CMOS - SRAM CELL CONFI GURED USI NG MULTI PLE- GATE TRANSI STORS Fi el d of the

I nvention The present invention generally relates to the field of CMOS
Stati ¢ Random Access Menory (SRAM devices, and nore 5 particularly, to an
SRAM cel | formed by, multiple-gate field-effect transistors (M3FETS).
Background of the Invention A conventional conplenentary

net al - oxi de- sem conductor 10 (CMOS) static random access nenory ( SRAM
cell 10 typically consists of six netal-oxide-sem conductor field effect
transistors (MOSFETs) : two P-channel field-effect transistors (PFET,Ss)
for. a pull-up operation, two N--channel field-effect transistors (NFET)
for a pull-down operation, and two NFETs for input/output access, 15 i.e.,
pass-gate access, is shown in Figure 1A. P1 and N forman inverter 12,

whi ch is crossscergd €dLli CONERGURED THikés ML TGRS IGRIENGRANSPETERE N2. The
devices 16, .18 labeled NL and NR are pass-gate access devices which _
control reading fromand witing into the SRAM cell 10. The correspondi ng
| ayout for the circuit 10 20 is shown in Figure 1B. 'For the sake of
sinplicity, metal |ayout shdpesldacd fde JREEALLIPA the particul ar |ayout,

the word line (W) - . ' :
The present invention generally relates to the field of

"CMOS Static Random Access Memory (SRAM) devices, and more
5 particularly, to an SRAM cell formed by,mﬂltiple—gate field-effect

" transistors (MGFETS).

Background of the Invention
A conventional complementary metal-oxide-semiconductor
10 (CMOS) static random access memory (SRAM) cell 10 typically

consists of six metal-oxide-semiconductor field effect transistors
(MOSFETs) : two P-channel field-effect transistors (PFETs) for_a
pull-up operation, two N-chammel field-effect transistors (NFETi
for a pull-down operation, and two NFETs for input/output access,
15 i.e.,rpaés—gate access, is shown in Figure 1A. Pl and N1 form-an
inverter 12, which 1is crbss—coupled with another inverter
éonsisting of P2 and N2. Tﬁe devices 16, 18 1ébeledeL_and NR are
pass-gate accégs devices which coﬁtrol reading from gnd writing

into the SRAM cell 1.0. The corresponding layout for the circuit 10

20 is shown in Figure 1B. "For the sake of simplicity, metal layout



is shown along the horizontal direction. The left hit [ine BL, the right
bit line BR, and the ground |line G\D are al so shown. A conventional SRAM
array consists of mrows and n 5 colums of the aforenentioned SRAM cel | s.
Cells of the same row share one W. 20, while cells of the sane colum share
the same bit line pair 22, 24 consisting of BL and BR The aforenenti oned
design is used in many SRAMS, including for exanple, a 1l-nega-bit nenory
havi ng typically 1024 by 1024 cells. 10 During standby, all the Ws are at
low (i.e., at GND level) and all the bit lines are biased to the standby
voltage level (of the power' supply) 'Vad: Thus, the NFET pass-gate
devices NL and NR of all the cells are shut off. A data bit 1 is
-mai ntained with P1L and N2 on, and P2-and N1 off, such that the left 15
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and the Ieft cell node CL D. During access tinme, oné I'S sel ect

by- bei ng-i$yMt %ﬁ%dlgﬂe(él@ \@Q:i ﬁ'}@%rto%ﬁ halLt efp2.tbe, PEETRass- gate

devi ces al'ong the selected are “turned on

A conventional SRAM afray- consists of m rows and n

\5 ‘ columns of the aforementioned Sm cells. Cells ofvthe same rew
.share- one WL 20, ‘while cells ef the same column share the same bit

line pair 22, 24 consisting of BL and BR. The aferetnentioned
design ie used in many SRAMS, including for eXample, a l-mega-bit

memory having typically 1024 by 1024 cells.

10 ‘ Dutring standby, all- the WLs are at low (i.e., at GND
level) and all the blt lines are biased to the standby voltage
level (cf the power supply) Vaa- Thus, the NFET pass gate dev1ces |
NL and NR. of all the cells are '_sh‘tlt off. A data bit 1 is
'maint'ained with P1 and N2 on, and P2 end N1 off, such ‘that the leftr.

15 cel‘l mnode CL is ‘high (‘i.e.. at Vdd) whiie éR is low '(GND') '

e -Correspondlngly, a data bit - 0-is malnta.lned when P2 and N1 are on,
.and Pl ‘and N2 are o:ff whlch forces the right cell node CR to hlgh
,(i.e., Vdd) and the left cell node CL to GND ' Dur:Ln__g access time,

'one WL lS selected by be:Lng switched on (to Vaa) such that half of



si mul t aneously. For each cell along the selected W.,, one pass-gate device
is turned on. During a read access operation, either BL or BR are 5 pulled
down fromtheir high (at vdd) by the cell. BL is pulled down if the cell is
at 0, whereas BRis pulled down if the cell is at 1. A bit select

mul ti pl exor then steers the selected bit pair(s) to appropriate sense
anplifiers to generate the digital signals for external circuitry
requesting the read nenory operation. The sense 10 signals devel oped al ong
the unsel ected bit. colums are ignored. The cells along the selected W
that were not selected are referred to-as the "half-selected" cells.
During a wite access operation, the bit select circuitry steers the input
data into the selected bit pairs To wite a 1, 15 BL is driven to high (i.
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in the Thus, during a read access operation, all the cells
al ong tﬁggg%€ %a%&ﬁﬁaare dlsturbed si nce one NFET pass- gate deV|ce

Duringra read access operatidn, eifher BL or BR are
5 - pulled down from their high (at V) by the cellT BL is pulled dowﬁ
if the cell is at O, Qhereas BR is pulled down ifvtﬁe cell is at 1.
A bit select multiplexor then steers the selected bit bair(s) to_:
apprbpriate sense amplifiers to generate the digital signals for
-external circuitry requesting the read memory operation. The sense
10 sigﬁals developed along the unselected bit columns are ignored.
The cells along thg selected WL that were not selected are reférred _

to as the “half-selected” cells.

3 During a'wriﬁe accesé dpération, the bit select bircuitfy -
steerS:thé input data into the selectéd_bit pairs. To write a 1,
15 BL is driven to higﬁ (i.e.,zvm) and BR to low (i.g[( to:GND);
shutting of f Nlrand éz, while turning on N2 and Pl. To write a O;

‘BL is~forcéd to 1ow-ana BR to high. Along‘the unseiecﬁéd~bit.
columns, BL and BR‘are_coupled_to VDD and are gradually pulled dowﬁ

by the “hélflselectedﬁ cells, as previously desgribed in the read



of each SRAM cell remains on. During a wite access, all the

"hal f-.selected" cells are simlarly disturbed as during the read 'S
operation. Wien a cell is at 0, the Ieft cell node CL is at GND. Wen W
is raised to high .(i.e:, vdd), the pass-gate device NL sw tches on,
raising BL to VDD and pulling the left cell node up. Thus, NL and N act
as a potential divider at the left cell node CL between Vdd and G\ND. To
prevent the left cell node CL fromrising 10 beyond the threshold voltage
of N2, the conductance of Nl nmust be |I|arger than the conductance of NL.
O herwi se, N2 turns on, pulling down the node CR, switching P1 on, and
raising the node CL fromGND to Vdd. In -such an instance, the cell is
di sturbed fromits O state to a l state. 15 Thus., the ratio of the
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the stabilTity of t 'SRAM ¢ or the ability of the cell to retain its

- data Sé%ﬁ% thEhlsé;Lééié@ WIS ahef el &adrBdn Y nEMEHSRAM T esisgrenscadetbes a" or
"beta rat defined as the ratio of the conductance of the pull- 20

down dgylggcgvgkAMh%eqqnq%gggageCQL passr@d ea deviee.acHesd,arager the - beta-

" ratio, the cell becones nore stable, and its static noise margin (Sl AV
I NCreasgsif-selected” cells are similarly disturbed as during the read

5 operation. When a cell is at 0, the left cell node CL ie at GND. -
When WL is raised to high (i.e., Vi), the pass-gate device NIL
switches on, raising BL to VDD eﬁd pulling the left cell'nede ﬁp.
Thue; NL and N1 act as a pptential divider at the left cell node CL
between Vy and GND. To prevent the left cell node CL from rising

10 beyond tte threshold voltage of N2, the conductance of N1 must be
larger than the conductance ef NL,. Otherwise, N2 turns on, pﬁlliné
down the node CR, switching Pl on, and raising the node CL from GND
te vdd. In such an instance, the cell is disturbed from its 0

- state to a 1 state.

15 : : !Thue; the ratio of the conductaneel of N1 over Ithe
eonductanee of NL is a basic metric to neasure the stability of the
SRAM cell or the ability of the cell to retain its data state.
This ratio is referred to by CMOS SRAM designers as “beta” or “beta
ratio”. It is defined as the ratio oﬁ the eonductance of the pull-

20  down device over the conductance of pass—geteidevice. The larger



The conductance of a transistor is approxinmately proportional to the
effective carrier nobility {Leff and to the ratio 5 of the device width to
the channel length (WL). The beta of the' SRAM cell can be' approxi mated
by the ration of Aeff (WL) of transistor NlI and 1Leff (WL) of transistor
NL. If NI and NL have the same channel length, then the beta ratio becones
the ratio of the channel wdth of N1 over the channel w dth of NL.
Dependi ng on 10 the SRAM application, beta ranges from1.8 to 3. It is
known that witability is the obverse of stability. The nore stable the

cell the nore difficult it will be to wite the <cell into a different
.state. As indicated above, a cell design wth a narrower pass-gate device
will be nore stable, but as the 15 current through such a device is
smal | er

It will require no time to dev ' si.gnal .gi ven.. .
magni t GB& B A&y Fg‘ﬁe‘?e heSFAEE 2P r\%ﬁ%%&]{%‘,e %}a(?lrﬁga%ftg%ll% g\?\nsnea bi t
line is Iinitg%mgy:ghe series conbination of the pull-down device and the
I'ce,

pass- gated™d TS % ncr eased by increasing the conductance of

either or 5 both devices. For mninumread delay, the widths of both
devi ces should therefore be as wide. as possible. In practice, the cel

The conductance of a transistor 1is approximately

proportional to the efféétive carrier mobility p. and.to ﬁhe ratio

5 of the device width to the channel length (W/L). Thé beta of the
| SRAM cell can be approximated by the ration of pgr (W/L) of
transistbr N1 and p. (W/L) of transistor NL. If N1 anvaL have

the same channel 1ength,'theh the beta ratio becomes the ratio of

the channei width of N1 over the channel width of NL.. Depending on

10 the SRAM application, beta ranges from 1.8 to 3.

It is known that writability is the obverse of stability.

The more stable the cell the more difficult it will be to write the

cell iﬁto a different state. As indicated above; a cell design

with a p%rrower péés-gate deﬁice willrbé more stable,_but ag the

15 current thrguéh sﬁCh‘a dévicé is smaller. It will fequi;e more
ﬁime to dévelop a signal of a given magnitudé.on the bit linér The
rate-at which fhé cell can pull down a bit line is limited by the
séries combination of the pull-down device and the pass-gate

‘device, and is increaseéd by increasing the conductance of either or



size and the desired beta ratio limt the size of the devices. The
.reduction in the size of MOSFETs has provided 5 continued inprovenent in
speed perfornmance, size, and density of SRAM chi ps. However, as the. gate

| ength of the conventional bulk MOSFET is reduced, it suffers from
problens related to the inability of the gate to substantially control the
on and off states of the channel. Phenonena such as reduced gate control,
10 associated with the transistors with short channel lengths are terned
short-channel . effects. Increased body doping concentration, reduced gate
oxi de thickness, and ultra-shall ow source/drain junctions are ways to
suppress short-channel effects. Figures 2A and 2B show the cross-sectiona
- views of conventional MOSFETs 30 15 40 formed on bulk silicon substrate 26
and on silic on-i nsul at or, t h i A and
2B ' ar eb?gédfetv&ce(%nf t 'El?Jhmu %ﬂcﬁl&%ll%%o Eﬁg RifEREE Weliaiesd

omn in Figures-1A and 1B. For

devi ce call mell into th 3 ' r f
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body- do centra ion, gate oXi source/'drain (S/D)
‘dopi ng fof" C r Qi iffiieC e %9 geetf vhenaserwent i onal
devi ce %{%Fﬁcat tﬁirsé:%%bgg% 98 ﬁgfin&l‘%l i con (Si) subézt rates are enployed. For
devi ce scaling mell,_lnto

The . reduction ih the size of MOSFETs has provided
5 continued 1mprovement in speed performance, size, and density of
SRAM chips. However, as the gate length of the conventional bulk
MOGFET is reduced, it suffers from problems related to the
iﬁability of the gate to substantially control the on and off
states 'ef the ehannel. Phenomena such' as reduced gate control
10 ‘associated with the transistofs with short channel lengths are
te‘rjmed.shor.t-channel effects. Increased body doping concentration,
reduced gate oxide thickness, and ultra-shallow souj:ce'/draiﬁ
junctiens are weys'to suppress short-channel effects. Figures 2R
ana 2B -show ’r;he crossesectional views of conveﬁtional MOSFETs 30,
13 .40 formed on bulk silicon substrate 26 and on silicon- on- 1nsu1ator'_
_substrate 28. . The MOSFETS of Figures 2A and 2B ’are used to,

" configure the SRAM cell 10 shown -:i_n Figures .1A and 1B.

