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 nultiple-gate netal oxide

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

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

manufacture of ultra-large scale integrafed (ULSI) circuits is the

met al - oxi de-sem conductor field effect transistor (MOSFET) technol ogy.-
Reduction in the size of MOSFETs has provided continued inprovenent in
speed performance, circuit density, and cost per unit function over the
past few decades. As the gate I|ength of the conventional bulk MOSFET is
reduced, the source and drain increasing interact with the channel and
gai n influenge, Bp.1okhe channel potential. Consequently, a transistor with a
short gate lemgtésosuffers fromproblens related to the inability of the

gate to substantially control the on and off states of the channel.
associated with transistors 2

Phenonena such gHH% ate contro
o 39Eé§ CONFIGURED USING MULTIPLE-GATE TRANSISTORS

Field of the Invention
0001 - The present invention generally relates to the field of
silicon—on-insulator (S01) circuits, and more particularly, to an
inverter formed of multiple-gate metal oxide semiconductor field

effect transistors (MOSFETs) .

Background of the Invention
002 The domipant 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 imprévement in speed performance, circuit density, and
Ccost per unit function over the past few decades. As the gate
length of the conventional bulk MOSFET is reduced, the source and
dréin increasing interact with the channel and gain influence on
the channel potential. Consequéntly, 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 .

Phen
omena such as reduced gate control associated with transistors




67, 200- 1040 2002-1080 wth short channel |engths are termed short-channel

effects. Increased body doping concentration, reduced gate oxide
t hi ckness, and ultra-.shallow source/drain (S/D) junctions are ways to
suppress short-channel effects. However, for device scaling well into the

sub-50 nmreginme, the requirenents for body-doping concentration, gate
oxi de thi ckness, and source/drain doping profiles beconme increasingly
difficult to neet when conventional dgvice 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
scaling well into the sub-30 nmregine, a promsing approach to
controlling short-channel effects is to use an alternative devi ce.
structure witfh L&hﬁle-gate el ectrodes. Exanples of nultiple-gate
structures inghbildegd he doubl e-gate structure, triple-gate structure, :
onega- FET structure, and the surround-gate or wap-around gate structure. !
ansistor structure is expected to extend the scalability

L R b 2B it FEEFET
:ggi[?gL;Fegg?ggg%%%?§§ggk#ﬁ%§é%%g%#%%%%%hEgggggigalgﬁmiéglagggggéPn of
and ultra-shallow source/drain (8/D) junctions are ways to suppress
shdrt-channel effects. However, for device scaling well into the
-8ub-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—gaté 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




3 67,200-1040 2002-1080 between the gates and the channel, increases the
control of the channel potential by the gate, hel ps suppress short channel
effects, and prolongs the scalability of the MOS transistor. 0004 A sinple
exanple of a nultiple-gate device is the doubl e- 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. 6,413,80281, issued to Hu et al, for FinFET transistor
structures having a double gate channhel extending vertically froma
substrate and nethods of manufacture. In U S Patent No. 6,413, 802B1, the
devi ce channel conprises a thin silicon fin fornmed on an insul ative
substrate (e.g. silicon oxide) and defined by using an etchant nask. Gate
oxidation is perforned, followed by gate deposition and gate patterning to
forma doubl e-gate structure overlying the sides of the fin. Both the
source-to-drasmadai-teti on and the gate-to- gate direction are in the plane:
of the substrzme-i9a¢face. The specific device structure, the cross-section
of which is illustrated in Figure 1A, is wdely recognized to be one of '

the nost nmasdacésirail gagdouhle- gat ensttyctures- A plane view of the
doubl e-gate structure 10 i s shown in gur elTﬁﬁa?ﬁ’ cFHAE® %ﬁ?kthe
channel potential by the gate, helps suppress short channel

effects, and prolongs the scalability of the MOS transistor.

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.8. 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




12 of U.S. Patent No. 6,413,802B1 is retained on the fin 20 in the 4

67, 200- 1040 2002-1080 channel region through the process. The device w dth
of a single finis defined to be twice the fin height h. Miltiple device
wi dt hs may be achieved on the sane substrate 14 by placing nultiple fins
22,24 in parallel, as illustrated in device 30 in Figure 2. An inverter
circuit may be fornmed using N-channel and P-channel MOSFETs conpri sing
such nmultiple fins. In another enbodhpent of U S. Patent No. 6,413,80281,
an inverter circuit 40 is inplenente usi ng N-channel and P-channel
MOSFETs 42,44 that are vertically aligned and separated by a dielectric

| ayer 46, as illustrated in Figure 3. 0005 Anot her exanple of the

mul tiple-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.200riogbe-gate transi stor structure 50 has three gates: one
gate on the %1% face 52 of the silicone body/fin, and two gates on the
sidewal I s 54,56 of the silicon body/fin. The triple-gate device achieves

better gate coatredl rédian theoudhUitepgRtss devheReCaUSELs Ik 2 3R Ne nore
gate on the top surface 52 of the silicon fin.

fin is defined to be twice the fin height h. Multiple device

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 ig illustrated in Figure 4A. The plane
view of the triple-gate structure 50 is shown in Figqure 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.




15 67,200-1040 2002-1080 0006 Wile there is some work on the design and
fabrication of multiple-gate devices such as the doubl e-gate and
triple-gate devices, there is little work on circuits, such as inverter
circuits, configured using such devices. The relentless pursuit of

hi gh- performance has pushed |l ogic and circuit designers to utilize every
del ay and area optim zation technique at their disposal. However, the
optim zation of circuits, such as inverter circuits, incorporating

mul tiple-gate transistors has not been addressed. Traditionally, in logic
synt hesi s, delay optim zation techniques have heavily relied on gate
sizing algorithnms which vary drive strengths of gates to optimze 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 Nwdth ratio), it is crucial to nake
avai | abl e a svmobecssrethod to provide optimal P/N width ratios for
inverters iRe@rp®Cating nultiple-gate transistors. 0007 Referring back to-
Figures 1A and 1B, a double-gate MOSFET structure 10 is shown. Figure | A

shows. the crosss sect inpAal hbW:gfsonk AP 82116, MORFET, 10, L hr quah i ts
channel region where the
multiple-gate devices such as the double-gate and triple-gate

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 technique 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,




sem conductor fin 20 fornms the channel and a gate electrode 16 straddles
over the sem conductor 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 fornmed using a single

sem conductor finis two tinmes the fin height h, that is, the wwdth of the
doubl e-gate MOSFET is equal to 2h. Vggying the fin width for the

doubl e-gate MOSFET has no effect on the device width. Miltiple device

wi dt hs may be achieved on the sane substrate by placing multiple fins in
paral lel. Figure 2A shows the cross- sectional view of -two doubl e-gate
MOSFETs connected in parallel. The width of the resulting parall el '
connection of two doubl e-gate .MOSFETs 4h. 0008 Fi gure 4A shows the
cross-section7lz%[§¥/of atriple-gate transistor 50 through the channel
regi on. The to%ﬁhgmﬁgte transistor is simlar to the double-gate

transi stor except for the absence of the mask on the top surface 52 of the
sem conductor fin 20. The gate dielectric 58 waps around the :
sem conduct or”fif 2" 8 Whrete sidteslland, dsher gat aseah eslid.0de 48, 54 raddl es

1(:)\(;gr the fin Thgoplalé%&%t St etlheeccrlgu%qg—;}a%ef b?JSgETtshtrriStl?raét ?3 'isash%?v;[l ein62 on 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-

s i : i
ectional view of .two double-gate MOSFETs connected in parallel.

