. The inverter of claim27, wherein
each of said first plurality of P-channel and said second plurality of
N-channel nultiple-gate transistors conprises: a substrate having an
insulating layer formed on a top surface; source and drain regions forned
in said sub$fr3t%1040 sem conductor fin vertically formed on said insulating
| ayer, said®f?3r¥&%ing a fin top and two fin sidewalls; and a gate
dielectric |ayer overlying said sem conductor fin; a gate el ectrode

wr appi ng around saidzggnicgﬂduqtor fin

d o
inverter of claim 27, wherein said first

multiple- i
Ple-gate transistors are omega field-effect transistors

source a i g
‘

a . . .
semiconductor fin vertically formed on said insulating

la i i i i
yer, said fin having a fin top and two fin sidewalls;

a gat i i
gate dielectric layer'overlying said semiconductor fin:
and |

a gat i }
gate electrode wrapping around said semiconductor fin

se . .
Parating said source and drain regions

31, . .
The inverter of claim 30, wherein said semiconductor

fin comprises silicon.

32. The i i :
inverter of claim 30, wherein said semiconductor

fin comprises silicon and germanium




separating said source and drain regions. 31. The inverter of claim 30,
wherein said sem conductor fin conprises silicon. 32. The inverter of
cl aim 30, wherein said senm conductor fin conprises silicon and gernani um
38 67,200-1040 2002-1080 33. The inverter of claim 30, wherein said
-~ sem conductor fin having a non-u@8Bformfin width. 34. The inverter of
claim30, wherein a first fin wdth for said first plurality of P-channel
mul tiple-gate transistors is different froma second fin width for said
second plurality of N channel multiple-gate transistors. 35. The inverter
of claim30, wherein said first plurality of P-channel nultiple-gate
transistors and said second plurality of N-channel nultiple-gate
transistors are forned on the sanme sem conductor fin. 36. The inverter of
claim 30, wher®i-ngspid first plurality of P-channel nmultiple-gate
transi storgo@andosai d second plurality of N-channel nultiple-gate
transistors are forned on different sem conductor fins.

33. The i i
€ inverter of claim 30, wherein said semiconductor

fin having a non-uniform fin width.

The inverter of claim 30, wherein a first fin width

channel multiple-gate transistors.

35. . .
5 The inverter of claim 30, wherein said first

luralit - i
P Yy of P-channel multiple-gate transistors and said second

Plurality of N-channel i i
mu1t1p1e~g§te transistors are formed on the

Same semiconductor fin.,

36. i i
The inverter of claim 30, wherein said first

different semiconductor fins.

37. . .
The inverter of claim 30, wherein said insulating

layer comprises a dielectric material




37. The inverter of claim30, wherein said insulating |ayer conprises a
dielectric material. 39 67, 200-1040 2002-1080 38. The inverter of claim
30, wherein said insulating |ayer conprises silicon oxide. 39. The
inverter of claim30, wherein said insulating |ayer having a thickness

bet ween 20 Angstrons and 1000 Angsi®ons. 40. The inverter of claim 30,
wherein said gate dielectric |ayer conprises silicon oxide. 41. The
inverter of claim30, wherein said gate dielectric |layer conprises silicon
oxynitride. 42. The inverter of claim 30, wherein said gate dielectric

| ayer conprises a high permttivity material selected fromthe group
consisting of La2(3, Al2(3, Hf 2, HFON and ZrQ2. 43. The inverter of claim
30, wherein said gate dielectric layer conprises a high permttivity
material having a relative permttivity of at least 5. 40 67, 200- 1040

2002-1080 67,200-1040
2002-1080

38. The inverter of claim 30, wherein said insulating

layer comprises silicon oxide.

39. The inverter of claim 30, wherein said insulating

layer having a thickness between 20 Angstroms and 1000 Angstroms

40. The inverter of claim 30, wherein said gate

dielectric layer comprises silicon oxide.

41, The inverter of claim 30, wherein said gate

dielectric layer comprises silicon oxynitride.