For device scaling well into the sub-30-nm regime, the

requirements for body-deping concentration, gate oxide thickness,



t he Sub-30-nmreginme, a prom sing approach for controlling short- 5 channel
effects is to use an alternative device structure with a nmultiple-gate.
Exanpl es of nultiple-gate transistor - structures include the doubl e-gate
transi stor structure, triple- gate transistor structure, and the onega- FET
structure. A nultiple-gate field-effect transistor (M3FET) structure is
expected 10 to extend the scalability of CMOS technol ogy beyond the
limtations of the conventional bulk MOSFET and realize the ultimate |imt
of -silicon MOSFETs. The introduction of additional gates inproves the
capaci tance coupling between the gates and the channel, increases the
control of the channel potential by the gate, helps suppress 15 short
channel effects, and prolongs the scalability of the MOS transistor.

Whi | e. t the d f | ti--gat
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the 5ub-30-nm reglme, a promising approach for controlling short -

5 ‘channel effects is t:o use én alternative device structure with a :
:multiple—gate.A Examples of multiple-gate transistor -
structures include the double-gate transistor structure, triple-
gate transistor structure, and ﬁhe omega-FET structure. .A
. multiple-gate field-effect transistor (MGFET) structure.is expected
10 to extend the scalability of CMOS technology beyond the limitations
 of‘the cénventional bulk MOSFET and realize the ultimate limiﬁ of
silicon MOSFETs. The introduction of adﬁitional gates improves the
capacitance coupling between the gates and the channel, increases
the EOntrol of the chénnel potential by the gate, helps suppfesS
15 short channel effécts, and prdldngé the scélability oﬁ the MOS

transistor.

While there is some work on the design and fabrication of
‘.multi-gate'devices.such as the double-gate and triple-gate devices,
there is little work on circuits, such as inverter circuits and

20 A static random-access memory (SRAM) cells, configured using  such



~optim zation .technique at their .disposal. However, the optimzation of
"circuits, such as SRAMcel ls, incorporating nultiple-gate transistors has
not been- addressed. Since the performance of CMOS SRAM circuits depend
significantly on the beta ratio, it is crucial to nmake avail a sinple

met hod to provide optimal P/Nw dth ratios for inverters incorporating

mul tiple-gate transistors. Moreover, the use of nultiple-gate transistors
may 10 result in significant savings in the |ayout area in the case where
smal |l device width transistors in the conventional SRAM cell are. replaced
with multiple-gate transistors conprised of tall fins. ,This is especially
“true when the nunber of fins constituting each nultiple-gate transistor is
smal |, for exanple, less than or equal 15 to three. It is therefore an

obj ect of.the present invention to provide a SRAMcell' conprising

nul ti pl ed§HiEShi el hef Febentkeassimtung t( MEFELgh. perfbsmanct hiess objieicéd of
the present invention to. provide .a SRAMcell w th an adjustable beta
rati o betRBaR a8 peATSHEWNCapEong R stgats irkilzei pivexnyat 8etlayi cesl #teas a

further obkect of, the present invention to . o : ~
Optimization .technigque at their  disposal. However, the

optimization of circuité, such as SRAM cells, incorporating
5 multiple—gafe transistors has not been  addressed. Since the
performance of CMOS SRAM'circuits depend significantly on the beta
ratio, it is crucial to make avail.a simpie method to provide
optimal P/N width ratios for inverters inéorporating multiﬁlé-gate
transistoré. Moreover, the use of multiple-gate transistors may
10 result in significént sévings in the 1aYout area in the case where
small device width transistors in the conventional SRAM cell are.
replaced with multiple-gate transistors comprised of tall fins.
This is éspecially true when the number of fins‘constituting each
,muitiple—gate trangistor is small, for example, less than or egqual

15 to three.

It is therefore an object of . the preSent-invention.td
provide a SRAM cell comprising Umitiple—gate field-effect

transistors (MGFETS){



5 provide savings in layout area of the SRAMcell. It is yet another object
of the present invention to .provide an array of SRAM cells configured
using nmultiple-gate fiel d-effect transistors. Summary of the Invention. 10
In accordance with the present invention,, a conplenentary

met al - oxi de- sem conductor static random access nenory cell is provided. 15
In-a preferred enbodi nent, a conpl enentary netal -oxi de- sem conduct or
static random access nenory cell is provided which includes.a pair of

P-channel multiple-gate field-effect transistors (P-M3ETs), each of the
P- MGFETs has a source connected to common voltage potential and a gate
connected to a drain of the other P 9 MEFET; a pair of N-.channel
nultiple--gate field-effect transistors. (N M3FETs), each of the. N MGFETs

‘has a drain connect @d {0 ahBendl @bhecOlost BEe rﬁ%@@ﬁ%l%éﬁ%ﬁ@o Yrdhepai r
of. P- IVGFETs a source connected to ground, and a. gate connected to the

drain of. aaE:RANDpaD:SmtEhFari\HElTsﬁblTehBetrbalr&t% HetMeER iie guseca@neh par of
N- MGFETSs . ' , o .

pass-gate multiple-gate devices.

It is a further object of the present invention to

.5 provide savings in layout area of the SRAM cell.

It is yet another object of the present invention to
.provide an array of SRAM cells configured using multiple-gate

field-effect transistors.

Summary of the Invention-
10 . In accordance with the present invention, a complementary
‘metal-oxide-semiconductor static random access 'memcry cell is

provided.

In a prefefred'emﬁbdiment, a écmpleﬁéntary me;;l—okide;
sgmiconductor.ét;tic random accegss memory cell is proviaed which

15 liﬁcludes_é pair of P-chamnel multiple-gate field-effect transistors
(P~-MGFETs) , each of the P-MGFETs has a source connected to & c'ommo'n:

voltage potential and a gate connected to a'drain.bf the other P-



that has a drain respectively connected to a connection |linking the

respective drain of the NNMGFET-of the first pair of NNMEFETs to

of the
i nes,

connect

cell, t

pair of P-MGFETs and the first N MGET of the flrst palr of N—NEFETS form
a first inverter, while 20 %he secoq& P-MGFET o é; P- MEETs an nd
t he " secon FINGRER2 1 bo% NecPpPRE! B eRORER r gcge BRESTRVRTS er |

EhioLhLihﬁ%% 220%%""%56”#?#"%?%& 5 RERS AUBEELAP SRGRe0b L The
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20

the drain

P- MGFET of the pair of P-MGFETs; a plurality of conplenentary bit,

each of said plurality of bit lines 10 respectively connected to the
source of the N-MGFET of the second pair of N-MEFETS;, and a word |ine
ed to the gates of the NN M3FETs of the second pair of N MGFETs.
t he conpl enentary metal - oxi de-seni conductor static random access nmenory

In

he pair of P-channel multiple-gate 15 field-effect transistors are
pul | -up devices and the first pair of 'N--channel nultiple-gate
field-effect. transistors are pull-down devices. The first P-MGET of the

of the respective P-MGFET of the pair of P-MGFETs, -a source
connected to ground, and a gate connected to the draln of an

opposite P-MGFET of the pair of P—MGFETS; a second pair of N-MGFETs

that has a drain respeétively connected to a connection linking the

respective drain of the N-MGFET.of‘the first pair of N-MGFETs to
the drain of the P-MGFET of the pair of P-MGFETs; a plurality of
complementary hit. lines, each‘ of said plui‘a_lity of bit‘ lines
respectively connected to the source of the N-MGFET of the seéohd
pair of N-MGFETS; and a word line connected to the gates of the N-

MGFETs of the second pair of N-MGFETs.

In the complementary- metal—ofxi_de—semiconductof static -

random access memory cell, thé .pair .of P-channel multiple-gate
fieid—effect transist.o.rs are 3;-)ul'l¥up devices énd the .fifst pair of
N- channel multa.ple gate field-effect transistors are pull-down
devices. The first P MGFET of the pair of P- MGFETS and the flrst
‘N.-MC‘-}FET of the first pair of N-MGFETs form a first ;nverte_r, wh:Lle

the second P-MGFET of the pair of P-MGFETs ‘and the second N-MGFET

of the firét pair of N-MGFETs form a second inverter, the first and .

10



the conductivity of each of the second pair of N-MGETs. The P- channel or
N-channel multiple-gate field-effect transistors are double-gate
field-effect transistors, or the P-channel or N-channel nultiple-gate
field-effect transistors may be triple-gate field- effect transistors, or
the P-channel or N-channel multiple-gate field-effect transistors nmay be
onega field-effect transistors. In the conplenentary

nmet al - oxi de-sem conductor static 10 random access nenory cell, the
P-channel or N-channel nultiple-gate 15 20 field-effect transistors may
each include a substrate that has an insulating |ayer on a top surface; at
| east one sem conductor fin forned vertically on the top surface of the
substrate, the at. least. one fin has a top surface and two si dewal |

S“rfaces Re 93LEOnA! %'n%&EéEs' AYer oMadd-vbngithe @t teast oenersen easduct or
fin; Feast one gate el ectrode w appi ng around- the at |east one

Se”‘CondUEéﬁﬁucEﬂdityoaftéH%hI@E sué f Bcetapdit het twoicsEdewat | 1 strdacean
overlying the gate dielectric layer; and source and drain regions
separ at edthy é¢heiaiikeagstoDrmaabé ehecteooe, piie af Nad@iETsne The P-
sem conductor fin may be at |east two sem conductor fins each .
channel or N-channel multiple-gate field-effect trangistors are
5 ‘double—gate field-effect transistors, or the P-channel or N-channel
multiplquate field-effect transistors may be triple-gate field-
effect transrstors, or the P-channel or chhannel mnltiple-gate

field-effect transistors may be omega fleld effect transistors.

In.thelcomplementary n@tal—oxide—semieonductor static

.10 .  random access memory cell, the P-channel or N-channel multiple—gate

field-effect transistors may each include a substrate that has an

ihsulating layer on a top.surface; at least one semiconductor fin

.formed vertically on the top surface of the substrate, the at. least:

ane fln has a top surface and two s;dewall gurfaces; a gate

15: dlelectrlc layer overlying the at least ‘one semlconductor fln at

least one gate electrode wrapplng around the at least one

semlconductor fin on the top surface and the two 51dewa11 surfaces

overlying the gate dielectric 1ayer; and source and draln regions
lseparated by the at least one gate electrode. The at least one

20 semiconductor fin may be at least two semiconductorlfias each

11




11 having a width different than the other. The at | east one sem conductor
fin may be forned of silicon, or may be fornmed 'of silicon and germani um
The insulating material |layer nay be formed of a dielectric nmaterial, or
may be formed of silicon oxide to a 5 thickness between about 20A and about
1000A. The gate dielectric Ilayer may be forned of silicon oxide, or may be
formed of silicon oxynitride. The gate dielectric |layer may further be
formed of a high permittivity material selected fromthe group consisting
of La203, Al1203, H 02, Hf ON and Zr02. The gate dielectric |layer my be 10
formed of a high permttivity material' that has a relative. permttivity
of at least 5. The gate dielectric |layer may have a ..thickness between
about 3A and about 100A. The gate dielectric .'layer may have a first

e 0 SR Sl S B o TR e ol
the second ol SRser ALt AR ASeE oIt NE gara arel Sotris PaySy on tHe top
surface ofgsh0g., Sa?ﬁ' §9ﬂ9&fﬁtu%r. f rfﬁéfub@cilr@ﬁaﬁ@ﬁfﬁ]?@.éye%&nay be formed
ﬁf a dielectric.mate:ial} or may be formed of siiicon oxide to a.
5  thickness Between about 20A and about 1000A. The gate dielectric
| layef‘may be formed of silicon oxide, or may be formed of silicon
éxynitride. The gate.dielectricllayer may further be formed_of a
‘ high permittivity material .selected ffom the group cohsistingléf
La,0s, Algg,'Hfoz, HEON aﬁd‘ZrOQ. The gate dielectric layer may be
10 ‘férmed .of a high permittivity waterial that has a relative.
ﬁermﬁttivity-of at least 5. The gaﬁe dielectric layer may have a
tﬁickness between about 3A and qbdut'looA. The gate dielectric
layer ﬁay have a firét thickness oﬁ the top surface of the £in and
a second thickness on the sidewall surfaces of the fin; ﬁﬁerein tﬁe
15- first thickneés is different than the second ﬁhicknessf or,ﬁherein
-_thé firs'.; thickness- is swallex than the second thickness. A
.thickness_of the gate dieléctric layver on the £op Surfacg qf the

“semiconductor fin may be less than‘zoAf

12



in the conpl ementary netal -oxi de-sem conductor static random access-nenory

cell, the at least one gate electrode nay be forned of polycrystalline

silicon,
f ormed of
nunber of
_ nunber of
The first
with the

sem conductor fin. The contacts between the gate electrode and the source
and drain regions are on at |east one of the sidewall surfaces and the top

or may be formed of polycrystalline silicon germanium or may be

a netal. 5 Each of the first pair or NNMEETs may include a first

fins, each of the second pair of. N-M3FETs may include a second
fins, the first nunber nay be different than the second nunber.

pair of N-MGFETs shares the at .least one sem conductor. f

in

second pair of N-MGFETs. The first pair 10 of' NMGFETs and the
second pair of N--M3FETs may not share any of the at |east one

surface of the at |east' one sem conductor fin. 15 20 The present

invention is -furthart@bremmgdemenamqarmayﬂebxlaéaﬁmﬁummﬂdanbaceessléennry

cells forned by a plurality of SRAM cells arranged in an n by- mmatrix,

wherei n
|ncludes

10

15

20

' mapdohn rrecessi ey seldr eblteratt Aaast, ormn diahkee ke ot waish "8RANME c el I

a pair of P : _
formed of " polycrystalline silicon, or may be formed of

jpolycrystalline gilicon germanium, or may be formed of a metal.