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

. MOSFETs 4h.
C00 i
8 Figure 4A shows the Cross-sectional view of a triple-gate
transistor 50 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

th i
€ two sidewalls 54,56 of the fin. The device width of the

tri - i i
iple-gate MOSFET 50 is given by the sum of the fin width and




surface 52 of the sem conductor fin 20 and a gate 64,66 on each of the two
sidewal s 54,56 of the fin. The device wdth of the triple-gate MOSFET 50
is given by the sumof the fin width and 67, 200- 1040 2002-1080 tw ce the
fin height, e.g. (2h + w). Note that in this device structure, a variation
of the fin width w changes the device width. The value of fin wdth w may
be varied by altering the layout as schematically illustrated in Figure
4C. A three-dinmensional perspective pf the triple-gate MOSFET 50 is shown
in Figure SA. 0009 Triple-gate transistors may have a recessed insul ator

| ayer for inproved gate control, as illustrated in Figure 4B. Such a
structure is also known as the onega field-effect transistor (FET), or-

si nply onega- FET, since the gate el ectrode has an onega- shape in its
cross-sectional view. The encroachnent of the gate, electrode under the
sem conductor_fin or body fornms an onega-shaped gate structure. It closely
resenbl es thé PP | -around (GAA) transistors for excellent scalability,
and uses a manufacturable process simlar to that of the doubl e-gate or
triple-gate transistor. The omega- FET has a top gate 62, two sidewal |
gates 64, 66 V&7 Bpefimlbegakte exgensitons wpt artEoaedTBAt 8, 68 qupder the

sem conduct or, body, . The _omega-FET is therefore a field effect transistor
with a gate that al nost WrapsaPbiha Hiewistsiy changeadthe device width.
The value of fin width w may be varied by altering the layout as
schematically illustrated in Figure 4c. & 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
‘& 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 bedy. In fact,
the longer the gate extension, e.g. the greater the extent of the
€ncroachment E, the more the structure approaches or resembles the

a - -
9ate-all-around structure. A three-dimensional perspective of the



the | onger the gate extension, e.g. the greater the extent of the
encroachnent 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 insul ator,
or Orega-PET, is schematically illustrated in Figures 5B. The encroachnent
of the gate electrode 48, under the silicon body helps to shield the
channel fromelectric field lines frogmthe drain and i nproves gate-

t o-channel controllability, thus alléVviating the drain-induced barrier

| owering effect and inproving short-channel performance. The encroachnent
68 of the gate el ectrode under the silicon body relies on an undercut 88
of the insulator layer 18 on the substrate 14, thus form ng an undercut 88
in the substrate 14 at the base of the silicon body. It should be noted

that the devige,. gd5 of the onega-FET is given by the sumof the fin
wdth w, tw cmothesdin height h, and tw ce the encroachnment E. Therefore,

the device wdth is given by (w+ 2h + 2E). A variation of the fin width
es the device width. 0010 The pl ane view show ng

for the onegg;EFRT n '
the triple-gat égt r g%@?é 0P '5TOT POGUe weAesed il oreyaok Gleqal pft O € 4B, s

shown i n Fi gueRertCicaBet By - ions in Figures 4A and 4B are drawn
al ong line A-A' . G‘}t Hﬁ%éte%ecﬁ’ I‘Oigures 5B. T The eéncroachment of the

gate electrode 48 under the silicon 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 éubstrate 14 at the base of
the silicon}body. It 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 wview showing the triple~gate transistor of
Figure 4a, or the omega-FET of Figure 4B, is shown in Figure 4C.

Both - i i i
Cross-sections in Figures 4A and 4B are drawn along line A-A’

0011 i
It is therefore an object of the present invention to

Provide i
an  inverter formed of multiple-gate metal oxide

Semiconductor field effect transistors




0011 it is therefore an object of the present invention to provide an
inverter formed of nultiple-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 nethod for fabricating an inverter by

mul tiple-gate netal oxide sem conductor field effect transistors. Sunnary
of the Invention 0013 In accordance with the present invention, an inverter
formed of nultiple-gate netal oxide sem conductor field effect transistors
and a nethod for such fabrication aré& provided. 0014 In a preferred :
enbodi ment, an inverter is provided which includes a first nmultiple-gate
transi stor including a source connected to a power supply, a drain

connected to an output termnal and a gate el ectrode; a second

mul tiple-gate transistor including a source connected to a ground, a drain
connected to the output termnal, and a gate el ectrode; and an i nput =
term nal corfife®® 4o the gate el ectrodes of the first and second

mul ti pl e- gaf@0%93%5|stors 0015 In the present invention inverter, the
first and second nultlple gate transistors may be triple-gate tranS|stors

or may be 0012 It is another object of the present invention to provide
a method for fabricating an inverter by multiple-gate metal oxide

semiconductor field effect transistors.

Summary of the Invention
0013 In accordance with the bresent 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
comnected 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

c
onnected to the gate electrodes of the first and second multiple-

gate transistors.

0015 invi i v
In the present in ention inverter, the first and second
multi ~ i i r
tiple-gate transistors may be triple-gate transistors, or may be
ome i i
ga field-effect transistors. Each of the first and second

mult
iple-gate tran51stors may further include a substrate that has




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 insulating |layer on top and source, drain regions forned
therein; a sem conductor fin forned vertically on the substrate, 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 w aps
around the sem conductor fin separating the source and drain regions. The
sem conductor fin may be formed of dPli con, or may be formed of silicon
and germanium The sem conductor fin may have a non-uniformfin width. A
first semconductor fin wdth for the first nmultiple-gate transistor may
be-different froma second sem conductor fin width for the second

mul tiple-gate transistor. The first nmultiple-gate transistor and the
second nultiple-gate transi stor may be fornmed on the same sem conductor

fin, or may '? 8 on different semiconductor fins. 0016 In the present
07-26

invention inverter, the insulating layer includes a dielectric material,
or includes silicon oxide. The insulating |ayer may have a thickness
bet ween 20 AfgstFdMting 16808 dngsir omsl sEhecgat @ralnelregidnsC rhayey my

include sili %ﬂé're%'; dg’se(r)nriqonductor fin formed vertically on the substrate,
the semiconductor fin has two 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 wmay 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

semi . -
miconductor 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 Anéstroms 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 ang Zr0,. The gate dielectric layer may be formed of a high




may include silicon oxynitride, or may include a high permttivity
material selected fromthe group consisting of La2O0, A120" H G2, Hf ON and
Zr02. The gate dielectric layer may be fornmed of a high 11 67, 200-1040
2002-1080 permttivity material that has a relative permttivity of at
| east 5. The gate dielectric |ayer may have a thickness between 3
Angstrons and 100 Angstrons,. or nay have a thickness on the fin sidewall
different than a thickness on the fiq top, or may have a thickness on the
fin top smaller than a gate diel ectri'd thickness on the fin sidewall, or
may have a thickness on the fin top of the sem conductor fin |less than 20
Angstrons. The gate electrode may be forned of poly-crystalline silicon,
or may be formed of poly- crystalline silicon gernmanium or nay be forned
of a nmetal. The source and drain regions of the first and second
mul tiple-gate transistors may be strapped by a conductive materi al
wel er*ed from7.2¥elqooup consisting of netals and silicides. An electrical
cont act bet we®A?t'A®° conductive naterial and-the source and drain regions
may be made on at |east one of the fin sidewalls and fin top of the
sem conduct orpefrinik.t i@y mkberipn esert hdNyenty is further directed to an
inverter that includes a first plural ;Atf/glggpvli §%?ﬁ%éjrwrtrﬁlcfé|’ 5? el?aﬁti e