42. The inverter of claim 30, wherein said gate
di . . .
electric layer comprises a high permittivity material selected

from the group consisting of La,0,, Al,0,, HfO,, HfON and ZroO
5 -

43. The inverter of claim 30, wherein said gate

dielectric layer comprises a high permittivity material having a

relative permittivity of at least 5.




44. The inverter of claim 30, wherein said gate dielectric |ayer having a
t hi ckness between 3 Angstrons and 100 Angstrons. 45. The inverter of claim
30, wherein said gate dielectric |ayer having a different thickness on

said fin sidewall than on said fin4gpp. 46. The inverter of claim 30,
wherein said gate dielectric layer having a smaller thickness on said fin
top than on said fin sidewall. 47. The inverter of claim30, wherein said

gate dielectric layer having a thickness on said fin top | ess than 20
Angstrons. 48. The inverter of claim30, wherein said gate electrode
conprises poly-crystalline silicon. 49. The inverter of claim30, wherein
said gate electrode conprises poly-crystalline silicon germanium 41

67, 200- 1040 2002-1080 50. The inverter of claim 30, wherein said gate

el ectrode conprises a netal. 51. The inverter of claim 30, wherein said

source and 67,200-1040
2002-1080
44. The inverter of claim 30, wherein said gate

dielectric layer having a thickness between 3 Angstroms and 100

Angstroms.

45, The inverter of claim 30, wherein said gate

dielectric layer having a different thickness on said fin sidewall

than on said fin top.

46 . The inverter of claim 30, wherein said gate

dielectric layer having a smaller thickness on said fin top than on

said fin sidewall.

47, The inverter of claim 30, wherein said gate

dielectric layer having a thickness on said fin top less than 20

Angstroms.

48. The inverter of claim 30, wherein said gate

electrode comprises poly-crystalline silicon.

49 . The inverter of c¢laim 30, wherein said gate

electrode comprises poly-crystalline silicon germanium.



drain regions are strapped by a conductive material selected from the
group consisting of netals and silicides. 52. The inverter of claimb51,
wherein electrical contact between said conductive material and said
source and drain regions is nmade on at |east one of the fin sidewalls and
fin top of the semconductor fin_ 581 A nethod for fabricating an inverter
by multiple- gate transistors conprising the steps of: providing a
substrate conprises a sem -conducting |ayer overlying an insulating |ayer;
formng a sem conductor fin in said sem -conducting |ayer, said fin having
two sidewalls and a top; depositing a |layer of a dielectric materi al
overlying said sem conductor fin; depositing a |ayer of a conductive
material overlying said |layer of dielectric material; 42 67,200-1040

2002- 1080 patterning said | ayer of conductive material form ng gate

el ectrode syragdlphg across said two sidewal I's and said top of said

sem conduct@po fighy and

50. The inverter of claim 30, wherein said gate

electrode comprises a metal.

51. The inverter of claim 30, wherein said source and
drain regions are strapped by a conductive material selected from

the group consisting of metals and silicides.

52. The inverter of claim 51, wherein electrical contact
between said conductive material and said source and drain regions

is made on at least one of the fin sidewalls and fin top of the

semiconductor fin.

53. A wethod for fabricating an inverter by multiple-

gate transistors comprising the steps of:

providing a substrate comprises a semi-conducting layer
overlying an insulating layer;

forming a semiconductor fin in said semi-conducting
layer, said fin having two sidewalls and a top;

depositing a layer of a dielectric material overlying

said semiconductor £f£in;

depositing a layer of a conductive material overlying

said layer of dielectric material;



formng a source and a drain region in said sem- conducting |ayer. 54. The
met hod of claim53, wherein said sem -conducting |ayer conprises silicon.
55. The nethod of claim53, wherein said sem -conducting |ayer conprises
silicon and germanium 56. The nethogk of claim53, wherein said insulating
| ayer conprises silicon oxide. 57. The nmethod of claim53, wherein said