- Bach of the first pair or N-MGFETs wmay include a first number of

fins, each of the second pair of N-MGFETs may include a second
number of fins, the first number wmay bhe different than the second
number. The first pair of N4MGFETs:shargs the " at .least one

semiconductor fin with the second pair of N-MGFETs. The first pair

of N-MGFETs and the second pair of N-MGFETs may not share any of

the at least one semiconductor fin. The contacts between the gate

electrode and the source and drain regions are on at least one of

the sidewali surfaces and the top surface of the at least’ ohe

semiconductor £in,.

The present invention is further dlrected to an array of

statlc random access memory cells formed by a plurxality of SRAM

cells arranged in an n by‘m-matrlx, wherein' n and m -are 1ntegers

‘greater than 1, and wherein each SRAM cell includes a pair of P-

channel multiple-gate fieid—effect transistors (P-MGFETg), each of

‘the P-MGFETs has a source connected ro a common voltage potential

S 13



channel

P- MGFETs has a source connected to a conmon vol tage potenti al
gate connected to a drain of the other P-MEET; a first pair of N channel
mul tiple-gate field-effect transistors (N MGFETs),
of N-MGFETs has a .drain connected to the

mul tiple-gate field-effect transistors' (P-MGFETs), each of .the

13 5 and a

each of the first pair
drain of the respective P-MGET

.of the pair of P-M3FETs, a commpbn source connected to ground, and a gate
connected to the drain of an opposite P-MGET of the pair of P-MGFETSs;
second pair of NNM3EFETs that has a drain respectively connected to a

connection |inking the

-10 conplenentary bit lines, each of the conplenentary bit |ines 15.

respectively connected to the source of the N--M3FET of the second pair of

a

respective drain of the NNMGFET of the first pair
of NNMEFETs to the drain of the P-MEFET of the pair of P-M3FETs; a pair of

N- MGFETsan% eplbakal feyneaftatbre ki desineattief dtherwdrdGFENesa Bormect=ad to
the gates .of the N-MGFETs of the second pair of N~ MGETs; n pairs of
conpl ene?f a¥ yelpanngli mes) tiadeh gsttet Halal daififecof trdne ictopse mehMERETs)t,
i nes |inking respective sources of the N

10

15

each of the first pair of N-MGFETs has a .drain connected to the

drain of the respective P-MGFET of the pair of P-MGFETs, a common

source connected to ground, and a gate ¢onnected to the drain of an
opposite P-MGFET of the pair of P-MGFETs; a second pair of N-MGFETSs
that has a drain respectively connected to a comnection linking the

respedtive drain of the N-MGFET of the Ffirst pair of N=MGFETS to

the drain of the P-MGFET of the pair of P-MGFETs; a pair of

complementary bit liﬁes, each of the complementary bit lines
respectively connected to the sdurce-of the N-MGFET of the second
pai# of N-MGFETs; a plurality of word lines, each of the word lines
cbnnected to the gates of the N—MGFETS of the second pair of N-
MGEETE{.n pairs of'complemeﬁtary bit lines, éach of the n ﬁairs of
the.compieméntary‘bit lines linking respective sources of the N-

MGFETs of the second pair of.N-MGFETs of each of the SRAM cells .to

form columns of the array; and m word lines, each of the m word

lines linking respective gates of the,N—MGFETs of the second pair

- of N-MGFETs of each SRAM cells to .form rows of the array.

14



MGFETs of the second pair of-N-MGETs of each of the SRAM<cells to form
colums of the array; and' mword lines, each of the mword |lines |inking
respective gates of. the. N MGFETs of the second pair of N MGFETs of each
SRAM cel | s to-formrows of the array. 14 In the array of static random
access nmenory cells, the pair of P-channel nultiple-gate field-effect
. transistors are pull- up devices and the first pair of N-channel

mul tiple-gate field effect transistors are pull-down devices. A first
P- MGFET. of the 5 pair of P-MGFETs-and a first N-MGFET of the first pair
of NN-MGFETs forma first inverter, and a second P-MGFET of the pair of
P- MGFETs and a second N-MGFET of the first pair of N-MEETs form asecond
inverter, the first and second inverters are cross-coupled to each  other.
A conduct|V|ty of each of the first pair of NNMGFETs is 10 larger.than a
conductivity of eaEWIQﬁEtQﬂ¥f§eédh§tﬁﬁnﬂ ehnNoNGEETsss MbeoPycbanne| e

N- channel nult# ate_field-effect transistors may be doubl e-gate -
field-ef PBET ? &’gPBF% et CHRlrgat Sleldaeéfedt olnbrafifectrst BBRSHSIDL S,

or may be ng ga f|eI effect transistors. In the array of static random
.access Fy 6%?I§n ebRR Fbrst BRirhefpN- phannel multlple -gate field-

effect transistors are pull-down devices. A first P-MGFET of the
5. .palr of P-MGFETs and a flrst N- MGFET of the flrst pair of N- MGFETs
form a flrst inverter, and a second P-MGFET of the pair of P-MGFETa.
and a second N-MGFET of the first palr of N- MGFETS form a second
1nverter, the first and second inverters are cross- coupled to each
other., A conduct1v1ty of each of the first pair of N-MGFETs is
10 larger than a conduétivity of each of the second pair of N-MGFETs.
The P-channel of N—chanhei multiole—gate'fieldweffect traneiseors
may:be double—gate'field—effect eianeistors, or may'be trible—gete '

_field—effeot trangistors, or may'be;omega field-effect traneistors.

': In the array of etatio random access memory cells, each
1§ " of ‘the P-channel or ~N~chenoe1 nmltiple;gate field-effect .
transistors may fﬁrther include a eubstrete that'has,an,insulatinga'
layer on a top surfaoe; at least one semicoﬁductof fin formed
'Vertioally on the topvsurﬁaoe of the substrate, each fin has a top
sorface and two sidewall .eurfades; a gate dielectric layer

2 ) . - - B . .
Y overlying the at least one semiconductor fin; a gate electrode
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20 of the P-channel or N-channel nultiple-gate field-effect transistors
may further include a substrate that has . an, -insulating |ayer on a- top
surface; at |east one sem conductor fin f or med vertically on the top
surface of the substrate, each fin has a top surface and two sidewal |
surfaces; -a gate dielectric layer overlying the at |east one seni conductor
fin, a gate electrode 15 wapping around the at |east one sem conductor fin

on the top .surface and the two sidewall surfaces overlying the
gate-dielectric layer; and source and drain regions separated by - the

gate el egltpdensT t _one sem conductor fin may be at |east two’
seni conductloar%gf F%sgggg%% ﬁ§§ 39 ﬁ(?f"‘ﬁ tdPPFesERt cordictce fithesn e ta

| east one sye#beQNANCERE thid'sTRY, DG oraed. of silicon, or may be formed of
W
silicon and  germani um The insU SHﬁ 5%Pveﬁé¥l‘1$‘dm9dgat@dlldle&’mm c
mat eri al " lagerﬂayaﬂmcbblﬂﬁcél | 'nQiO” The i nsul art | .ng Layer ey have a-
t hi ckness between about 20A and a out CCRA. SFve G&? diel gberignteayer
may be foededtobdsi | ThOntONicdesr Q% d&zﬁc@ﬁdﬁc‘? Eof il hoon oxynitrl de, or
may be farmed of a high permttivity materlaig&E éneE‘F%ob@fraé‘ ?fl*l%té:l"@up -
C0n5|stllqge@¢cqngyggor fing, each has a width dlfferent than the other. The
at ieast one eemlconductor fin wmay be formed of Slllcon or may be
formed of silicon and germanium, The 1nsulat1ng layer ‘may inelude
a ‘dielectric material, or may 1nc1ude 5111con OdeE The
1nsulat1ng layer may have a thlckneee between about 20A and about
1000A. The gate dlelectrlc layer may be formed of silicon- oxide
or may be formed of 51llcon oxynltrlde, or may be formed of a hlgh
permlttavity material- selected from the group coneisting of I@@O;
roL
Alg% HfO,, HION and ZrO2 ‘The gate. dlelectric layer may 1nclude a’
high perm1tt1v1ty materlal that has s relatlve permltt1v1ty of at
least 5 -The gate dlelectrlc layer may have a thlckness between '
.ab ' ‘
out BA and about 100A. The gate dlelectrlc 1ayer may have a
 first thlckneee on the top- surface of the fln and. a second
thlckness on.the s;dewall surfaces of the fin. The flrst thlokness.'
may be. dlfferent than the second thlckness or the flret thicknesg
m
ay be smaller than the. second thlckness A.thlcknese of the gate

dlel
ectrlc layer on the top eurface of the semiconductor fln may'be
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- A1203 HF 2, HION "and : Zro2 , The . gate, dielectric layer .may. include a
high permttivity material that has a relative permttivity of at, |east

5. The gate dielectric |ayer may have a thickness between. .about .3A and
about 100A. The gate dielectric |ayer may have -a first thickness on the
top * surface of the fin and a second thickness. on the sidewall -surfaces
of .,the -fin. The first, thickness nmay be.different than the second

t hi ckness, or the first thickness nmay be smaller than the, second

t hi ckness. A thickness of the gate dielectric |layer on the top surface of
the sem conductor fin may be 16 | ess than 20A. The gate el ectrode may be.
formed of polycrystalline silicon, may be fornmed of polycrystalline
silicon germanium or rmay be formed of a nmetal. Each of the first pair of
N- MGFETs may include a first number of sem conductor fins, each of the
second 5 paks 1HanNeOAGFETBengatd ntbatiéode seyone faumedr obfpadeidtyshalisine
fins, the first nunber nay be different than the second number. The first
pair of NgMiEds nmay hehfpemed sifupal o5y st ld AR cHRd RO BSTTRRI Y ©OF BAY
second pair of N-MGFETs, or the first pair of NNMEFETs . _ .and_the .second
pai r of NpWGEBTmedmyt ndt "ehake ah§cleRf cbhgulitft BBIFi RS, N-MCFETs may

include a first number of semicbnductor fins, each of the second _
5 pair of N-MGFETs may include a second number of semiconductor fins,
the first number may be differené than the second npmber. The
Eirst paii of N—MGFETs‘may ghare a pluraiity of semiconductor fine
ﬁith the second pair of N—MG?ETS, or the firét‘pair of N-MGFETs .

and the second pair of N-MGFETs may not share any semiconductor

10 fins.

Brief Daséription of the Drawings
These and other objects, featurés and advantages of the
present invention will become apparent from the foilowing detailed

15 description and'the'appended drawings in which:

" Figures' 1A and 1B are schematic . diagrams of a
_conventional six-transistor static random access memoiry cell formed

Uslng conventional transistors..

P ran .
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Brief Description of the Drawi ngs These and ot her objects, features and
advant ages of the 15 present invention. will becone apparent fromthe
followi ng detailed description and the appended drawi ngs i n which:

Figures, A and | B are schenmatic diagranms of "a conventional

Six-transistor static random access nenory cell formed wusing conventional
transistors. 17 Figures 2A and 2B are enl arged, cross-sectional views
illustrating conventional transistors formed on bulk silicon substrate and
on silicon-on--insulator substrate, respectively. Figures-3A 3B and 3C are
illustrations of a present 5 invention double-gate transistor in a
perspective view, in a cross- sectional view and in a plane view,
respectively. Figures 4A and 4B are illustrations of a present invention,
al ternate enbodi ment of two doubl e-gate devices connected in _parallel
shown in a crossrsgeté®NaA Mh@W2BNErénealpraed, vieess- Striegdcilmssy. 15

illustrating conventional transistors formed on bulk silicon

substrate and on silicon-on-insulator substrate, respectively.

Figures - 3A, 3B and 3C are illustrations of a present
5 invention double-gate transistor in a perspective view, in a cross-

gectional view and in a plane view, respectively.

Figures 4A and 4B are illustrations of a present
invention alternate embodiment of two double-gate devices connected

in parallel shown in a cross-sectional view and in a plane view,

10 respectively.

- Figure 5 is a layout diaéfam of a present invention SRAM

cell comfigured using double-gate field-effect transistors.

Figure 6 is a layout diagram of another embodiment of the
preseﬁt invention SRAM cell configured using double-gate field-

IS effect transistors.

is



Figure 5 is a |ayout diagramof a present invention SRAM cell configured
usi ng doubl e-gate field-effect transistors. Figure 6 is a | ayout diagram of
anot her enbodi nent of the present invention SRAM cell configured using
doubl e-gate field- effect transistors. 18 Figure 7 is a perspective view of
a portion of the present invention SRAM cell having N channel pull-down
doubl e-gate field-effect transistor NI and N channel pass-gate doubl e-gate
field-effect transistor NL. 5 Figures 8A, 8B and SC are cross-sectional
views and plane view for a triple-gate device structure and a triple-gate
structure wth recessed insulator, respectively. Figures 9A and 9B are
perspective views of a present invention triple-gate device structure
“without and with recessed 10. insulator, respectively. Figure 10 is -a

| ayout diagramillustrating a present invention enbodi nent of SRAM cel

configured using eig:k@het 11 phe Qat;%x%Eéét%eO%%' FRETSa portion of the
present invention SRAM cell having N-channel pull-down double-gate
field-effect transistor N1 and N-channel pass-gate double-gate

- field-effect transistor NL.

5 ~ . Figures 8A, 8B and 8C are cross-sectional views and plane
view for a triple-gate device gtructure and a triple-gate structure

with recessed insulatbr, respectively.