5. The gate dielectric layer may have a thickness between 3

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 nmltiple-gate

transistors may be strapped by a conductive materi

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 plurality of .N—channel multiple-gate transistors each

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




transi stors each including a source connected to a power supply, a drain
connected to an output termnal, and a gate electrode; a second plurality
of N-channel mnultiple-gate transistors each including a source connected
to ground, a drain connected to the 12 67,200-1040 2002-1080 out put
termnal, and a gate electrode; and an input termnal connected to the
gate electrodes of the first plurality of P- channel and the second
plurality of N-channel nultiple-gate1 transistors. 0018 In the present
invention inverter, the first pIuraIi?y of 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 may include a substrate that has an insulating |ayer fornmed on

atop surfacqﬁ sQurce and drain regions forned in the substrate; a
i 1g§;Pically formed on the insulating |layer, the fin has a

sem conduct or JfpIr
fin top and two fin sidewalls; a gate dielectric layer overlying the

sem conductor fin; and a gate el ectrode wapping around the sem conduct or
fin separatin§"HAE SEEFER M anddr ai wate egl@nsoadiheasemnCopgyctQr. fin may
include siliceBanddcegaY, | fig! ude
Q e .
gate electrodes of the first plurality of p-
channel and the se d :
cond plurality of N-channel multiple-gate

transistors.

0018 i i i
In the present invention inverter, the first plurality of
P-
channel and the second plurality of N-channel multiple-gate
tr i 5 i .
ansistors may be triple-gate transistors, or may be omega field-

eff i
ect transistors. Each of the first plurality of P-channel and

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
Tregions. 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

transj i
stors. The first plurality of P-channel multiple-gate




silicon and germanium The sem conductor fin may have a non- uniformfin
wdth., Afirst fin width for the first plurality of P- channel
mul tiple-gate transistors may be different froma second fin width for the

second plurality of N-channel nultiple-gate transistors. The first
plurality of P-channel nultiple-gate 13 67,200-1040 2002- 1080 transistors:
and the second plurality of N-channel nultiple-gate transistors may be
formed on the same sem conductor fin,ggor may be formed on different

sem conductor fins. 0019 In the present invention inverter, the insulating

| ayer may include a dielectric material, or may include a silicon oxide.
The insulating |ayer may have a thickness between 20 Angstrons and 1000
Angstronms. The gate dielectric layer may include silicon oxide, or may
include silicon oxynitride, or may include a high permttivity material

sel ected from,thg_g,Qup consisting of La2@3, Al12G3, H 2, Hf ON and Zr Q2.

The gate dielm»einbeo | ayer may include a high permttivity material that
has a relative permttivity of at 'least 5. The gate dielectric |ayer may

have a thickngss.hetvee Angstranms_and 100 Angstroms, or nmay have a
different thickness %% aﬂtdﬁet Ed %e%‘?nﬁe%?“lalfﬁar?foﬁﬂwnél muiloppledgatmy have a

smal ler  thi akassiscors the #d Rotd bHARe Whnk "&b SEdENAL] . or may have a

formed on different semiconductor fins.

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,, HfON and 2r0,. The gate dielectric layer may include
a high permittivity material that has a reiative 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. BAn electrical contact between

t 0 .
he conductive material and the source and drain regions may be




t hi ckness on

conductive material selected fromthe group consisting of netals and

the fin top of less than 20 Angstrons. The gate : el ectrode

may i nclude poly-crystalline silicon, or poly-crystalline silicon
germanium or a netal. The source and drain regions my be strapped by a

silicides. An electrical contact between the conductive material and the
| east-

one of the fin sidewalls and fin top.f the sem conductor fin. 0020 The

source and drain regions nay be 14 67,200-1040 2002-1080 nmade on at

present inve
i nverter by

operating st
| ayer overly
sem - conduc
Iayer of ad

a layer of a ot

material ; pa
electrode st
sem conduct o
senm conduct i

ntion is still further directed to a nethod for fabricating an
mul tiple-gate transistors which can be carried out by the

eps of providing a substrate that includes a sem -conducti ng
ing an insulating layer; formng a sem conductor fin in the
ting layer, the fin has two sidewalls and a top; depositing a .
|electr|c material overlying the sem conductor fin; depositing

Pve material overlying the layer of dielectric
tterning the layer of conductive material formng gate
raddling across the two sidewalls and the top of the

mage on Ad Yegshi pige ofs alec €imnsh cawalal ingl ?QA QRpi Bet g

ngm &%Suctor fin.

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 waterial; 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

_Tegion in the semiconducting layer.

o .
021 In the method for tabricating an inverter by multiple-

gate transistors, the semi-conducting layer may include silicon, or
may include silicon and germanium. The insulating layer may
include silicon oxide. The semiconductor fin forming process may
further include a fin surface smoothing step. The surface

sm i i
oothing step may further include sacrificial oxidation and high

b




0021 In the nethod for fabricating an inverter by multiple- gate
transistors, the sem -conducting |layer may include silicon, or may include
silicon and germanium The insulating |ayer may include silicon oxide. The
sem conductor fin form ng process may further include a fin surface

snoot hing step. The surface snoothing step may further include sacrificial
oxi dation and high 15 67,200-1040 2002- 1080 tenperature annealing in a
hydrogen anmbient. The dielectric material |ayer may include silicon oxide,
or may include silicon oxynitride, d may include a high permttivity =
material of La203, Al1203, H 2, HTON or ZrQ2. The high permttivity
material may have a relative permttivity of at |east 5. The dielectric
material |ayer may 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 may have a snaller thickness on the fin top conpared to a
t hi ckness on 47h&°f19%0sj dewal |, or may have a thickness on the fin top of

| ess than 20 RAG2P3%ns. The dielectric .material may incl ude
poly-crystalline silicon, or poly-crystalline silicon germanium The

conduct i ve meteepémaituray ennamyndeif 08 MhpkiRen t BESQHT CO 1€0/:@ g d he dral n
regi on. The conductive- nmateri al
material layer way include silicon oxide, or may include silicon
oxynitride, or may include a high permittivity material of La,0,,
Al,0;, HfO,, HfON or %Zr0,. 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 wmay 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
0 0]
022 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:




| ayer may be selected fromthe group consisting of netals, netallic
silicides and netallic nitrides. Brief Description of the Drawi ngs 0022
These and ot her objects, features and advantages of the present invention
wi || becone apparent fromthe follow ng detailed description and the,
appended drawings in which: i 16 67,200-1040 2002-1080 0023 Figures | A
and 1B are enlarged, cross-sectional .view and plane view, respectively,
for a conventional double-gate devicg. structure. 0024 Figures 2A and 2B
are enl arged, cross-sectional vieM/ang pl ane view, respectively, for two
doubl e-gate devices connected in parallel. 0025 Figure 3 is an enl arged,
perspective viewof a conventional CMOS inverter utilizing stacked
P-channel and N- channel MOSFETs. 0026 Figures 4A, 4B and 4C are enl arged,
cross-sectional views and plane view, respectively, for a triple-gate
device structure wth recessed insulator. 0027 Figures 5A and 5B are

enl ar ged, perg%ggggﬁg@é views for a

0023 Figures 1A and 1B are enlarged, cross-sectional view and

plane view, ?espectively, for a conventional double-gate device

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.

