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By providing a multiple-channe! device and independent adjustment of the threshold voltage for cach channel, a
single transistor may be provided with multiple operating modes. This has the bcneﬁmal effect of reducing the
fabrication complexity and number of lithography reticles. At the same time, the operating speed may be

improved by providing transistors with higher drive currents.
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formed on the multiple channels,
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Figure 4 shows the structure of Figure 3 afier a silicon spacer etch has been performed, in accordance with

embodimenis of the present invention.

Figure 5 depicts the structure of Figure 4 following the formation of an oxide or nitride spacer on the gate

electrode and silicon spacers.

Figure 6 shows the stracture of Figure 5 after 2 source and drain implantation and the formation of a silicide

region in the gate electrode, in accordance with embodiments of the present invention,

Figure 7 shows an alternative embodiment of the present invention that follows Figure 2 in the process flow, and

in which raised source and drain structures are formed in accordance with embodiments of the present invention,

Figure 8 depicts the structure of Figure 7 after-formation of an oxide or nitride spacer and silicide region in the

gate electrode, in accordance with embodiments of the present invention.
Figure 9 shows in greater detail the gate stack of Figure 1 in an exemplary embodiment.
DETAILED DESCRIPTION OF THE INVENTION

The present invention addresses and solves problems related 1o the provision of transistors with different
operating modes in an integrated circuit, with reduced complexity and manufactoring processes, This is
achieved, in part, by the formation of a semiconductor device with multiple channels and a gate electrode on the
multiple channels. The threshold voltage for each channel is independently adjusted. In certain embodiments of
the invention, the independent adjustment of the threshold voltages of the different channels includes at least one

of providing different respective doping concentrations in the multiple channels, different respeciive gate

.
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the thickness. In the multiple operating mode transistor of the present invention, the provision of different gate
oxide thicknesses {or gate dieleciric thicknesses if the gate dielectric is made from something other than oxide)
provides for an independent adjustment of the threshold voltage for each channel. The different thicknesses
depicted in Figure 9 are exemplary only, as other thicknesses may be employed without departing from the scope
of the present invention, The variation in the gate oxide thickness is but one parameter that may be changed in
multiple channels in order to independently adjust the threshold voltage for each channel, For example, instead
of varying the thicknesses of the gate oxide layers, the different gate oxide layers 1da — 14¢ may be made of

different gate dielectric materials having different dielectric constants.
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the o e S HotiBe f o et SR ettt APrrhemod fefisd of, whil fhe
botiorh Rlgwichwlrit ivord péirdnd vice euta i m@ilfﬂnt ﬁlﬂ@vanﬁge%f |tﬂeqm:p§toﬁaatmg modes

aneié i e n n 1 ) 1% uve! 58803
tr tot § Els%ﬁt @%{g ;::H Hﬁl@o i uflgﬂ? d t 8&3 I?éia]\ﬂ;ée ig éIQ\W] |t%,be chosen by

I ons
turning 8?3’%%3 F“é‘@‘f‘ 6Pf§b62 B,f ﬂwl“ﬂ’émets | ifhed-ﬁe sfyae ehasn%hmrm aoiroveh@ in the drive
currenf asresibpagedl th StgleRthnadanpel regi ons 15a, 15b but are

electrically isolated fromthe gate el ectrode 16 by
the thermal oxide 20. WD 2007/064474

PCT/ UB2006/ 044308 Figure 5 shows the structure of
Figure 4 followi ng the deposi-tion of an insulating
spacer material and a dry etch procedure that forns
spacers 28 over the silicon spacers 26. The insul ating
material nmay be an oxide or nitride or other suitable
material, for exanple. Figure 6 depicts the structure
of Figure 5 after the hard nask 18 has been renoved by
etching, for exanple. A portion of the gate el ectrode



In certain enbodi nents of the invention, the gate
g}l ecotgglg(q‘; 16 may be forned of a netal or conpletely
The metal gate may be a repl acenenicyprhLal
ThE Rpsgiit “6"?’“%;*}1%%0‘?@? B PR g e PRpsishe It fic om"erexog{p(’ér‘é‘fiioﬁmdes
arerend@dy whicteh &y indgaridartt adjustnayer Sie ffahold A eﬂ“@r)éac%‘aﬁh%hé br o ransistor. This
[ rather than a
;edr@oeelg] g%m@“ﬁ%%&gkség% a}&{: llu%gr ﬁlﬁgfﬁ%yerpt[lcms IBQu:F_qdd% pebievey variations of
- \elcx agmgfﬁlé\;\l]lcgf@%@tguy@gss é%‘ﬁ@t’lﬁu‘t’s‘tﬂe@ liafp mpbots d:ahas(eiamﬂntrl?blpcs in a ULSI

circan ofth easieis otk BN vabustiR@hIM QKL ard g?{t@ BlidQRcicbsQk | OW ng
the thernal oxi dati on and source and drain extension