Figures 9A and 9B are perspective views of a present
invention,triple—gate device structure without and with recessed

10 . insulatoxr, respéctively.

Figure 10 is a layout diagram illustrating a present .-
‘invention embodiment of SRAM cell configured using either triple-

gate FETs or omega-FETs.
Figure 11 is a perspective view of a portion of the

15 present invention SRAM cell having N-channel pull-down triple-gate

FET N1 and N-channel pass-gate triple-gate FET NL.

is



15 Figure 11 is a perspective view of a portion of the present invention
SRAM cel | havi ng N-channel pull-down triple-gate FET Ni and N-channel
pass-gate triple-gate FET NL. 19 Figures 12A, 12B, 12C and 12D are

cross-sectional views illustrating a process flow for the formation of a
present invention triple-gate transistor. Figures 13A and 13B are
cross-sectional views 5 illustrating a process' flow for the formation of

a present invention omega-FET. Figure 14 is a plane view of a present
invention triple 10 15 gate transistor or onega-FET. Detailed Description
of the Preferred Enbodi mrent Conventional SRAM cells, an exanple of which
is depicted in Figures 1A and 1B are conprised of conventional transistors
.formed on bulk silicon substrates or silicon-on-insulator substrates. At
present, there is no-report on the incorporation of
Figures 12A, 12B, 12C and 12D are cross-sectiocnal views
illustrating a process flow for the formation of a present

invention triple-gate transistor.

Figures 132 and 13B are crogs-sectional views
5 illustrating a process flow for the formation of a present

invention omega-FET.

Figure 14 is a plane view of a present invention triple-

gate transistor or omega-FET.

Detailed Description of the Pfeferred'Emﬁodiment
10 . Conventional SRAM cells, an example of which is depicted
in Figures 1A and 1B are comprised of conventional transistors
formed on bulk silicon substra£es -or silicog—on—insulator
substrates. At present, there is no report on the incorporation of
multiple-gate field-effect transistors (MGFETs) in an SRAM cell and

15 the optimization of such an SRAM cell.
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multipl.e-gate field-effect transistors (M3ETs) in an SRAM cell and the

optim zation of such an SRAM cell. 20 .One exanple of the present invention
mul tiple-gate field- effect transistor is a double-gate field-effect
transistor (FET) structure 50, shown in Figures 3A-3C, where there are two
gate electrodes 32,34 positioned on the opposing sides of the channel
silicon body 36. Referring nowto Figure 3A the double-gate fin FET
structure 50 is conprised of a thin sem conductor fin 36 forned on an
i nsul ative substrate 38 (e.g., silicon oxide) and defined wusing an etchant
mask. In a preferred enbodi nent, the sem conductor fin 36 is conprised of

silicon.

I n anot her 10 enbodinent, it may be conprised of an all oy

or 5

sem conductor such as silicon-germanium (Site). A -gate dielectric |ayer
42 waps aroind the silicon fin 36 in the channel region and two gate
el ectrodes 32, . Ihstradile cacths prebensiildvent ibnnm3B: ipd o -grameatield-
doubl e-gate structure: a gate on each of the two.sidewalls 44, 46 of the
fin 15 3GffEhe gasesibwhecity isc deapde-d2tenfistiafdecs tonvenctonalFET)
dielectric material such as silicon dioxide or silicon-oxynitride

10

15

structure 50, shown in Figures 3A~3C, where there are two gate

electrodes 32,34 pbsitioned on the opposing sides of the channel or

‘silicon body 36. Referring now to Figure 3A, the double-gate fin

FET structure 50 is comprised of a thin semiconductor fin 36 formed

on an insulative substrate 38 (e.g., gilicon oxide) and defined
uging an etchant mask. In a preferred embodiment, the
semiconductor fin 36 is comprised of s=ilicon. In another

embodiment, it may be comprised of an alloy semiceonductor such as
silicon-germanium (SiGe). A gate dielectric layer 42 wraps around
the silicon fin 36 in the channel region and two gate electrodes

32, 34 straddle across the silicon fin 36 to form a double-gate

‘structure: a gate on each of tle two sidewalls 44, 46 of the £in

36. The gate dielectric layer 42 may include a conventional

dielectric material such as silicon dioxide or silicon oxynitride

with a thickness ranging from about 3A to about 100A, preferably.

10A or less. The gate dielectric layer 42 may also be comprised

of high permittivity (high-k) materials such as'lgnthalum oxide
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with a thickness ranging fromabout 3A to about 100A, preferably 10A or

| ess. The gate dielectric |ayer 42 may al so be conprised of high
permttivity (high-k) materials such as | anthal um oxi de 21 La203, al um num
oxi de A1203, hafnium oxi de Hf Q21 hafnium oxynitride H ON, or zirconium
oxide ZrQ2, with an equival ent oxi de thickness of 3A to about io00A The
source 48 and drain 52 of the double-gate structure 5 50 are separated by
the gate el ectrodes 32, 34. In general, t-he U shaped gate el ectrode 60 may
be formed of a material such as polycrystalline silicon (poly-Si),

pol ycrystalline silicon germanium (poly-SiGe), a refractory netal such as
nol ybdenum and tungsten, conpounds such as titaniumnitride, or other
conducting 10 materials. The cross-section of the doubl e-gate transistor
50 15 ..4A and 4B. (through its channel region) on the plane containing

AA IS lelstmnﬁqm&nn okh QYT 21,88, Hdr$iRkABei dé GY¢d.S BREMOLA rbfyrgwﬁdéc
The deV|ce W’dth wof a singl'e fin 36 is defined t6 be twice the fin
hei ght h, grblatod SirbBiwh A f &8, deubl engalRivEEEnt SoRMge! t A kness

of 3A to about 100A.

The source 48 and drain.52 of the double-gate structure

5 50 are separated by the gate electrodes 32, 34. 1In general, the U-
shaped gate electrode 60 may be formed of a rﬁéterial such as
polycrystalline silicon (poly-Si), .polycrystalline‘ silicon-
germanium (poly-SiGe), a refractory metal such as molybdenum and
tungsten, compou;xds such as titaﬁ_iﬁm nitride, or other conducting

10 mat‘er_j_als; The cross-section of the double-gate transistor 50
(through its channel region) on the plane containing A-A' is
illustrated in Figure 3B. 'its plane view is shown in Figure 3C.
The device width w of a single fin 36 is defined to be twice the

fin height h, that is, thé width of the double—gate.F_ET ig equal to’

.'.15 " 2h. Multliple device widths -may be achieved on the same substrate
54 by placing multiple fins in parallel, as illustrated in Figures

42 and 4B.
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2h. Multiple device widths nmay be achi eved on the sane substrate 54 by
placing multiple fins in parallel, as illustrated in Figures 22 Figure 4A
shows the cross-sectional view in the plane of the channel region of two
doubl e-gate FETs 70, 80 connected in parallel. The width of the resulting
paral |l el connection of two double-gate FETs is 4h. 5 According to the
present invention, an SRAM cell. 90 nay be configured using the doubl e-gate
FET structure of Figures 3A, 3B and Figures 4A, 4B. As an exanple, a
specific layout of an SRAM cell configured using doubl e-gate FETs is shown
in Figure 5. The pull-up P-channel MGFETs (P-MGFETs) P1 and P2 are each
formed using 10 two fins 62,64. The is, Pl and P2 nay each be regarded as
15. conprised of two doubl e-gate transistors connected in parallel. To.
pul | -down N-channel MGFETs (N-MGFETs) N1 and N2 are al so provided, each
With three fins 66F19%ce 22 ShRWE the cFpeR-BRCtIHRL FikK- HoWh NIVMBEETs iy
be regarded as being congrised of three double-gate transistors connected
in paralliﬂg_cq§nq: o TS HePﬁhFWO double~gate FETs 70, 80 connected in
parallel. The width of the resulting parallel connection of two

double-gate FETs is 4h.

5 According to the preseﬁt invention, an SRAM ce11~90.may
be configured using the double-gate FET structure of Figures 33, aB
and Figures 4A, 4B. As an example, a gpecific layout of an SRAM
.cell bonfigured ﬁsing double-gate FETs is shown in Figure 5. The
pull-up P-channel MGFETs (P-MGFETs) P1 and P2 are each formed using

10 two fing 62,64. The i1s, P1 and  P2 may each be regarded as
comprised of two double-gate transistors connected in parallel.
Two pull-down N-channel MGFETs (N-MGFETs) N1 aﬁd. N2 are also
provided, each with three fins 66, 68, 72. Tﬁat is, each Sflthe
pull-down N-MGFETs.maf be regarded as being comprised of three

13- double-gate transistors connected in parallel.. If the fin height

is h, the device width of N1 or N2 is equal to 6h.
Two N-MGFETs for input/output access, i.e., pass-gate

access, labeled NL and NR are provided, each with two fins 74, 76.

.The device width of NL or NR is 4h. Pl and N1 form an inverter
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is h, the device width of NI or N2 is equal to 6h. Two N-MGFETs for
i nput./output access, i.e., pass-gate access, |labeled NL and NR are
provi ded, each with two fins 74, 76. The device width of NL or NR is 4h.
P1 and N1 forman inverter 23 which is cross-coupled with another inverter
consisting of P2 and 5 N2. In the case where the channel |engths of the
pul | -down N M3FETs are the sane as those of the pass-gate transistor, the
beta ratio of the SRAMcell of Figure 5 is equal to 6h/4h. 1.e.,,3/2. The
beta ratio is therefore the ratio of the nunber of fins used to formthe
pul | -down N-MGFETs to the nunmber of fins used to formthe pass-gate access
transistors, if the pull-dowm N MGFETs and pass- gate access transistors
“have the sanme channel lengths. In general, the pull-down N MGFETs and the
pass-gate access transistors need 10 not have the same channel |engths. In
Fi gure 6, wi6théf EMRSHICRBRLSSf witle SORERPEIIVEITET CoRFiLghiRd RSiFrg and
doubl e-gate FETs is shown. |In this engodinent, t he contact hales expose the
si deval I's ¥ t Wi 1§95 ©a86 PHEFS EBRAGREIVE! cHRWUCS Hay-hEddHiloialFy Toe
nade-mntr1£é} Télgkéﬂt %“@é%a as those of the pass-gate transistor, the beta

ratio of the SRAM cell of Figure 5 is equal to 6h/4h. I.e., 3/2.

5 The beta ratio is therefore the ratic of the number of fins used to

form the pull-down N-MGFETs to the number of fins used to form the -

pass-gate access transistors, if the pull-down N-MGFETs and pass-

gate access transistors heve the same channel lengths. In general,

the pull-down N-MGFETs and the pass-gate access transistors need

;10 not have the same channel lengths,

.In Figure 6, enother embodiment of'the SRAM cell 100
configured using-double-gate FETs is shown. In this embodiment,
the contact holes expose the sidewalls of the fins, so that
eonductiVe contacts may additionally be made with the fin sidewall

15  area. .This increases the contact area.and effectively reduce the
contact resistance. Reduction of contact resistancee.is importan;
for the achievement of high current drivability for enhancement of
read/write speed. The pull-down N-MGFET labeled N1 is eomprieed'of

" three fins B2, 84, 86, and the pass-gate access.transisto: NL is
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| 5~ area. This increases the contact area and effectively reduce the

cont act

resi stance. Reduction of contact resistances. is inportant fo

achi evenent of high current drivability for enhancenent of read/wite
speed. The pull-down N MGFET | abeled N1 is conprised of three fins 82
86, and the pass-gate access transistor NL is 24 conprised of two fins BB,
92. The beta ratio of the SRAMcell 100 is 3/2, if the transistor N
the transistor NL have the sanme channel |ength. 5 A three-di nensional
perspective view of the fins and electrodes of transistors Ni and NL
the direction indicated in Figure 6 is shown in Figure 7. The

“t hree-di nensi onal perspective view clearly shows-that transistor N
conprises of three fins, 82 84, 86 straddled by a comobn gate .el ectrod
while transistor NL conprises of two fins 88, 92 straddl ed by' anot her
el ect r odeCAPIE A At T4pecBi P2xalipt hettavraolo tde drer eeafii as1 84,0086 of

‘the pull:do transistors are joined toge'ther.with the correspondi ng
fins 88, gt |

ot te thaskipfietoraisi apér the-owewer stoheN hiees files sefne

tranS|stcghgﬁnéingegggh}mo fins of transistor NL need not be

10

15

A.three—dimensiénal perspective view of the fins and
electrodes of transistors N1 and Ni in thé'direction indicated in
Figure € is shown in Figﬁ;é 7. The three-dimensional perspecﬁive
view'ciea;ly shows' that transistor N1 comprises of three fins; 82
8%, 86 straddled by a common gate electrode 94 while transistor NL

comprises of two fins B8, 92 straddled by another gate electrode

r the

, 84,

and

in

e 94
gate

t wo

96. In this specific example, two of the three fins B4, 86 of-ther

pull-down transistors are joined together with the corresponding

two fins 88, 92 of the pass-gate transistor. However, the three

- fins of transistor N1 and the two fins cf‘transistor NL need not be

joined together in general. That is, the fine of transistor N1 and
the fins of transistor NL may be separate, In this speéific

examp;e, the fins 82, B4, 86 and the fins B8, 92 may be oriented in

‘the same direction.
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Joined together in general. That is, the fins of transistor NN and 15 the

fins of transistor NL may be separate, in this specific exanple, the fins
82, 84, 86 and the fins 88, 92 may be oriented in the sane direction.