0 .
026 Figures 427, 4B and 4C are enlarged, cross-sectional views

a ; .
nd plane view, respectively, for a triple-gate device structure

with recessed insulator.

0 .
027 Figures 5A and 5B are enlarged, perspective views for a

bPresent invention triple-gate transistor without and with recessed’

insulator, respectively.




invention triple-gate transistor without and wth recessed

i nsul ator, respectively. 17 67,200-1040 2002-1080 0028 Figure 6 is an

enl arged, perspective view of a present invention CMOS inverter formed by
triple-gate N-channel and P- channel MOSFETs. 0029 Figure 7 is a |ayout '
diagram for the present invention OCMOS inverter of Figure 6. 0030 Figure 8
is a schematic representation for a present invention inventor configured
using nmultiple-gate transistors. 00 Figures 9A and 9B are | ayout
diagrans for a present invention inverter including triple-gate
N-channel and P- channel MOSFETs with nmultiple fins. 0032 Figure to is a

| ayout diagramfor a present invention CMOS inverter, in an alternate
enbodi ment, formed by triple-gate N channel and P-channel MOSFETs with
multiple fins. 0033 Figures 11A 11B 11C and 11D are enl arged, cross-
sectional views illustrating the present invention process flow for the

formation of v, bed-pds@-gate transistor. 18
-2002-1080

present

0028 Fi i
gure 6 is an enlarged, perspective view of a present
invention CMOS inverter formed by triple-gate N-channel and p

channel MOSFETs.

0029 Fi i i
igure 7 is a layout diagram for the Present invention

CMOS inverter of Figure 6.

0030 Fi i i
gure 8 is a schematic representation for a present

inventi i i
Oon inventor configured using multiple-gate transistors

0031 5
Figures 9A and 9B are layout diagrams for a present
inventi i i
ion CMOS inverter including Eriple-gate N-channel and p-

channel MOSFETs with multiple fing,

Fi i i
gure 10 is a layout diagram for a Present invention
CMOs i i
inverter, in an alternate embodiment, formed by triple-gate N
ch
amnel and P-channel MOSFETs with multiple fins
0033 i
Figures 11A, 11B, 11c ang 11D are enlarged, cross-
Sectiona i i i
1 views illustrating the present invention process flow for

th i i
e formation of g triple-gate transistor.




67, 200- 1040 2002-1080 0034 Figures 12A and 12B are enl arged,
cross-sectional views illustrating the present invention process flow for
the formati on of onega-FET. 0035 Figure 13 is an enlarged, plane view of a
conpl eted present invention triple-gate transistor or onega-FET. Detailed"
Description of the Preferred and Alternate Enbodi ments 0036 I n accordance
with the present invention, an inverter <circuit may be formed using

N- channel - and P-channel MOSFETs cor‘r?éi sing of a single fin or multiple
fins. An inverter circuit conprises conpl ementary pair of transistors.
The conpl enentary pair includes a P-channel transistor and an N channel
transistor. The ratio of the width of the P-channel MOSFET to the w dth of
the N-channel MOSFET is terned the PPN width ratio. It is advantageous to
have t he freedom of selecting an appropriate PPNwidth ratio to optinize
circuit performance or circuit delay time. It should be noted that the
doubl e- gat e M2SPBT1I®®8 shown in Figures 1 and 2 are not able to offer a
conti nuous ra@i8E 18t PPN width ratio if the P- channel and the N-channel
MOSFETs have the same fin height, or are fornmed fromthe sane

sem conduct orooB# | m  IHigiwes fi2ASarf @28S8d ERMard, 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
hoted that the double-gate MOSFET as shown in Figures 1 and 2 are
not able to offer a continuous range of P/N width ratio if the P-
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




.67,200-1040 2002-1080 the P-channel MOSFET and one fin is used for the

N- channel MOSFET 1in an inverter circuit, the PPNwidth ratiois 2. If
three fins are used for the P-channel MOSFET and two fins are used for the

N channel MOSFET in an inverter circuit, the PPNwdth ratiois 3/2 or
1.5. The PPN width ratio nust be a nunber given by a quotient of two
integers. It cannot be continuously varied. It is not straightforward to
realize a PPN width ratio of 1.35 using the double-gate MOSFET as shown in
Figures i and 2. 0037 One way to varﬂgt he.P/N ratio of the doubl e-gate
MOSFET continuously is to use a stacked structure conprising of P-channel

and N-channel MOSFETS vertically aligned and separated by a dielectric
| ayer, as shown in Figure 3. This structure is described in U S. Patent

No. 6,413,802B1. The PMOS | ayer hasa thickness tPMOS and the NMOS | ayer
has a thickness tNMOS. The ratio of the thickness of the PMOS | ayer to the
NMOS | ayer, eeg00-0RMOS/tNMOS, is the PPN width ratio and may be varied
over a wide *#XRAyE8%The stacked structure, as shown in Figure 3, is not

easily fabricated. It requires the formation of a crystalline PMOS | ayer

overlying thetidi el@ehhél MOBYES andYor Bl such_as solid. phase epitaxy and
enbrlPHIOAS 34 i {& Shw N-Rireel dWSFRT oughput ..

| ateral epitaxial overgrowth, which are expensi
in an inverter circuit, the P/N width ratio is 2. If three fins
are used for the P-channel 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 pP/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 layer, as shown in Figure 3. This structure is
described in v.g. 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.q.
tPMOS/ENMOS, is the P/N width ratio and may be varied over a wide
Tange. The stacked structure, as shown in Figure 3, is not easily
fabricated. It requires the formation of a crystalline PMOS layer
overlying the dielectric layer, by methods such as solid phase

e i . »
Pltaxy and lateral epitaxial overgrowth, which are expensive and

have 1ow throughput.




20 67,200-1040 2002-1080 0038 In the present invention, the problens of
prior art are solved by configuring an inverter circuit using
multiple-gate transistors with a gate on the top surface of the

sem conductor fin. Miultiple-gate transistors with a gate on the top
surface of the sem conductor fin include the triple-gate MOSFET and the
onega- FET. 0039 An inverter circuit incorporating nmultiple-gate

transi stors such as triple-gate MOSFEL and onega-FET is provided in the
present invention. In one enbodi nent of the present invention, the
inverter circuit is provided with the triple-gate transistors of Figure
4A. I n anot her enbodi ment, the inverter circuit is provided with
triple-gate transistors with a recessed insulator |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 G In
Figure 6, the7joventer structure 70 is conprised of a single sem conductor
fin 76. The 28€ni®8nductor fin 76 constitutes the inverter which may have a
non- uniformw dth. The fin width is wPMOS in the portion where an N

channel MOSFig3sr4 i s rhotwegdrand, - WPMEB o, t he ion where a P- channel
MOSFET 72 is formed. The fin height is h Tore%%%%i B 3PBhSe ke &1

golved..by configuring an inverter circuit using multiple-gate
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 anotﬁer embodiment, the inverter circuit is
brovided 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. 1In 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—v
-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.