sem conductor fin formng process further conprises a fin surface

snoot hing step. 58. The nmethod of claim57, wherein said surface snoothing

step further conprises sacrificial oxidation and high tenperature
annealing in a hydrogen anbient. 43 67,200-1040 2002-1080 59. The net hod
of claimb53, wherein said dielectric material |ayer conprises silicon

oxi de. 60. The nmethod of claimb53, wherein said dielectric material |ayer
conprises silicon oxynitride. 61. The nethod of claim53, wherein said

dielectri @7 .p¢-édoeal |ayer conprises a high permttivity material selected
from 2002-1080

patterning said layer of conductive material forming gate

electrode straddling across said two sidewalls and said top of said

semiconductor fin; and

formi .
rming a source and a drain region in said semi-

conducting layer.

54. The method of claim S3, wherein said.semi—conducting

layer comprises silicon.

55. The method of claim 53, wherein said semi-conducting

layer comprises silicon and germanium.

56. The method of claim 53, wherein said insulating

layer comprises silicon oxide.

57. The method of claim 53, wherein said semiconductor

fi i i
n forming process further comprises a fin surface smoothing step

58. Tﬁe method of claim 57, wherein said surface

smoothing step further comprises sacrificial oxidation énd high

temperature annealing in a hydrogen ambient



t he group consisting of La203,, A1203, H 02, Hf ON and Zr02. 62. The net hod
of claim®6l, wherein said high permttivity material having a relative
permttivity of at least 5. 63. The nethod of claim53, wherein said
dielectric material |ayer having a,thi ckness between 3 Angstrons and 100
Angstrons. 64. The nethod of claim53, wherein said dielectric material

| ayer having a thickness on said fin sidewalls different than a thickness
on said fin top. 44 67,200-1040 2002-1080 65. The nethod of claimb53,
wherein said dielectric material |ayer having a snmaller thickness on said
fin top conpared to a thickness on said fin sidewall. 66. The nethod of
claimb53, wherein said dielectric material |layer on said fin top having a
t hi ckness | ess than 20 Angstronms. 67. The nethod of claim53, wherein said
dielectric material |ayer conprises poly-crystalline silicon. 68. The

met hod of claimb53, wherein said dielectric material |ayer conprises

pon-cry;EQb[Lﬁ% silicon germanium .
2002-1080

59. The method of claim 53, wherein said dielectric

material layer comprises silicon oxide.

60. The method of claim 53, wherein said dielectric

material layer comprises silicon oxynitride.

61. The method of claim 53, wherein said dielectric
material layer comprises a high permittivity material selected from

the group consisting of La,0,, Al,0,, HfO,, HfON and 2ro0,.

62. The method of claim 61, wherein:  said high

permittivity material having a relative permittivity of at least 5.

63. The method of claim 53, wherein said dielectric

material layer having a thickness between 3 Angstroms and 100

Angstroms.

64. The method of claim 53, wherein said dielectric

material layer having a thickness on said fin sidewalls different

than a thickness on said fin top.




69. The method of claim53, wherein said conductive r7r8t e[rlhgl rr{e%g{j g]?l ng
fo.r med on said source region and said drain region. iect e method of

| ai m 53, wherein said conductive material layer is se ected from !t
Srgup cohsi sting of metals, netallic silicides and netallic

44

67,200-1040
2002-1080

65. The method of claim 53, wherein saigd dielectric
material layer having a smaller thickness on said fin top compared

to a thickness on said fin sidewall.

66. The wethod of claim 53, wherein said dielectric

material layer on said fin top having a thickness 1less than 20

Angstroms.

67. The method of claim 53, wherein said dielectric

material layer comprises poly-crystalline silicon.

68. The method of claim 53, wherein said dielectric

material layer comprises poly-crystalline silicon germanium.

69. The method of claim 53, wherein said conductive

material layer being formed on said source region and said drain

region.

70. The method of claim 53, wherein said conductive
material layer is selected from the group consisting of metals,

metallic silicides and metallic nitrides.