5 1t is advantageous to have the freedom of selecting an
ratio to optim ze the performance of an SRAM cel |
the af orenenti oned SRAM cel |l configured using double-gate transistors is

not able to offer a continuous range of beta ratio if the pull-down
transi stors and the pass-gate transistors have the sane fin height and

channel

25

appropriate beta
It should be noted that

l ength. If two fins are used for.the pull-down N-M3FET and one fin

is used for the pass-gate N-MEET, the beta ratiois 2.. If five fins are

used for
10 MGFET;

t herefore be a nunber
cont i nuousPPTPRELake e

10

15

20

the pull-down N-MGFET and two fins are used for the pass-gate N

the beta ratio is 5/2. Variation of the fin width has no effect
on the device w dt hltofist revaotbyecymitie thayitsitdEof TeTRIM bt oS e g omast

P EXatplce, optigige the perfor

It should be noted that the aforementioned SRAM cell configured
using double-gate transistors is not able to offer a continuous
range of beta ratic if the pull-down transistors and the pass-gate
transistors have the same fin height and channel length. If two
fins are used for the pull-down N-MGFET and one fin is used for the
pass-gate N-MGFET, the beta ratioc is 2.. If five fins are used for
the pﬁll—down N-MGFET and two fins are used for the pass-gate N-
MGFET, the beta ratio is 5/2. Variation of the fin width has no
effect on the device width of the double-gate transistor. The beta

ratio must therefore be a number given'by a guotient of two

‘integers. It cannot be continuously varied. For example,(it is

not straightforward to realize a P/N width ratio of 2.35 for an
SRAM cell configured using the double-gate FETs of the same channel

length.

The problem can be solved using multiple-gate transistors

with a gate on the top surface of the silicon fin. Multiple-gate

. transistors with a gate on the top surface of the silicon fin

include the triple-gate FET and the omega-FET.
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15 20 not straightforward to realize a PPN width ratio of 2.35 for an SRAM
cell configured using the doubl e-gate FETs of the sane channel |ength. The
probl em can be solved using nmultiple-gate transistors wth a gate on the
top surface of the silicon fin. Miultiple-gate transistors with a gate on

the top surface of the silicon fin include the triple-gate FET and the

onega- FET. 26 5 Figure 8A shows the cross-sectional

transi stor 110, .through the channel region. The triple-gate transisto

simlar to the double-gate transistor except for the

on the top surface 112 of the sem conductor fin 114. The gate dielectr
116 waps around the sem conductor fin 114 on three sides 112, 118, 12
t he channel region, and the gate electrode 124 straddl es over the fin.

gate el ectrode 124p;foram,t brees %teeéfo&@.@rc%léaélqaetvheftmﬁg&éagstéﬂ of
sem conductor fin 114 and a gate 128, 132 on each of the two

t he

10

D15

20

transistor 110, .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 112 of the semiconductor fin
114. The gate dielectric 116 wraps around the semiconductor fin
114 on three =zides 112, 118, 122 in the channel region, and the
gate electrode 124 straddles over the fin. The gate electrode 124
forms three gates: a gate 126 on the top surface 112 of the
semiconductor fin 114 and a gate 128, 132 on each of the two
51dewalls 118, 122 of the fin. The device width of the triple-gate
FET 110 is glven by the sum of the fin width and twice the fin
height, -i.e., (2h + w). ©Note that in this device structure, a
variation of the fin width w chénges the device Width. The value
of fin width w may be varied by altering‘ the layout as
Schematigally illustrated in Figure - 8cC. "Aﬁ.three-dimensional

perspective of triple-gate FET 110 is shown in Figure 9A.

view of a triple-gate

ris

absence of the nmask

ic
21n
The

Triple—gafe transistors 120 may have a recessed

insulating layer 134 for improved gate control, as illustrated in
Figure 8B. A triple-gate transistor 120 with a recessed insulating

layer is also known as the_bmega (Q) field-effect transistor (FET),
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10 sidewal s 118, 122 of the fin. The device width of the triple-gate 15 20

FET 110 is given by the sumof the fin width and twice the fin

height,.-i.e., (2h + w). Note that in this device structure, a variation
of the fin width w changes the device width. The value of fin width w may
be varied by altering the |ayout as schematically illustrated in Figure

8C. 'A three-dinensional perspective of triple-gate FET 110 is shown in
Figure 9A. Triple-gate transistors 120 may have a recessed insulating

| ayer 134 for inproved gate control, as illustrated in Figure 8B. A
triple-gate transistor 120 with a recessed insulating |ayer is also known
as the Omega (Q field-effect transistor (FET) 27 .5 or sinply onega- FET,
since the gate el ectrode has an onega-shape in its cross-sectional view.

The encrgaclimny &hederraat 816t LeHEOES o QQCHQQ% ﬁa[go a3 &5, gs\rgso

or body fornms an onega-shaped gate Structure. sely res

or.fin 114
s the

Gat e- Al | i mms(eéeamman&le@torTﬁ@remlcheahtssele@ el 20HLHSES 2

very

.136 under the semiconductor fin 114 or body forms an omeéga-shaped

gate structure. It closely'resembles the Gate-All-Around

3 transistor for excellent scalability, and uses a

{GAR}

very

manufacturable process similar to- that of the double-gate or

triple-gate transistor. ' The omega-FET has a top gate 138,

sidewall gates 142, 144 and special gate extensions

two

146 or

encreoachments 'undex‘ the semiccnductor' body . The omega-FET is

10 therefore a field effect tran51stor with a gate that almost wraps

around the body. In fact, the longer the gate extension 146, i.e,,

the greater the extent of the encroachment E, the more the

structure approaches or resembles the gate-all-arocund structure.

A three-dimensional perspective of the triple-gate transistor 120

15 with recessed insulator, or omega-FET, is schematically illustrated

in Pigure 9B. The encroachment of the gate electrode under the

silicon body helpe to shield the channel from electric field lines

. from the drain and improves gate to-channel controllablllty, thus

allev1at1ng the drain- 1nducedﬁbarr1er lowering effect and 1mprov1ng

20 ehort-channel performance. The encroachment of the gate electrode

under the ‘silicon body relies on an undercut of the insulating

28



hanufacturable process simlar to. that of the doubl e-gate or
transistor. f The omega-FET has a top gate 138, two sidewall
144 and special gate extensions 146 or encroachnents under t

triple-gate

gates 142,
he

sem conduct or body. The onega-FET is 10 therefore a field effect transistor

with a gate that al nost waps around the body. In fact, the

| onger the

gate extension 146, i.e., 15 20 the greater the extent of the encroachnment

E, the nore the structure approaches or resenbles the gate-a
structure. A three-dinensional perspective of the triple-gat
120 with recessed insulator, or onega-FET, is schematically i
Figure 9B. The encroachnent of the gate el ectrode under the

hel ps to shield the channel fromelectric field lines fromt

|| -around
e transistor
|l ustrated
silicon body
he drai n and

inproves galest @nChRANAILGRREED! LB | fdihinbhESnodh eMi atHdGuiRerate at

drai n-induced barrier lowering effect and inproving short-ch

annel

per f or mancene Hheeestracbaentcnfbddie gateswhac bedactefdaiat ke’ skbieen

body relies on an undercut of the "insulating 28 5
o 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,

5 the device width is given by (w + 2h + 2E). A variation of the fin

width for the omega-FET changes the device width.

It should be noted that the fin constituting the triple-

gate transistor and the omega-FET may be formed

semiconducting material such ag gilicon or germanium, or

of any

any alloy

10 semiconductor such as silicon-germanium. The gate dielectric of

the triple-gate transistor or omega-FET may be silic

on oxide,

gilicon oxynitride, or any high-permittivity material. The

thickness of the gate dielectric may range from 3A to 100A. The

gate electrode may be comprised of any conductive material such as

15 doped poly-si, .doped. poly-SiGe, metals such ‘as molyb

metallic nitrides such as titanium nitride.

denum, Or

An  SRAM cell 130 configured using bmultiple—gate

transistors such as a triple-gate FET and an omega-FET is

- schematically shown in Figure 10. In one embodiment of the present

28
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| ayer in the substrate, thus formng a notch in the substrate at the base
of the silicon body. It should be noted that the device wdth of the
onega- FET is given by the sumof the fin width w, twi ce the fin height h,
and tw ce the encroachnment E. Therefore, the device width is given by (w +
2h. + 2E). A variation of the fin wdth for the omega- FET changes the device
width. | It should be noted that the fin constituting the triple- gate
transi stor .and the onega- FET nay be formed of any sem conducting nateri al
~such as silicon or germanium or any alloy 10 sem conductor such as
silicon-germanium The gate dielectric of 15 the triple-gate transistor or
onega- FET may be silicon oxide, silicon oxynitride, or any
hi gh-permttivity material. The O 0 thickness of the gate dielectric may

"range from 0A h a e co |sed of ,any
d é%h%ﬂlég th% Sxad Egl F Si fmoﬁég%% v ytg?tErlﬁéFa$§t§uch

conductive material suc dope y-Si
as nol ybdemﬁans%tof@hqblbﬁ Fmgh&bd@a? SUEN R kLt SR HTRLE T de: A0, SRAM cel |

130 configured using nultiple-gate
_1s provided with triple-gate transistors 120 with a recessed

iﬁsulating layef,'also known as omega—FEfs, of Figure B8B. In
5 Figure 10, the fin widths of the pull-up P-MGFETs, pull-down N-
MGFETS, and pass-gate trangsistors are.indicated. In genéral, the
fin widths of the devices need not be the same. A three-
dimensional perspéctive cf the fins and electrodes of transistors
N1 and NL in the direction indicated in Figure 10 is shown in
i0 Figure 11-. In this e#ample, transistor N1 and transistor NL share
two‘fins; The first fin 152 of transistor N1 is coﬁmon with the
first fin 162 of transistor NL. The second fin 154 of tran51stor
Nl is also common with the second fin 164 of transistor NL.
lTherefore, transmsto;s N1 and NL may share a plurality of fins.:
15 - The fins comstituting transistor N1 and transistor NL :may' be

Separate, in-which case they do not share éﬁy fins.

In addition, & fin need not have a uniform width, e.g.,
a first fin constituting transistor P1 and transistor P2 may have
a width w, , in the region where P1 is formed and a width Wy, in

2 . '
O. the region where P2 is formed. The nomenclature of the fin width
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transistors such as a triple-gate FET and an onega-FET is schematically
shown in Figure 10. In one enbodi nent of the present 29 invention, the SRAM
cell 130 is provided with the triple-gate transistors 110 of Figure 8A 1In
anot her enbodi ment, the SRAMcell is provided with triple-gate transistors
120 with a recessed insulating |layer, also known as onmega- FETs, of Figure
8B. In5 Figure 10, the fin wdths of the pull-up P-MGETs, pull-down N
MEFETs, and pass-gate transistors are indicated. I'n general, the fin

wi dt hs of the devices need not be the sane. A three- dinensional
perspective of the fins and el ectrodes of transistors Nl and NL in the
direction indicated in Figure 10 is shown in 10 Figure 11_ In this exanple,
‘transistor N and transistor N A share two fins. The first fin 152 of

transistor Ni is conmon with the rst.fin 162 .,of transjstqQr NL. .
The' second F?ﬁﬁfﬁﬂ‘ggnf?m%g %ﬁﬁnSlﬁ °F s'3f%0 *EonHEh UF H”fﬁgmééﬁﬁﬁ&IFPﬁ 164

of transi st gps Mo naThef Shar o bEANSLANQLS, NI A Mepmay,share. 2 S ohgt Y

of fins. Ins constituting transi S ran5| S

separ at e, | QayiieRataseglbey 40 Al Shar &, a%{ryiﬂbs-tﬁg device width is
achieved since varying the fin 'width'changes the device width.

5 Bowever, the fin width is seldom too large. For example, the fin

width is seldom more than five times the gate length. .I‘f

configured using triple-gate transistoré, the beta ratio in the

SRAM cell of Figure 10 is given by: .
beta = (W, + Wg,o + Wg,a + 6h)/ (wy , + 4h) . (Equation 1} -
10 In general, if p number of fins are used for the pull-down N-
channel triple-gate FET and g number of fins are used for the pass-
gate N-channel triple-gate FET, the beta ratio is given by:.

beta = {2, =y (wy, + 20)1/05;% = ; (wg,s + 2h)]. (Equation 2)

In this invention, the rough adjustment of the beta ratio is
15 achieved by adjusting the fin numbers p and g for the pull-down and
'PaSS-gate transistors, respectively, and fine adjustment is

achieved by the fins widths Wy, and wy .. Fine adjustment of the
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In addition, a fin need not have a uniformwdth, e.g., a first fin
constituting transistor Pl and transistor P2 may have a wdth wl , in the
region where P1 is forned and a width wp2,,' in the region where P2 is
formed. The nonenclature of the fin width 30 5 is Waeel,n where the
transistor | abel is included in the subscript and n indexes the nth fin
constituting the | abeled transistor. .An additional degree of freedomin
varying the device width is achieved since varying the fin w dth changes
the device width. However, the fin width is- seldomtoo |arge. For
exanple, the fin wdth is seldomnore than five tinmes the gate length. if
configured using triple-gate transistors, the beta ratio in the SRAM cel
of Figure 10 is given by: beta = (WN3.,| + wl,r1,2 '+ wi, 3 + 6h) /

(W, detafBdtio &Egugié&ﬁeiacﬂi%mnsg%dﬂfgiagnﬂa@eﬁha%eﬁ! DSndtis Wyed for
the pull-down N channel triple-gate PET and q nunber of fins are used, for

t he passcre @aug_ab@haﬂﬂghsgr@gﬁé}ﬂyahgiggais1he beta ratio is given by. beta
(wtl,, +2h") ]'/ [EDg =1 (w,,,,,,7 + 2h) ] . (Equation 2) 1s
. The preceding explanatioﬁ details the structural
descfiption of the SRAM cell configured wusing multiple-gate
5 transistors. Next, a method is deécribed for the formation of such
a structure. A simple process flow for fabricating a triple-gate

trangistor or an omega-FET is to be described.