channel and P-channel MOSFETs 72,74 in the preferred enbodi nent. 21

67, 200- 1040 2002-1080 Nevertheless, the fin height does not have to be
uniform and can be different in different regions of the sem conductor

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

el enent al sem conductor such as gernmanium any alloy. sem conductor such
as silicon-germanium or any conpound sem conductor such as indium
phosphi de and gal li um arseni de. 004®1The inverter structure 70 of Figure 6
is formed froma conplenmentary pair of transistors, an N-channel
triple-gate transistor 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-crystal Id;ngesjdspcon (poly-Si) and is doped N-type in the N-channel
MOSFET 74 anézdpp P-type in the P- channel MOSFET 72. In general, the

gate el ectrodes 78,82 may be conprlsed of a material such as
pol y- CrySta'kkver |con ﬁgq%é Pol y-crystal line silicon-germani um
t
(poly-Si Ge), a refractory me Ihel§BEhd°§§ Aoh ybre tenbanatifemyssen casonmpounds
such as titampeWisferent in different regions of the semiconductor 76. In the
preferred embodiment, the semiconductor fin 76 is comprised of
silicon. In general, the semiconductor fin 76 may be comprised of
any elemental semiconductor guch 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
Seéparated 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. In general, the gate electrodes 78,82 may be
Comprised of a material such as poly-crystalline silicon {poly-si),
pPoly-crystalline silicon-germanium (poly-SiGe), a refractory wetal
Such ag molybdenum and tungsten, compounds such as titanium

Ritride, or other conducting materials.




nitride, or other conducting materials. 22 67,200-1040 2002-1080 0041 The
| ayout of the inverter structure 70 of Figure 6 is shown in Figure 7. The
gate el ectrodes 78,82 of the N-channel nmultiple-gate transistor 74 and the
P-channel multiple-gate transistor 96 are connected together. The inverter
al so includes a gate contact 96. The gate contact 96 connects the gate
electrode to a netal line 98, which provides an input to the inverter.
Further, the inverter includes an electrical contact between the drain
regi ons 86,94 of the N-channel and BPachannel nultiple-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 nultiple-gate transistor 72 is connected to the
power supply 102. The circuit diagramfor the inverter structure 70 of
Figure 6 is shown in Figure 8 0042 According to another enbodi nent of the
invention, ap ,inyerter may also be configured using nultiple sem conductor
fins with nggsuRss ormwidths. An inverter 110 ; conprising two :
sem conductor fins 112,114 with non-uniformwidths is illustrated in ;
Figure 9A. The first _sem conductor fin 114 conprises two :
The layout of the inverter structure 70 of Figure 6 is

shown in Figure 7. The gate electrodes 78,82 of the N-channel

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 isvformed, and another region 118 where a first p-




regions 116,118, one region 116 where a first N-channel multiple- gate
transistor is forned, and another region 118 where a first P 23

67, 200- 1040 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 nultiple-gate transistor is fornmed. In
general, the fin wi dths WNMOS1, w NMOS2, wPMOS1l, and wPMOS2 are not the
sane. The drain regions of all the dgansistors 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 P-type netal -oxide-sem conductor (PMOS) devices need not be on.
the same sepig@ogdyetor fin. In Figure 10, structure 150 of yet another
enbodi ment @bod-hesd nventi on where the N-channel nultiple-gate transistor
and the P-channel multiple-gate transistor are fornmed wusing different

sem conduct %'ilalfujléls Jnﬁlztljgﬁ%—&étteh qlrgixﬁrs%ggr fié‘] formed. The second

semiconductor £in 112 comprises two regions 120,122, one region 120
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 comnected 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
wetal-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.




24 67,200-1040 2002-1080 0044 The preceding explanation details
the structural description of the inverter configured using nmultiple-gate
transi stors. Various variations of this invention may be inplenented. As
an illustration, sem conductor fin with non- uniformwdth may conprise of
a plurality of multiple-gate transistors of the sanme type, e.g. two
P-channel transistors. 0045 A nethod for the formation of the present
invention structure is now described by a process flow for fabricating a
triple-gate transistor or an onega-Pgl. 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 the plane view of the conpleted device 170 shown in Figure 13. The
starting substrate 14 is a silicon-on-insulator substrate, as shown in
Figure 11A. The starting substrate conprises a silicon film 32 overlying
an insulatoréhaxﬁta%%. The insulator |ayer 18 has a thickness of between

20 Angstrons R8sl 13 Angstrons. The 25

wi dt hs.

0044 The preceding explanation detailg the structural
description of the inverter configured using multiple-gate
transistors. Various wvariations of this inventiof'-x may be
implemented. As an illustration, semiconductor fin with non-
uniform width may comprise of a plurality of multiple-gate

transisg
tors of the same type, e.g. two P-channel transistors

0045
A method for the formation of the bPresent invention

structure i i
€ 1s now described by a process flow for fabricating a

triple-gate transistor Or an omega-FET

0046 ,The fabrication pbrocess for the triple-gate transistor,
the preferred embodiment of hisg invention, ig schematically
des§ribed in Figures 11A-11D. Figures 11A-11D show the dévice
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,
a8 shown in Figure 11A. The starting substrate comprises a silicon

r

has a thj
hickness of between 20 Angstroms and 1000 Angstroms The




67, 200- 1040 2002-1080 first insulator |ayer 18 can be made of any
dielectric material such as silicon oxide. In the preferred enbodi nent,
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 conprise a material commonly used for masking an etch
process, such as photoresist, silicon oxide, silicon nitride, etc. In the
preferred enbodinment, the etchant mask is silicon oxide. In the present
invention, an optional fin surface sggpothing step is used to inprove or
reduce the surface roughness of the fin sidewalls 36,38. |If the etchant
mask used for fin definitionis silicon oxide, as in the preferred

enbodi ment, it may be renoved before or after the fin snoothing process.
The renoval 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 |
sidewal I's 36,38 as well as the top surface of the fin, as shown in Figure;

11C. If the %%ﬁﬁ@ﬁfo mask 12 used for fin definition is a photoresist, it
has to be renbved before the fin surface snoothing step to avoid the high!

tenperatures used in the fin snoothing process. The fin surface snoothing:
i s performedib§t supEidmdarte Mo raRObd Grade S lnkl Gl @actric material

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 efch 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 surfape 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 g 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 Figﬁre 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

s , . .
moothing is performed by subjecting the fin 20 to a sacrificial




26 67, 200-1040 2002- 1080 oxidation and/or silicon sidewall treatnent
(e.g. high tenperature anneal at 1000C in H2 anbient). The surface
snoothing of the fin sidewalls contributes , to the achi evenent of good
carrier mobilities. Depending on whether the silicon oxide etchant mask is
removed prior to the fin snoothing process step, the shape of the fin may
be square-like or rounded at the top. If the etchant mask nmay 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 dati on, chem cal vapor deposition, sputtering, etc. In general, the

t hi ckness of the gate dielectric nay be different on-the sidewall of the
fin and on the top of the fin. Depending on the techni que 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 dielectric thickness on the top surface of the finis less than
20 Angstrong’: 1%8te dielectric may conprise a conventional materi al

L .2002-10807 . S L . . .
such as sil i“¢0h dioxi de or silicon oxynitride with a thickness ranging
from3 Angstrons to 100 Angstrons, and nore preferably, from about 10
Angst r ons oroxligaidon and/or silicon sidewall treatment (e.g. high temperature

anneal at 1000°C in H, ambient). The surface smoothing of the fin
sidewalls contributes L 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 technigue 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 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)




The gate dielectric may al so conprise high permttivity (high-k) 27
67, 200- 1040 2002-1080 materials such as |anthal um oxi de (La2Q3)
oxi de (A12Q3) , hafnium oxide (H Q) , hafniumoxynitride (H ON)

al um num
or

zirconiumoxide (ZrQ2), with an equival 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

nmol ybdenum
conducti ng
material is
gate diel ec

material is
plasma etc

structures Wi

t hi ckness.

as

and tungsten, conmpounds sggh as titaniumnitride, or other
materials. A gate mask is defined and the wunderlying gate
etched to formthe gate el ectrode. The gate etch stops on the
tric, and the gate is electrically isolated fromthe transistor
structure by the gate dielectric. In the preferred enbodi nent, the gate

poly-Si and the gate dielectric is silicon oxynitride.

A

h using chlorine and brom ne chem stry may be used to achieve a
hi gh etch séﬂs%ﬁg y. A high etch selectivity is critical for device
a

28

materials such as lanthalum oxide (La,0;), aluminum oxide (A1,0;),
hafnium oxide (HfQ,),6 hafnium oxynitride (HfON), or zirconium oxide
{Z2r0,) , with an equivalent oxide thickness of 3 Angstroms to 100

Angstroms.

0049 In the next step, the gate material is deposited. The
gate material wmay 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.

tall fin and aggressively scaled gate dielectric




67, 200- 1040 2002-1080 0050 After the definition of the gate, the gate nmask
can be renoved. 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 extensions are not shown) The I|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 techniques2 known and used in the art, e.g.
deposition and sel ective etching of & he spacer material. The spacer
material may be conprised of a dielectric material such as-silicon nitride
or silicon dioxide. In the preferred enbodi ment, the spacer conprises a
silicon nitride and an oxide conposite spacer. After spacer formation,
source and drain regions are doped by ion inplantation, PIlIIl, gas or solid
source diffusion, or any other techniques known and used in the art. Any
i npl ant damageoovioanor phi zati on can be anneal ed t hrough subsequent |
exposure to2ele¥y¥led tenperatures. The resistance of the source, drain, .
and gate can al so be reduced by strapping the source, drain, and gate with
a conducti veosmt er i alfted theC aaeiiGli¥e ofMBhENdadk, NRY §8 A nBBE Aahi Be Si | i ci de:
such as titaniumsilicide, cobalt silicide or nickel silicide, a nmetallic:
nitride suchemsyed. 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
lightly-doped drain (LDD) or drain extension is formed next. This
may be achieved by ion 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 resgsistance of
the source, drain, and gate can also be reduced by strapping the
8ource, 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




titaniumnitride and tantalumnitride, a netal such as tungsten and { 29
67, 200- 1040 2002-1080 copper, or a heavily doped sem conductor such as n+
doped Si. In the preferred enbodi nent, the conductive material is nickel
silicide which may be forned by a self-aligned silicide (salicide)

process. In the source and drain regions, the conductive material my 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
t echni ques known and used in the art2glt is inportant to achieve a very

| ow contact resistance in nanoscal e “devices. This conpletes the
fabrication of the triple-gate transistor. 0052 The fabrication process
for the omega-FET is simlar to that of the triple-gate transistor. The
fabrication of the onega- FET adopts the sane process as the triple-gate
transistor up to the fin formation step, as shown in Figure 11C. Fol | owi ng
Figure 11C, a recess in the insulator layer is forned and generally

i nvolves an_ %%&Ho? ocess. Figures 12A and 12B show the cross-sections of
the device gftefzothe recess is formed. An exanple of an etch process

copper, or a heavily doped semiconductor such as n+ doped Si. 1In
the preferred embodiment, the conductive material is nickel
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 1iC. 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




is a wet etch using dilute hydrofluoric acid (HF) (fornmed by a m xture of
25 parts water and 1 part concentrated HF) for 30 - 600 30 67, 200-1040
2002- 1080 seconds at 25C to etch about 50 - 1000 Angstronms of thermally
grown silicon oxide. In the preferred enbodi nent, the recess Ris between
20 Angstronms and 500 Angstrons. After the formation of the recess,
subsequent processes such as gate dielectric formation, gate electrode
formati on, and contact formation are exactly the sane as that described
for the triple-gate transistor. 00535Wile the present invention has been
described in an illustrative manner, it should be understood that the
termnology wused is intended to be in a nature of words of description
rather than of limtation. 0054 Furthernore, while the present invention
has been described in terns of a preferred and alternate enbodi nents, it
is to be appreciated that those skilled in the art will readily apply

t hese teachings to other possible variations of the inventions. 0055 The
enbodi ment of ,fhecdgnvention in which an exclusive property or privilege is
cl ai ned ar ezgdefioned as follows. 31 CLAIMS -

seconds at 25°C to etch about 50 - 1000 Angstroms of thermally
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

pProperty or privilege is claimed are defined as follows.




1. An inverter conprising: a first nultiple-gate transistor conprises a
source connected to a power supply, a drain connected to an out put
terminal, a sem conductor fin, and a gate el ectrode wapping around said
sem conductor fin and separating said source and drain; a second

mul ti pl e-gate transi stor conprises another source connected to a ground,
anot her drain connected to said output term nal, and another gate el ectrode
wr appi ng around said sem conductor fin and separating said anot her source
and anot her drain, wherein said first and second nmultiple-gate transistors
are triple-gate transistors, and a wdth of said sem conductor fin at said
first multiple-gate transistor is differdnt froma wdth of said

sem conductor fin at said second nmultiple-gate transistor; and an i nput
terminal cppmested to said gate el ectrodes of said first and second
multiple- gate transistors. 2. The inverter of claim1, wherein said first
and second nultiple-gate transistors are onega field-effect transistors.

3. The inYerter ?éy%kgin11.or 2, wherein each of said first and second

mul ti pl e-gate AP NSIcS FOPRIF R her conprises: a substrate having an

insul ating | aygfirsMil@ple-gatirahsBair@ofipBikécd soufcel RUAECtEMBal powRd sifiily a
sem conductor fin; wherein said semconductor finis fornmed vertically on
sai d subsfieg ennegied anoutpeiPaynde seniconductrdin wed & gate sleguodd WepRINg a fin
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a second multiple-gate transistor comprises another source connected to a ground,
another drain connected to said output terminal, and another gate electrode wrapping around
said semiconductor fin and separating said another source and another drain, wherein said
first and second multiple-gate transistors are triple-gate transistors, and a width of said
semiconductor fin at said first multiple-gate transistor is different from a width of said
semiconductor fin at said second multiple-gate transistor; 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

omega field-effect transistors.

3. The inverter of claim 1 or 2, wherein each of said first and second multiple-gate
transistors further comprises:

a substrate having an insulating layer on top; and

a gate dielectric layer overlying said semiconductor fin;

wherein said semiconductor fin is formed vertically on said substrate, and said

semiconductor fin has two fin sidewalls and a fin top.

4. The inverter of any one of the preceding claims, wherein said semiconductor fin

comprises silicon.