The fabrication process for the triple—éate transistor,

the preferred embodiment of the present invention, is schematically

10 describea in Figures 12a ~ 12D. Figures 12A ~ 12D show the device
150 cross-section at the wvarious process steps, as observéd along

line A-A'. of thg plane view of the completed device 150 oﬁerlying

an insulator laver 154". The insulator layer 154 has a thickness of
between aboﬁt 20A and about 1000 A, . The insulator layer 154 can

135 be made of any dielectric material such asg silicon oxide. The

dielectric material is preferably silicon oxide.
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In this invention, the rough adjustnent of the beta ratio is achieved by

adjusting the fin nunbers p and q for the pull-down and pass-gate

transi stors, respectively, and fine adjustnent is achieved by the fins
widths w,,,,, and w.,:,. Fine adjustnent of the 31 beta ratio may al so be
achi eved by nodifying the channel |engths of the pull-down or pass-gate
transi stors. The precedi ng explanation details the structural description

of the SRAM cell configured using nultiple-gate 5 transistors. Next,
met hod i s described for the formation of such a structure. A sinple

process flow for fabricating a triple-gate transistor or an onega-PET.is
to be described. The fabrication process for the triple-gate transistor,

the preferred enbodi nent of the present invention, is schematically 10

described in Figu%es 1 - %gD. Figures 12A - 12D show the device 150
PRl i dE8s~ET L. STBSIpNEH A A aPEREETT TBTE A, . of

cross-section at the %ar

t he pl an i c et devj.,ce 150 overlyi 15 an insulato
154 The J|('95nés/'uFﬁ\(%'lt %ﬂéo aé@rgﬁ%%gg]aa t l?%ker];cecs?%fmﬁ%ﬁri%s may comprise o

a material commonly used for masking an etch process, such as
photoresist, silicon oxide, silicon nitride, étch. In the
5 - preferred embodiment, the etchant mask is silicon oxide.  In the

present invention, an optional fin surface smoothing step is

carried out to improve or reduce the surface roughness of the fin

- sidewalls. If the etchant mask used for fin definition is silicon
oxide, as in the preferred embodiment, it may be removea before or

10 - after the fin smoothing process. The removal of the etchant mask
156 on the silicon fin 162 prior to gate dielectric formétion
allows the fabfication oan triple—gate 110 or an oﬁega;FET device

120 since the gate electrodé 158 will finally be formed on each of

the two sidewalls 164,166 as well as thé top surface 168 of the

15 fin, as.shown in Figure 12C. If the etchant mask 156 used for fin
definition is a photoresist, it has to be removed before the fin
sﬁrfacé smoothening step to avoid the high temperatures used in the

fin smoothing process. The fin surface smoothing is performed by
subjecting the fin to a sacrificialr oxidation .and/or silicéﬁ

20 sidewall treatment (e.g., high femperature anneal at 1000° C in H,

ambient). The surface smoothing of the fin sidewalls contributes

33
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bet ween about 20A and about 1000 A. .The insulator |ayer-154 can be nade
of any dielectric material such as silicon oxide. The dielectric materi al
is preferably silicon oxide. 32 5 The silicon fins 152 are patterned using
an etchant mask 156, as shown in Figure 128. The etchant nmask 156 nmay
conprise of a material comonly used for masking an etch process, such as
phot oresist, silicon oxide, silicon nitride, etch. In the preferred

enbodi ment, the etchant mask is silicon oxide.- In the present invention,
an optional fin surface snoothing step is carried out to inprove or reduce
t he surface roughness of the fin sidewalls. If the etchant mask used for
fin definition is silicon oxide, as in the preferred enbodinent, it may be
renoved before or 10 after the fin snoothing process. The renoval of the

et chant. fmagke 156: O id i fi PL| . gate djelegtric formation
al l ows he fabricgtioégﬁfsg tggg%e??gégér1%%8%%£§ﬁg%neggkﬁﬁ$ga%%i5%1 120

since thetgatecet eguneds dofialickbnbhnaldsk be fandmds orseach, ofy. the two

“sidewal | s 164,166 as well as the top surface 168 of the 1S Fin. asshown in

Fi gur e hi¢Grhlibgt heoetsghanép maste thépeised ther £ih may be square-1like or
rounded at.the top. If the etchant mask may be retained on the fin

5 throughout the process, the final device structure will be =a

double-gate device structure.

The ﬁrocess step is followed by gate dielectric layer 172
formation. The gate dielectric layer 172 may be formed by thermal
oxidation, chemical vapor deposition, sputtering, ete. In general,

10 the thickness of the gate dielectric layer 172 may be different on
| the sidewalls 164,166 of the fin and the top 168 of the fin.
Depending on the technique of gate dielectric layer formation, the

gate dielectric thickness on the top 168 of the fin may be thinner

than the thickness on the fin sidewalls. In one embodiment, the

15 gate dielectric thickness oﬁ the top surface 168 of the fin 162 is
less thag 20A. The éate dielectric layer mway comprise of a
conventional material such ag silicon dioxide or silicon oxynitride
‘with a thickness ranging from about 3A to about lObA, preferably

10A or less. The gate dielectric may also comprise of high

20 permittivity (high-k) matefials such as lanthalum oxide 1a,0,,
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20 definition is a-photaresist, it has to be renoved before the fin

surface snoothening step to avoid the high tenperatures used in the fin
snoot hi ng process. The fin surface snoothing is perfornmed by subjecting
the fin to a sacrificial oxidation and/or silicon sidewall treatnent

(e.g., high tenperature anneal at'1000 Cin Hz anbient), The surface
snoothing of the fin sidewalls contributes 33 5 to the achi evenent of good
carrier nobilities. 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 may be retai ned
on the fin throughout the process, the final device structure will be a
doubl e-gate device structure. The process step is followed by gate

For moa By THON Rt 88, Rl us Bl BB e “HEEBEHT, RSy %fe%?ﬁa*beet c.
| I f
(it for oRE h PRI CENR 12 g, 16 %?‘tf‘?%ﬂheﬁaﬁ%‘%h%x s %%ggE‘% Bie tin

about 3A to about 100A.

Next the gate electrode material is deposited., The gate
5 electrode_ material may be polycrystalline-silicon (poly-si)
polycrystalline silicon-germanium (poly-SiGe), a refractory metal
such as molybdenum and tungsten, compounds such as titanium
nitride, or other.éonducting materials. A gate mask (noﬁ shown} is
defined and the underlying gate material is etched to form the gate
10 electrode 158. The gate étch stops on the gate dielectric layer‘
172, and the gate is electrically isoclated from the transistor
‘structure by thé gﬁte dielectric layer 172. In the preferred
embodiment, the gate material is poly-8i and the gate dielectric is.
silicon, oxynitride.. A ‘plasma etch using chlorine and bromine
15 cﬁemiéﬁry may be used to achieve a high etch selectivity. B high
_ eﬁch selectivity is critical‘for deﬁice structures with a tall fin

and aggressively scaled gate dielectric thickness.

After the definition of the gate, the gate mdsk can be

removed. At this stage of the fabrication, the three-dimensional

35




Dependi ng on the technique of gate dielectric |ayer formation,

gate dielectric thickness on the top 168 of the fin may be thinner'
the thickness on the fin sidewalls. In one enbodi nent, the gate

di el ectric, thickness on the top surface 168 of the fin 162 is |ess
20A. The gate dielectric layer may conprise of a conventional materi al

such as silicon dioxide or silicon oxynitride with a thickness ranging from

the 15 20

t han

t han

about 3A to about 100A, preferably, 10A or less. The gate dielectric my
al so conprise of high permttivity (high-k) materials such as | anthal um
oxi de 1a203, 34 al um num oxi de A1203, haf ni um oxi de Hf Q2. Haf ni um

oxynitride HHON, or zirconiumoxide Zr02, with an equival ent oxide

t hi ckness of

about 3A to about bOOA. Next the gate electrode material is

deposi tgg-spEeiveabe t@eelaﬂeqftleed@smtl@ﬁgaiam e PoLyse yYohalddngasl Iicon
(pol y- 5|) pol ycrystal line silicon--germanium (poly-SiGe), a refractory

met al

| 1SitiGh eagafBl ymeﬁ;ndzbung@gm BOITRQUAHS Sieda asETt | 18 WA

nitride, or other conducting materials. A gate mask (not shown) is

10

15

20

Figure 3A for +the double-gate transistor 50 (spacers and
source/drain extensions not shown). The lightly-doped drain (LDD)
or drain extension is formed next. <This may be-aqhieved by ion
implantation, plasma immersion ion implantation (PIII), or cther
techniques known and used in the art. Next, a spacer 182 (shown in
Figure 14} is formed on the sidewalls of the gate electrode by
techniques known and used in the art, e.g., deposition and-
seléctive etching of the spacer material. The spacer material maf
cohprise a dielectric material such as silicon nitride or silicon
dioxide. In the preferred embodiment, the spacer compfises of
silicon mnitride and oxide composite spacer. After spacer
formation, source and drain rggiqps 184,186 are doped by ion
implantépion, PIiI, gas or solid sourcé diffusion, or any other

technigues known and uséd_in the art. Any,implant damage or

Camorphization 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 184, drain 186,
and gaté electrode 158 with a conductive material. The conductive

material may be a metallic silicide such as titanium silicide,
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defined and the underlying, gate material is etched to formthe gate 10

el ectrode 158. The gate etch stops on the gate dielectric layer 15 172, and
the gate is electrically isolated fromthe transistor structure by the
gate dielectric layer 172. In the preferred enbodinent, the gate materi al
is poly-Si and the gate dielectric is. silicon, oxynitride._ A 'plasm
etch using chlorine and brom ne chemstry 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

t hi ckness. After the definition of the gate, the gate mask can be renoved.
At this stage of the fabrication, the three-dimensional 35 perspective of
the device is illustrated in Figure 9A for the triple-gate transistor 110,

Figure 9B fg% %@esﬂ?&adePEErl?r&ck%? dsu_ﬂ@fﬁee 3A darathe gﬁl&!}hsegéﬁsh as

transi stor spacers and “source/drain ext'ensi ons not

lightly-doped.dfahn;tkPRk o Pkatla in eAEERSE O lmétéprm ageﬁﬁngs-g@rls ARy be
achi eved by ion inplantation, plasm i mersion ion inplantation (Pill), or
other techgipgues &NAvhead1yis@shdd skh@cahduct¥aXisucd sPageradddd cshowasin
the preferred embodiment, the conductive material is nickel
5 silicide which may be formed by a self-aligned silicide (salicide)
process. In the source and drain regions 184,186, the conductive

material may be formed on both the top 168 of the fin as well as

the sidewalls 164,166 of the fin 162.

Next, contacts are formed to the source, drain, and gate
‘10 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 multiple-gate

transistor. -

The fabrication process for the omega-FET 120 is similar

15 to that of the triple-gate transistor 110. The fabrication of the
omega-FET 120 adopts the same process as the'tfiple~gate transistor

110 up to the fin formation step, as shown in Figure 12C.
Following Figure 12C, a recess in the insulating layer is formed

generally an etch process. Figure 13A shows the cross-section of
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known and used in the art, e.g., deposition and 10 sel ective etching of the
spacer material. The spacer material may 15 20 conprise a dielectric
material such as silicon nitride or silicon dioxide. In the preferred
enbodi ment, the spacer conprises of silicon nitride and oxi de conposite
spacer. After spacer formation, source and drain regions 184,186 are doped
by ion inplantation, PIIl, gas or solid source diffusion," or any other

t echni ques known and used in the art. Any inplant danage or anor phi zation
can be anneal ed t hrough subsequent exposure to elevated tenperatures. The
resi stance of the source, drain, and gate can al so be reduced by strapping
the source 184, drain 186, and gate electrode 158 with a conductive
material. The conductive mnmaterial nay be a netallic silicide such as
titani um sthe cielsice3aisebalthesirereseels oformeskel & |¢xamtde @fhearal ¢iah
nitride such.as titaniumnitride and tantalumnitride, a nmetal such as
tungst en aREPCeESppRIR Wek of Pelsily ddéped WerPEbIRIUG aFiduthi ) dSonreddped Si.

I n
a mixture of 25 parts of water and 1 part of concentrated HF) for

30-600 seconds at 25-D C to etcﬁ about 50-1000A of thermally gro@n
3 silicon oxide. In the preferred embodiment, the recess R {shown in
Figure 13B) is between about ZDA and about SODA; After the
formation ofl the recess, subsequent processes such as gate
dielectric formation, gate electrode formation, and contact
formation are exactiy the same as that described for the triple-

16 gate transistor.