5. The inverter of any one of the preceding clains, wherein said

sem conductor fin conprises silicon and germanium 6. The inverter of
claim3, wherein said first multiple-gate transistor and said second

mul tiple-gate transistor are fornmed on different sem conductor fins. 7. The
inverter of any one of the preceding clains, wherein said first nulti-gate
transi stor and said second nulti-gate transistor are forned on different
nunbers of sem conductor fins. 8. The inverter of any one of clains 3-7,
wherein said insulating | ayer conprises a dielectric. 9. The inverter of
any one of clains 3-8, wherein said insulating |layer conprises silicon

oxi de. 10. The inverter of any one of cl3ins 3-9, wherein said i nsul ati ng
| ayer has a thickness between 20 Angstrons and 1000 Angstroms. 11. The

inverter of anyYh&hfefér (ﬁiafﬁy Bhe 3f I prebiky cﬂalﬁﬁ' WhainSaf s%hﬁ&}nrdh&o} ﬁﬁ( er

conprises silicon oxide 2. The |nverter of any one of clains 3-

wherein s@@raprge&ﬁelllsmeamtgfrmnimer conprises silicon oxynitri de 13 The
inverter of any one of clains 3-12, wherein said gate dielectric |ayer
conprises a high permttivity naterial selected fromthe group consisting

of La203, 6A12CBhe tverer dtfcidin RRfheféiBaidIRst Iﬂiﬂtlplyg‘ﬁte' Mﬁfsﬁ&rangfsaﬁ@é’coﬁ@e of
clainms 3-13, wherein said gate dielectric layer conprises a

per mi t t i vinulfinkergete Ffr&l’lﬂﬁawrﬁgfoﬁnmladliffﬁeeqb&mm@ndwtwflnaf at | east 5

7. The inverter of any one of the preceding claims, wherein said first multi-gate
transistor and said second multi-gate transistor are formed on different numbers of

semiconductor fins.

8. The inverter of any one of claims 3-7, wherein said insulating layer comprises a

dielectric.

9. The inverter of any one of claims 3-8, wherein said insulating layer comprises silicon

oxide.

10.  The inverter of any one of claims 3-9, wherein said insulating layer has a thickness

between 20 Angstroms and 1000 Angstroms.

11.  The inverter of any one of claims 3-10, wherein said gate dielectric layer comprises

silicon oxide.

12.  The inverter of any one of claims 3-11, wherein said gate dielectric layer comprises

silicon oxynitride.

13.  The inverter of any one of claims 3-12, wherein said gate dielectric layer comprises a
high permittivity material selected from the group consisting of La,0s, AL, O3, HfO,, HFON
and ZrOa.




15. The inverter of any one of clains 3-14, wherein said gate dielectric

| ayer having a thickness between 3 Angstrons and 100 Angstrons. 16. The
inverter of any one of clains 3-15, wherein said gate dielectric |ayer
having a thickness on said fin sidewall different than a thickness on said
fin top. 17. The inverter of any one of clains 3-16, wherein said gate
dielectric layer having a thickness on said fin top snmaller than a gate
dielectric thickness on said fin sidewall. 18. The inverter of any one of
clainms 3-17, wherein said gate dielectric |ayer having a thickness on said
fin top of the sem conductor fin less than 20 Angstrons. 19. The inverter
of any one of the preceding clainms, wheddin said gate el ectrode conprises
poly-crystalline silicon. 20. The inverter of any one of the preceding

clai ms, wher ei ThéRiver&asfang |oﬁsbf 8idBns 3395’4?%%8&% SRl bt d&&ﬁéﬁe&@ ol ?co\}h ﬂi&QQ

ger manium_ 21. The inverter of any one o e preceding c

sai d gat ehigh pemigirty rogarialihawingz webtiak peaaittivitymfianleesttser of any one of the
precedi ng clains, wherein said source and drain regions are strapped by a
conductive naterial sel ected fromthe group consisting of netals and

si |icides15.34 TRSinvdh& dfaugohebf Shintd ﬁum wiéin sa\ffaegraﬁé Jlel%&tﬁetléyep RhvifPAt act

bet ween sai d conductive naterial and said source ‘and drain regions are
made on athigkaesstbebyrendt Angriropisrandil@8wigsomsd fin top of the seni conduct or
fin. 24. An inverter conprising: a first plurality of P-channel
mul tiple-gate transistors, each conprises a source

16.  The inverter of any one of claims 3-15, wherein said gate dielectric layer having a

thickness on said fin sidewall different than a thickness on said fin top.

17. The inverter of any one of claims 3-16, wherein said gate dielectric layer having a

thickness on said fin top smaller than a gate dielectric thickness on said fin sidewall.

18.  The inverter of any one of claims 3-17, wherein said gate dielectric layer having a

thickness on said fin top of the semiconductor fin less than 20 Angstroms.

19.  The inverter of any one of the preceding claims, wherein said gate electrode

comprises poly-crystalline silicon.

20.  The inverter of any one of the preceding claims, wherein said gate electrode

comprises poly-crystalline silicon germanium.

21.  The inverter of any one of the preceding claims, wherein said gate electrode

comprises a metal.

22.  The inverter of any one of the preceding claims, wherein said source and drain
regions are strapped by a conductive material selected from the group consisting of metals

and silicides.




connected to a power supply, a drain connected to an output termnal, a
sem conductor fin, and a gate el ectrode wapping around sai d sem conduct or
fin and separating said source and drain; a second plurality of N channel
mul tipl e-gate transistors, each conprises another source connected to
ground, another drain connected to said output term nal, and another gate
el ectrode w appi ng around said sem conductor fin and separating said

anot her source and another drain, wherein said first plurality of

P-channel and said second plurality of N channel multiple-gate transistors
are triple-gate transistors, and a wdth of said sem conductor fin at said
first plurality of P-channel nultiple-gé¥% transistors is different froma
wi dt h of said sem conductor fin at said second plurality of N-channel

mul tipl e- gat e The anveitet SrckaimPIBP2aWheRMIEleétHEdcORbctRANRAIEM dofdidiRegat €

el ectrodes of said first plurality of P-channel and second plurality of
N- channel mafgria] pndesaighsasree apdsiraingegionyare mride onay leastone of thel fin sidewallsahér ei n
said firs i - el and said second plurality of N-channe
nultipIe-ggﬁéy§@%%é¥g%é?§w§$§ﬂgnega field-effect transistors. 26. The
inverter of claim?24 or 25, wherein each of said first plurality of
P-channel and said second plurality of N-channel nultiple-gate transistors
conpri ses2%a sOBIRYeRtCE COMEDTINASan i nsul ating | ayer formed on top; and a
gate dielectri Vi L d..sem condu in; I i d

sem conduct or ?Fﬁgégﬁﬁﬂﬁﬁﬁ?yhﬁgnﬁgﬁﬂ%ﬁﬁgﬁ&ggﬁﬁﬁﬁﬁé5%%?9H§@§%§é??5§%id

sem conducdmected to dhpewer supplyt @ draim dofinsotetl itd)ars dwtpinetbinsinal, 3 Semidénduthe fin,

i nverter of angl one of clains 24-26, wherein said senm conductor. fin
conpri sesand a gate electrode wrapping around said semiconductor fin and separating said source and

drain;

a second plurality of N-channel multiple-gate transistors, each comprises another
source connected to ground, another drain connected to said output terminal, and another
gate electrode wrapping around said semiconductor fin and separating said another source
and another drain, wherein said first plurality of P-channel and said second plurality of N-
channel multiple-gate transistors are triple-gate transistors, and a width of said
semiconductor fin at said first plurality of P-channel multiple-gate transistors is different
from a width of said semiconductor fin at said second plurality of N-channel multiple-gate
transistors; and

an input terminal connected to the gate electrodes of said first plurality of P-channel

and second plurality of N-channel multiple-gate transistors.