While several embodiments of the inventior, together with
modifications therecf, have been described in detail herein and
illustrated in the accompanying'drawinge, it will be evident that
various modificatrons are possible without departing from the scope

15 of the present invention. The examples given are intendea to be
illustrative rather ‘than exclusive. The drawings may 1ot
necesearily be to scale and features may‘be shown .in a schematic

form.
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the preferred enbodi nent, the conductive material is nickel 5 silicide
which may be fornmed by a self-aligned silicide (salicide) process. In the
source and drain regions 1B4, 186, the conductive material may be forned on
both the top 168 of the fin as well as the sidewalls 164,166 of the fin
162. Next, contacts are fornmed to the source, drain, and gate 10 regions
usi ng techni ques known and used in the art. It is inportant to achieve a
very | ow contact resistance in nanoscal e devices. This conpletes the
fabrication of the nultiple-gate transistor. 15 The fabrication process for
the omega-FET 120 is simlar to'that of the triple-gate transistor 110.
The fabrication of the onega-FET 120 adopts the sanme process as the
triple-gate transistor 110 up to the fin formation step, as shown in
Figure 12C. Follow,ng Figqure 12 a.r L n eyLnsu i ay:

formed generally a hé&%ﬂ#ﬁ% (ﬁﬁé%nthéﬁggéigi gégmgégﬁe&§%%§§¥%%8%{6%§of

37. the deyjge. af t ce 15 G BB 0y A0 8XARPL B, 0f i tetghno D Acess
is a wet e%% Eﬁ%?%gﬁ%f?ﬁFéghyg§6??ﬁiric a%?d (HF) (fo?néa by nolbd

used ig intended to be in a nature of words of description rather

than of limitation.

) Furthermore, while the present inventicn has been
described in terms of a preierred and alternate embodihent, it is
to be appreciated that those skilled in the art will readily apply

these teachings to other possible variations of the inventions.

The embodiment of the invention in which an exclusive.

10 property or privilege is claimed are defined as follows.
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a mxture of 25 parts of water and 1 part of concentrated HF) for 30-600
seconds at 25 Cto etch about 50-1000A of thermally grown 5 silicon oxide.
In the preferred enbodi nent, the recess R (shown in e e Figure 13B) is

bet ween about 20A and about 500A. After the formation of the recess,
subsequent processes such as gate dielectric formation, gate el ectrode
formation, and contact formation are exactly the sane as that descri bed
for the trlple 10 gate transistor. \Wile several enbodinents of the

i nvention, together with nodifications thereof, have been described in
detai|l herein and illustrated in the acconpanying drawings, it wll be
evident that various nodifications are possible w thout departing fromthe
scope 15 of the present invention. The exanpl es given are intended to be
illustrative rather than excl.usive. I@% gramjngs may not necessarily be to
scal e and features may be shown An a Nematic form 38 While the present

i nventi omnhasi beenigesc{ibed in an illustrative manner, it should be
understood that the term nol ogy
1. A complementary metal-oxide-semiconductor static

rapdom access memory cell comprising:

a pair ©of  P-channel multiple-gate field-effect
transistors (P-MGFETs), each of said P-MGFETs having a source
connected to_a common voltage potential and a gate connected to a

-drain of the other P-MGFET;

a first pair of N-channel multiple-gate field-effect
transistors (N-MGFETs), each of said N-MGFETs ha%ing & drain
connected to the drain of the respective P-MGFET of the pair of P-
MGFETs, a sgurce connected to ground, and é géte cdnnected to.the
d#ain of an.opposite P-MGFET of the paiy of P-MGFETs;

a second pair of N-MGFETs having a drain respectively
connected to a connection linking the respective draln of the N-
MGFET of the flrst pair of N- MGFETS to the drain of the P-MGFET of

the pair of P-MGFETs;

40



used is intended to be in a nature of words of description rather than of
limtation. 5 Furthernore, while the present invention has been described
internms of a preferred and alternate enbodinent, it is to be appreciated

that those skilled in the art will readily apply +these teachings to other
possi bl e variations of the inventions. The enbodi nent of the invention in
whi ch an exclusive. 10 property or privilege is clained are defined as
follows. 39 CLAIMS What is clainmed is: 1. A conplenentary

met al - oxi de- sem conductor static random access nenory cell conprising: a
pair of P-channel nultiple-gate field-effect transistors (P-MGETs), each
of said P-MGFETs having a source connected to a common vol tage potenti al
and a gate connected to a drain of the other P-MGFET; a first pair of
N-channel nmultiple- gate. field-effect ‘transistors (N-MGETs), each of said
N-MGFETs having a draPRi™ &mnAgBaPesarnditdlanes ofeacheof espechlwe PVGRET

of the pai ; i
p Bfoﬂlélllnes respectively connected to the source of the N~-MGFET of
the second pair of N-MGFETS; and
a word line connected to the gates of the N-MGFETs of

gald second pair of N-MGFETs.

2. The complementary metal -oxide-semiconductor static'
random access memory cell of claim 1, wherein said pair of p-
channel multiple-gate field—effect transistors are pull-up devicesn
apd said first pair of N-channel multiple-gate field-effect

trangistors are pull-down deviceg.

3. The complementary metal-oxide—semiconductor static
random access memory cell of claimﬁl wherein said fifst P-MGFET of -
the pair of P- -MGFETs and said first N-MGFET of the flrst pair of N-

‘MGFETS form a flrst inverter, and wherein said second P- MGFET of
the pair of P MGFETS and sald second N- MGFET of the first pair of
N-MGFETs form a second 1nverter, said first and second inverters

being cross-coupled to each other.
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MGFETs, a source connected to. ground, and a gate connected to the drain
of an opposite P-MGFET of the pair of P-MGFETs; a second pair of N MGETs
having a drain respectively connected to a connection |inking the
respective drain of the NN MGFET of the first pair of NNMGFETs to the drain
of the P-MGFET of the pair of P--MSFETs; 40 , a pair of conplenentary bit
| ines, each of said plurality of bit lines respectively connected to the
source of the NNMGEFET of the second pair of N-MEFETS; and a word |ine
connected to the gates of the N-MEFETS. of said second pair of N MEFETS. 2.
The conpl enentary net al - oxi de-sem conductor static random access menory
cell of claiml, wherein said pair of P- channel rnul-tiple-gate
field-effect transistors are pull-up devices', and said first pair of
N-channel nultiple-gate field-effect transistors are pull-down devices. 3.
The conplenentarymgetaE oxi de-sem conduct or statlc random access .. nenory'
é

cell of claim1 r e RS s PP YF ﬁYNEﬁﬁﬁ'Gﬁl BB REFINBICEPEMBEEE S and
said f'r3£aﬁﬁd%aggge9£ %éﬁ%gﬁ é%&lpafrc aim 1, wherein the conductance of

each of said first pair of N-MGFETS is larger than the conductance

of each of said second pair of N-MGFETE.

5. The complementary metal-dxide-semiconductor'static
random access memory cell of claim ‘.Lr wherein said P-channel or N-
chamnel multiple-gate field-effect transistors are double- gate

fleld effect transistors.

- 6. The'complementary metal ~oxide-semiconductor static
random access memory cell of claim 1, wherein said P-channel or N-
channel -multipleQQate field-effect transistors are tfiple—gate

field-effect transistors.

7. 'The complementary metal -oxide~semiconductor stati& ,
random access memory cell of claim 1, wherein said P-channel or N-
 Chamnel multiple-gate field-effect transistors are émega field-

effect transistors.
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, MGFETS forma first inverter, and wherein. said second P-MGFET of the
palr of P-M3FETS and said second N- MGFET of the first pair of N-MEFETS form
a second inverter, said first and second inverters being cross-coupled to
each other. 41 4. The conpl enentary netal - oxi de-sem conductor static
random access nenory cell of claim1, wherein the conductance of each of
said first pair of NNMGETs is larger than the conductance of each of said
second pair of NNMG?ETs. _ S. The conpl enentary netal - oxi de- sem conduct or
static random access nenory cell of claimi., wherein said P-channel or"N
channel nultiple-gate field-effect transistors are doubl e-gate
field-effect transistors. 6. The. conpl enentary netal - oxi de-sem conduct or
static random access nenory cell of claiml, wherein said P-channel or N
channel -multiple-gate field-effect transistors are triple- gate-

field-effect tran5|sgorsThg_cJ$5;éygggggpegé@gja Sg§iggn con%_gtor
static random access nenory cell- of claim1l, erern sal cha A&t or
N channel nambbinpi@gat eehbel el @¢t c14 a0, SLALS 8L QMR gafL8ldr o N-
channel multiple-gate field-effect transistors each comprises:
-a substrate having an insulating layer on a top surface;
at least one semicondugtor fin formed vertically on said
top surface of the substrate, said at least one fin having a top
surface and two sidewall surfaces;
a gate dielectric layer overlying said at least one
semiconductor fin;
at least one gate electrode wrapping around said‘at least
one semiconductor ﬁin on gaid top surface and said two side@ali,
surféces overlying said gate dielectric lavyer; and
source and drain regions separated by’séid at least éne

gate electrode.

9. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein said at least one .
semiconductor fin being at least two semiconductor fins each having

a width different than the other.
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effect transistors. 42 8. The conpl enentary netal - oxi de- sem conduct or:
static random access nenory cell of claimZ, wherein said P-channel or N
channel nmultiple-gate field-effect transistors each conprises: a substrate
having an insulating | ayer on a top surface; at |east one sem conductor
fin formed vertically on said top surface of the substrate, said at |east
one fin having a top surface and two sidewall surfaces; a gate dielectric
| ayer overlying said at | east one sem conductor fin; at |east one gate

el ectrode wapping around said at | east one sem conductor fin on said top
surface and said two sidewall surfaces overlying said gate dielectric

| ayer; and source and drain regions separated by "said at | east one gate
el ectrode. 9. The conplenentary net al - oxi de- sem conductor static random

access nenory cell;of chal m.8 A sakd, - | eas sem conduct or
fin being at |east” two senlcoﬁéuctor fins eac %ﬁnéﬁmlco %uﬁFﬁrd???%F%nt A
than the Qi@ access memory cell of claim 8, wherein said-at least one

gemicenductor fin comprises silicon.

11. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein said at least one

semiconductor fin comprises silicon and germanium.

12. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein said insulating layer

comprises a dielectric material.

13. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein said insulating layer:

comprises silicon oxide.
14. The complementary metal-oxide-semiconductor static

random access memory cell of claim 8, wherein said insulating layer .

has a thickness of between about 20A and about 1000A.
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43 10. The conpl enentary net al - oxi de-sem conductor static random access
menory cell of claima, wherein said -at | east one sem conductor fin
conprises silicon. 11. The conpl enentary netal -oxide- sem conductor static
random access nenory cell of claim8, wherein said at |east one

. sem conductor fin conprises silicon and germanium 12. The conpl enentary
net al - oxi de- sem conductor static random access nenory cell of claim3$8
wherein said insulating | ayer conprises a dielectric material. 13. The
conpl ementary netal -oxide -sem Qonductor static random access nenory

cell of claim8, wherein s aid insulating |ayer conpris.es silicon oxide.
14. The conpl enentary netal - oxi de-senm conductor static random access nenory

cell of claim8, wherein said insulating |ayer has a thickness of between

about 20A and-about 1000A. 44 15. The conpl enentary

net al - - oxi de- sem corglucti®le shabiSnedraRdopLaccess yemory cell of claim 8,

wherein said gate dielectric |ayer conprises §%%f%§ﬁ88¥F8%.UCtOI Static
random agcess memory cell of claim 8, wherein said gate dielectric

layer comprises silicon oxide.

16. The complementary metal-oxide-semiconductor gtatic
random access memory cell of claim 8, wherein said gate dielectric

layer comprises silicon oxynitride.

17. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein said gate dielectric
layer comprises a high permittivity material selectéd from the

group'consisting of La,0,, Al,0,, HfO,, ﬁfON and Zr0,.

18. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein =aid gate dielectric
layer comprises a h;gh permittivity material having a relative

- permittivity of at least 5.

15.  The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein said gate dielectric

_ has.a thickness of between about 3A and about 100A.
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16. The conpl enentary net al - oxi de-sem conductor static random access
menory cell of claim8, wherein said gate dielectric |ayer conprises
silicon oxynitride. 17. The conpl enentary mnetal - oxi de-sem conductor static
random access nenory cell of claim8, wherein said gate dielectric |ayer
conprises a high permttivity material selected fromthe group consisting
of La203 + A1203 , Hf 02 1 Hf ON and Z2:02 Is. The

conpl enment ary- . met al - oxi de- sem conductor static random access nenory cel
of claim38, wherein said gate dielectric |ayer conprises a high
permttivity material having a relative permttivity of at |least 5. 19.
The conpl ementary netal - oxi de-seni conductor static random access nenory
cell of claim8, wherein said gate dielectric has a thickness of between
about 3A and about 100A. 45 20. The conpl enentary netal - oxi de- sem conduct or

static random access MEmDpnpebhenfargl akohBroMRS-Qiehisahaugate Higlectric
| ayer having a first thickness on the top surface of the fin and a ‘Second

t hi cknessranficmhacsésewsbrgucd Hces olathe,f wheresmishild gate “ahd xdness. being
different than said second thickness.
layer having a first thickness on the top surface of the fin and a
second thickness on the sidewall surfaces of the fin, said first

thickness being different than said second thickness.

21. The complementary metal—oxide-semiconductdi static
random access memory cell of claim 20, wherein said first thickness

being smaller than said second thickness.

22. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein a thickness of said
gate dielectric layer on the top surface of the semiconductor fin

is less than 20A.
23. The complementary metal-oxide-semiconductor static

random access memory cell of claim 8, wherein said at least one

gate electrode comprises polycrystalline silicon.
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21. The conpl enentary netal - oxi de-sem conductor static random access nenory
cell of claim?20, wherein said first thickness being smaller than said
second thickness. 22. The conpl enentary netal - oxi de-sem conductor static
random access nenory cell of claim@8, 'wherein a thickness of said gate
dielectric layer on the top surface of the sem conductor fin 1is |less than
20A. 23_ The conpl enentary netal - oxi de-seni conductor static random access
menory cell of claim8, wherein said at | east one gate el ectrode conprises
pol ycrystalline silicon. 46 24. The conpl ementary netal - oxi de-sem conduct or
static random access nenory cell of claim8, wherein said at |east one
gate-el ectrode conprises polycrystalline silicon germanium 25. The

conpl ement ary net al - oxi de-sem conductor static random access nenory cel

of claimB, wherein said gate el ectrode conprises a netal. 25. The

conpl ement ary net al - oxi de- sem conductor static random access nenory cell of
claim8, wherein &4ch Bhe sepwpYanestarpanetadf-o: NEFEs1 @GRS s@ 4Lk LSt

- nunber of élns each of said
random dccess memory cell of clalm B, wherein said at least one

gate  electrode comprises polycrystalline silicon germanium,

25. The complementary metal-oxide-semiconductor static
random accegs memory cell of claim 8, wherein gaid gate eleétrbde

comprises a metal.

26. The cogplementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein eéch of-said first
pair of N—MGFETslcomprises a first number of fins, each of said
second pair of N-MGFETs comprises a éecona number of fins, the

first number being different from the second number.

27. The complementary metal-oxide-semiconductor static
random acrcess memory cell of claim 8, wherein said flrst pair of N—-
MGFETS shares said at least one semiconductor fin w1th‘sa1d second.

rair of N-MGFET:.
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second pair of N-MGFETs conprises a second nunber of fins, the first
nunber being different fromthe second nunber. 27. The conpl enentary

nmet al - oxi de-sem conductor static random access nenory cell of claim8
wherein said first pair of NN. MGFETs shares said at |east one

sem conductor fin with said second pair of N-MGFETs. 47 28. The

conpl enentary net al - oxi de-sem conductor static random access nenory cel

of claim8, wherein said first pair of NN M3ETs and said second pair of

N MGFETs do not share any of said at |east one sem conductor fin. 29. The
conpl ement ary net al - oxi de-sem conductor static random access nenory cel

of claim8, wherein-contacts to said source or drain regions are nmade on
at least one of the sidewall surfaces of said at |east one sem conductor
fin. 30. An array of static random access nenory (SRAM cells fornmed by a
plurality of SRAM &l | §har camgeendntaay mebyl rexidetsiexi contleredn stadmid m
are- integers greater than 1, conprising: a pair of P-channel nultiple-gate
fiel d-ef fdon reERASSMEMSTY FaMEFET sy ladac R - ofiqufe PPSMEEE RS Sfaphiy @f dour ce

MGFETs and said second pair of N-MGFETs do not share any of said at

least one semiconductor fin.

292. The complementary metal-oxide-semiconductor static
random access memory cell of claim 8, wherein contacts to said
source or drain regions are made on at least one of the sidewall

" surfaces of said at least one semiconductor f£in.

30. An array of static random access.mémory {SRAM) cells
formed by a plurality of SRAM célls arranged in an n by m matrix,
- wherein n and m are inteégers greater than 1, comprising: |
a .pair of P-channel wultiple-gate field-effect
transistors (P-MGFETs), . eéch of the P-MGFET= having a source
connected to a common voltage potential and a gate cohnected'to.a

drain of the other P-MGFET;
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connected to a common vol tage potential and a gate connected to.a drain of
the other P-MGFET; 48 a first pair of N-channel nultiple-gate field-effect
transi stors (N-MGFETs), each of said first pair of NNMGETs having a drain
connected to the drain of the respective P-MEFET of the pair of P-MEFETs,
a comon source connected to ground, and a gate connected to the drain of
an opposite P-MEFET of the pair of P MGFETs; a second pair of N M3FETs
having a drain respectively connected to a connection |inking the
respective drain of the NN MGFET of the first pair of NNMEFETS to the drain
of the P-MGFET of the pair of P-MGFETs; a pair of conplenentary bit |ines,
. each of said conplenentary bit |ines respectively connected to the, source
of the N MZFET of. the second pair of N--M3ETs; a plurality of word |ines,
each of the word lines. connected to the gates of the N-MGFETs of the
second pair of NaMSFETs; p49r of N-channel multiple-gate field-effect
' transistors (N-MGFETs), each of said first pair of N-MGFETs having
a drain connected to the drain of the respective P-MGFET of the
pair of P-MGFETs, a common source connected to ground, and a gate
connected to the drain of an opposite P-MGFET of the pair of P-
MGFETs;
a second pair of N-MGFETs having a drain respectively
comnected to a connection linking the respective drain of the N-
MGFET of the first pair of N-MGFETs to the drain of the P-MGFET of
' the pair of P-MGFETS;
a pair of complementary bit lines, each of said
compleméntary bit lines respectively connected to the source of the
N-MGFET of the second pair of N-MGFETs;
a  plurality of word limes, each of the word lines

connected to the gates of the N-MGFETs of the second pair of N-

MGFETs ;
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n pairs of conplementary bit |lines, each of the n pairs of the
conplenentary bit lines linking respective sources of the N M3ETs of the
second pair of N--M3FETs of each of the SRAM cells to formcolums of the
array; and mword lines, each of the mword lines linking respective gates
of the N-MGFETs of the second pair of N-MGFETs of each SRAM cells to form
rows of the array. 31. The array of claim 30, wherein said pair of P-
channel nultiple-gate' field-effect transistors are pull-up devices and
said first pair of N-channel nmultiple-gate field-effect transistors are
pul | -down devices. 32. The array of claim30, -wherein a first P-MGET of
said pair of P-MGFETs and a first N-MGFET of .said first pair of N MSFETs
forma first inverter, and a second P- MGFET of said pair of P-M3FETs and a
second N- MGFET of said first pair of NNMGETs form a second inverter,
-said first and secoadrsnvereeirs epenhgry rividslissapl earh efeddls ot beirs50 33,
The array of claim 30, wherein a conductance of each of said first pair of
N- MGFETs Of stheacgapl ement-ar vc Bl Udgsc bl pfinghgprspective sources of the N-

MGFETs of the second pair of N-MGFETs of each of the SRAM cells to
fotm columns of the array; and

m word lines, each of the m word lines linking respective
gates of the W-MGFETs of the secoﬁd pair of N-MGFETs of each SRAM

cells to form rows of the array.

31, The array of claim 30, wherein said pair of P-
channel'multiplé—gate'field—effect transistors are pull-up devices
3and said first pair of N-chamnel multiple-gate field-effect

transistors are pull-down devices.

32. The array of claim 30, wherein a first P-MGFET of
said pair of P-MGFETs and a first N-MGFET of said first pair of N-
MGFETS form a firet inverter, and a sécond P-MGFET of said pair qf
P-MGFETs and a second N-MGFET of said first pair of N-MGFETs form
a second inverter,-éaid first and second inverters Being cross-

coupled to each other.
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of sard second pair of N-M3FETs. 34. The array of claim 30, wherein said
P-channel ' or N channel nultiple-gate field-effect transistors are

doubl e-gate field-effect transistors. 35. The array of claim3D, wherein
said P-channel or N channel nultiple-gate field-effect transistors are
triple-gate field-effect transistors. 36. The array of claim 30, wherein
said P-channel or N- channel nultiple-gate. field-effect transistors are
onega field- effect transistors. 51 37. The array of claim 30, wherein each
of said P- channel or N--channel nultiple-gate field-effect transistors
further conprises: a substrate having an insulating |layer on a top
surface; at |east one sem conductor fin fornmed vertically on said top
surface of the substrate, each fin having a top surface and two sidewall

surfaces; a gate dielectric |layer overlying,said at | east one
seni conduct or fin?B‘ %%e array o c?alm 96, %her81n a conguctance of each

of said first pair of N-MGFETs is larger than a conductance of each

of said second pair of N-MGFETs.

34. The array of claim 30, wherein said P-channel or N-
channel multiple-gate field-effect transistors are double-gate

field-effect transistors.

35. The array of claim 30, wherein sald P-channel or N-
channel multiple-gate field-effect transistors are triple-gate

field-effect transistors.

36. The array of claim 30, wherein said P-channel or N-
channel nmltiplngate,field-effect transistors are omega field-

effect transistors.
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a gate el ectrode wapping around said at | east one sem conductor fin on
said top surface and said two sidewall surfaces overlying said gate
dielectric layer; and source and drain- regions separated by said gate

el ectrode. 38. The array of claim 37, wherein said at | east one

sem conductor fin being at |east two sem conductor fins each having a
width different than the other. 39. The array of claim 37, wherein said at
| east one sem conductor fin conprises silicon. 52 40. The array of claim
37, wherein said at | east one sem conductor fin conprises silicon and
germanium 41. The array of claim 37, wherein said insulating | ayer
conprises a dielectric material 42. The array of claim37, wherein said
insulating | ayer conprises silicon oxide.. 43. The array of claim 37,

wherei n said insul ating e 0.4 thicknes bet wee ab ut 20A and
about 1000A. 44. T%g arrgﬁyo P 9P ﬁ%egéinwg%f dgates ?e@?ﬁlc

channel or N-channel multlple—gate field-effect transistors further
comprisés:

a substrate having an insulating layer on a top surface;

at leést one semiconductor fin formed vertically on said
top surfacé of the substrate, each fin having a top surface and two
sidewall surfaces;

a gate dielectric layer overlying said at least one
semiconductor fin;

a gate eléctrode wrapping around said at least one
semiconductor fin on said top surface and said two sidewall
surfaces overlying said gateldielectric layer; and

source and drain' regions separateq by said gate

electrode.
38. The array of claim 37, wherein said &t least one
semiconductor fin being at least two semiconductor fins each»haviﬁg

a width different than the other.

39. The array of claim 37, wherein said at least omne

semiconductor f£in comprises silicon.
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| ayer conprises silicon oxide. 45. The array.of claim 37, wherein said gate
dielectric layer conprises silicon oxynitride. 46. The array of claim 37,
wherein said gate dielectric layer conprises a high permttivity materi al
selected fromthe group consisting of La203, A1203, Hf O2, Hf ON and Zr02. 53
47. The array of claim 37, ‘wherein said gate dielectric |ayer conprises a
high permttivity material having a relative permttivity of at |east 5.
48. The array of claim 37, wherein said gate dielectric o a |layer having a
t hi ckness between about 3A and about 100A. 49. The array of claim 37,
wherein said gate dielectric layer having a first thickness on the top
surface of the fin and a second thickness on the sidewall surfaces of the
fin, said first thickness being different than said second thickness. 50.
The array of cl ai4®.37,Thenaeraynosa¢trim 3t tWhiegkassabei ay Semdd emet han

sai d second thi.ckness. 51. The arraY‘of claim 37, wherein a thickness of
sai d gemiconductor fin comprises silicon and germanium.

41. The array of claim 37, wherein said insulating layer

comprises a dielectric material.

42. The array of claim 37, wherein said insulating layer

comprises silicon oxide.

43. The array of claim 37, wherein said insulating layer

having a thickness between about 20A and about 1000A.

44. The array of claim 37, wherein said gate dielectric

layer comprises silicon oxide.

45. The array .of claim 37, wherein said gate dielectric

layer comprises silicon oxynitride.

46. The array of claim 37, wherein said gate dielectric
layer comprises a high permittivity material selected from the

group consisting of La,0,, Al,0;, Hf0,, HEON and ZrO,.
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gate dielectric layer on'the top surface of the at |east one seniconductor
finis less than 20A. .52. The array of claim 37, wherein said gate

el ectrode conprises polycrystalline silicon. 54 53. The array of claim 37,
wherein. said gate el ectrode conprises polycrystalline silicon germani um
54. The array of claim 37, wherein said gate el ectrode conprises a netal
55. The array of claim 37, wherein each of said first pair of N M3ETs
conprises a first nunmber of sem conductor fins, each of said second pair
of N-MGEFETs conprises a second nunber of sem conductor fins, the first
nunber being different fromthe second nunber. 56. The array of claim 37,
wherein said first pair, of NN MEETs shares a plurality. of sem conductor
fins with said second" pair of NNM3ETs. 57. The array of claim 37,

wherein said firgy pajde at_-rglyl\@ﬁﬁ%lﬁmﬁivsmlﬁr%%ogglc@aﬁteofmwew%ﬁs do
not share any sem conduct or " fi ns.

layer comprises a high permittivity material having a relative

permittivity of at least 5.

48. . The array of claim 37, wherein said gate dielectric

layer having a thickness between about 3A and about 100A.

49. The array of c¢laim 37, wherein said gate dielectric
layer having a first thickness on the top surface of the fin and a
second thickness on the sidewall surfaces of the fin, said first

thickness being different than said second thickness.

50. The array of claim 37, wherein said first thickness

being smaller than zaid second thickness.
51. The array of claim 37, wherein a thickness of said
gate dielectric layer on the top surface of the at least one

semiconductor fin is less than 20A.

.52. The array of claim 37, wherein said gate electrode

comprises polycrystalline silicon.
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53. The array of claim 37, wherein. said gate electrode

comprises polycrystalline silicon germanium.

54. The array of claim 37, wherein said gate electrode

comprises a metal.

55. The arréy of claim 37, wherein each of said first
pair of N-MGFETs comprises a first number of semiconductor fins,
each of said second pair of N-MGFETs comprises a second numbelr of
semiconductor fins, the first number being different from the

second number.

56. The array of claim 37, wherein said first pair of N-

MGFETs shares a plurality of semiconductor fins with said second

pair of N-MGFETs.
57. The array of claim 37, wherein said first pair of N-

MGFETs and said second pair of N-MGFETs do not share any

semiconductor fins.
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