25.  The inverter of claim 24, wherein said first plurality of P-channel and said second

plurality of N-channel multiple-gate transistors are omega field-effect transistors.

26.  The inverter of claim 24 or 25, wherein each of said first plurality of P-channel and
said second plurality of N-channel multiple-gate transistors comprises:

a substrate having an insulating layer formed on top; and

a gate dielectric layer overlying said semiconductor fin;

wherein said semiconductor fin vertically is formed on said insulating layer, said

semiconductor fin has a fin top and two fin sidewalls .



silicon. 28. The inverter of any one of clainms 24-27, wherein said

sem conductor fin conprises silicon and germanium 29. The inverter of any
one of clainms 24-28, wherein said first plurality of P-channel

mul ti pl e-gate transistors and said second plurality of N channel

mul tiple-gate transistors are fornmed on different sem conductor fins. 30.
The inverter of any one of clains 24-29, wherein said first plurality of
P-channel nultiple-gate transistors and said second plurality of N channel
multiple-gate transistors are fornmed on different nunbers of sem conductor
fins. 31. The inverter of any one of clajns 26-30, wherein said insulating
| ayer conprises a dielectric material . 392. The inverter of any one of
clainms 26-31, wherein said insulating | ayer conprises silicon oxide. 33.
The inverter of any one of clainms 26-32, wherein said insulating |ayer
having a _thickness between 20 Angstroms and 1000 Angstrons. 34. The

i nverter &f anyhehweder ofiaay pae 26cBins ¥hadb ewhersiaisdidgamisoddwitercin camprisger
conprisesﬁﬁéhlicon oxide. 36 35. The inverter of any one of clainms 26-24,
wherein said gate dielectric layer conprises silicon oxynitride. 36. The
inverter of any one of clains 26-35, wherein said gate dielectric |ayer
conprises__a high,pernittivity materi al selected fromthe group consisting
of La203, 281208 he pyvgrter ofianyqng aficlging24-27, wherein said semiconductor fin comprises

silicon and germanium.

29.  The inverter of any one of claims 24-28, wherein said first plurality of P-channel
multiple-gate transistors and said second plurality of N-channel multiple-gate transistors are

formed on different semiconductor fins.

30.  The inverter of any one of claims 24-29, wherein said first plurality of P-channel
multiple-gate transistors and said second plurality of N-channel multiple-gate transistors are

formed on different numbers of semiconductor fins.

31.  The inverter of any one of claims 26-30, wherein said insulating layer comprises a

dielectric material.

32.  The inverter of any one of claims 26-31, wherein said insulating layer comprises

silicon oxide.

33.  The inverter of any one of claims 26-32, wherein said insulating layer having a

thickness between 20 Angstroms and 1000 Angstroms.

34.  The inverter of any one of claims 26-33, wherein said gate dielectric layer comprises

silicon oxide.




37. The inverter of any one of clainms 26-36, wherein said gate dielectric

| ayer conprises a high permttivity material having a rel ative
permttivity of at least 5. 38. The inverter of any one of clainms 26-37,
wherein said gate dielectric layer having a thickness between 3 Angstrons
and 100 Angstronms. 39. The inverter of any one of clains 26-38, wherein
said gate dielectric layer having a different thickness on said fin
sidewal | than on said fin top. 40. The inverter of any one of clainms 26-39,
wherein said gate dielectric layer having a snaller thickness on said fin
top than on said fin sidewall. 41. The inverter of any one of clainms 26-40,
wherein said gate dielectric layer havid® a thickness on said fin top |ess
than 20 Angstrons. 42. The inverter of any one of clains 24-41, wherein

sai d gat e3¢l eClrhOHR AR S dn?%%e BOLMImED - ZH ax!vﬁér&‘ﬁ said %afeﬁd]ele&ﬁc 1YRE MRS €
of any one of clains 24-42; wherein said gate el ect e conpri'ses poly-
crystalIlﬁbC@n¢xynnndgernan|un1 37 44. The inverter of any one of clains
24-43, wherein said gate el ectrode conprises a netal. 45. The inverter of
any one of clains 24-44, wherein said source and drain regions are

strapped by a m@ﬂ%ﬁeﬂ/&aﬁ%ﬁé opblafifd @&B?%ﬁ&é{%&ﬁ%ﬂ ALBciFe 'i‘a%fb?édxﬁiﬁls%

nmetals and silicides. . The inverter of claim4 wherein el ectri cal

cont act b@h@éﬁngml‘dt}bmﬂ@uek selastadefremitlad groap dorsisitidg ©6Lakd, Ab@:dHEdxn regi ons
i s nmade OR8l 2§b one of the fin sidewalls and fin top of the
senlconduc{ 8

37.  The inverter of any one of claims 26-36, wherein said gate dielectric layer comprises

a high permittivity material having a relative permittivity of at least 5.

38.  The inverter of any one of claims 26-37, wherein said gate dielectric layer having a

thickness between 3 Angstroms and 100 Angstroms.

39.  The inverter of any one of claims 26-38, wherein said gate dielectric layer having a

different thickness on said fin sidewall than on said fin top.

40.  The inverter of any one of claims 26-39, wherein said gate dielectric layer having a

smaller thickness on said fin top than on said fin sidewall.

41.  The inverter of any one of claims 26-40, wherein said gate dielectric layer having a

thickness on said fin top less than 20 Angstroms.

42.  The inverter of any one of claims 24-41, wherein said gate electrode comprises poly-

crystalline silicon.

43.  The inverter of any one of claims 24-42, wherein said gate electrode comprises poly-

crystalline silicon germanium.




CMOS | NVERTERS CONFI GURED USI NG MULTI PLE- GATE TRANSI STORS ABSTRACT OF THE
DI SCLOSURE 0056 An inverter that includes a first multiple-gate transistor
i ncluding a source connected to a power supply, a drain connected to an
output termnal, and a gate electrode; a second nultiple-gate transistor

i ncluding a source connected to a ground, a drain connected to the output
termnal, and a gate electrode; and an input termnal connected to the
gate el ectrodes of the first and second nultiple-gate transistors. Each of
the first and second nultiple-gate transistors may further include a

sem conductor fin forned vertically on %n insulating |ayer on top of a
substrate, a gate dielectric |ayer oveﬁlying the sem conductor fin, and a
gate electrode wapping around the sem conductor fin separating the

sour ce and4.dr aThe IR gt anlylosge of claims 24-43, wherein said gate electrode comprises a

metal,

45.  The inverter of any one of claims 24-44, wherein said source and drain regions are

strapped by a conductive material selected from the group consisting of metals and silicides.

46.  The inverter of claim 45, 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.
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- CMOS INVERTERS CONFIGURED USING MULTIPLE-GATE TRANSISTORS

ABSTRACT OF THE DISCLOSURE

0056 An  inverter that includes a first wultiple-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-gate transistors. Each of the first and second
multiple-gate transistors may further include a semiconductor fin

Formed vex;tically on an insulating layer on top of a substrate, a
gate dielectric layer overlying the semiconductor fin, and é gate

electrode wrapping around the semiconductor fin separating the

source and drain regions.

FIG. 7