fure 7.proyides f
e T T L S M O NP —
by pEre fysisagion s exgpangrieand fsyrogle @Wt'llhgl B Wayod Mimbioh, i scope of the present
invetlhstetna ligitdbniyhy Qe kRRWILOBDHREH 3] t hen etching the
silicon to formthe rai sed source and drains 40. In
Figure 8, an insulating spacer 42 has been fornmed over
the raised source and drains 40 Spacers 42 are forned
froman oxide or nitride, for exanple. A suicide
region 48 is forned on the gate electrode 16, in a
manner as described earlier. Figure 10 shows a
simulation of a multiple operating node transistor
constructed in accordance wth enbodi nents of the
present invention. For exanple, according to a
simulation for a dual channel NMOSFET, if the top
silicon channel doping is higher than about
3x1017crn2, the top channel will be turned on, while
the bottom channel will be turned off, and vice versa.
In Figure 11, an advantage of the nultiple operating
nodes transistor is depicted in a sinmulation in which
the drive current and gate | eakage is shown to be
chosen by turning on/off a certain nunber of the
channel s. The use of two channels shows an i nprovenent
in the drive current as conpared to a single channe
device. WD 2007/064474 PCT/ U52006/ 044308 The present
i nvention thus provides a multiple operating nodes
transistor in which the different operating nodes are
readi |l y achi eved by independent adjustnent of the
threshol d vol tage for each channel of the transistor.
Thi s reduces the manufacturing conplexity and nunber
of lithography reticles required to achieve variations
of device paraneters and adjusting process conditions,
such as halo inplants and oxidation recipes, in a VLSI
circuit with transistors operating at various
t hreshol d vol t ages and gate oxide thicknesses,
Al t hough the invention has been described and
illustrated in detail, it is to be clearly understood
that the sane is by way of illustration and exanpl e
only and is not to be taken by way of limtation, the
scope of the present invention being limted only by
the terns of the appended clains. Wat is clained is:



A nmethod of form ng a sem conductor device, conprising
the steps of formng nultiple adjacent channels;
dopi ng each of the multiple adjacent channels with the
same conductivity type; formng a gate el ectrode on
the nmultiple adjacent channels; and independently
adjusting the threshold voltage for each channe
wherein the step of formng nultiple channels i ncl udes
WF%%%?%@“@‘?lrst gate dielectric, a first silicon
channel on the first gate dielectric, a second gate
dlelectrlc on the first silicon channel, a second
. si | iAconthothahfeehingn stheosdeondedat &oﬁhlpﬂklﬁg:tlfcl s€aps 3RTodhing

M q di el,ectric on the second channel.
1“@% en%@ﬁ@ﬁ“&W“%faln1l wherein the step of
I ndeipgingdemthloy rrRdh g pie ﬁ@jaém chhhes WhQihé/sqme%ﬁddLﬂgh_ﬁ §$\§,

pro iidiong different respective dopant concentratio
HEIRY 3 gile dagroseco M HHRAkakincent Sharmble; angt hod of
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t he t hreshol d t% e udes provi ferent
resp@@ﬁﬂ“@cgamei@uehgmﬂﬂmﬂothnmkMesﬁﬁﬁsﬁmnmthﬁh&b&ﬁé
met hod of

dlejlsal%ﬁ R:nglh% g\}h&on ciﬁnt%ﬁtgﬁ élg’elﬁ stgfcath C:Lilaléﬁgﬁdléﬁ%qlv 5@5’] (Uglp(;tﬁ@ on the
first bigicorheteahg) dsev@ld gD n icAE dOIaShPkQBhA g ddidfrr %ﬂ.}t a Lhnd
ectlve silicon channel thicknesses for the first

gm%ﬁ@ CHEHI" e frsppetignnels  The method of claim |,
wherein the step of independently adjusting the
threshol d vol tage includes providing at |east one of:
- di f Teq mpthod esgpeiot i,\x‘éwcb@]pémtsteo@m oelapanatitnsljisting e threshold

d nel s ferent respectiye gate
VO ltmg,g ﬁ{é:cl}?ir@g El%g 1nrkd i gigs C§ 8$tlvct,fré) gl r“g‘ﬁ““‘éil} SENL éﬁ g Bed r
&mgmi@uﬂn@kectrlcs, and different respective silicon

channel thicknesses for the first and second silicon
channel s.
3. The method of claim I, wherein the step of independently adjusting the threshold

voltage includes providing different respective gate dielectric thicknesses for the first,

second and third gate dielectrics.

4. The method of claim [, wherein the step of independently adjusting the threshold
voltage includes providing different respective silicon channel thicknesses for the first

and second channels.

5. The method of claim |, wherein the step of independently adjusting the threshold
voltage includes providing at least one of: different respective dopant concentrations in

the first and second channels; different respective gate dielectric thicknesses for the first,
second and their gate dielectrics; and different respective silicon channel thicknesses for

the first and second silicon channels.



6. The nethod of claim5, wherein the step of’

i ndependently adjusting the threshold voltage for each

channel includes adjusting the threshold voltages

sufficiently differently such that application of a

specified gate voltage will turn on one of' the first

and second channels while the other of the first and
nels remajns off 7. The nethod of claim®6,

6furqﬂ%F“ﬂ Hﬁ#F@F%é W@ﬁ@ﬁé@i$%§3aﬂﬁwmv@ﬂ&wﬂﬁeﬂmdﬂ@imcﬂmkl
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and second channel s turneﬁ on an

Stl(flk}h{lhdﬁ@ll(@tlmpftzi pleei @@galatwhzggcrmd eurhoanse sf e Ifnst and second
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cheﬁ@[ﬁg \}h‘cr’lle nlc otélﬂcﬁ é)l?gheq Ilst qﬂd ﬁ’é’ﬁﬂ éllmnﬁélrs h(‘dn%@gg( with the

sane conduct|V|ty type, at |east one of the channels
haVl per ati onal, parameters than at | east

i fferent
* one [ E(?mleil}gd g[ gllm @,Haﬁ%|cglnp5ﬁa p(mtlmllh@ aglry ggtcencnt to a

spnﬁlf‘%@tVEIQG@y @ﬂ]th’l‘l@ﬂg‘WHﬂilQb& FRANE! S sc,ciong chan}ﬁ’@l@ {umc IS
step of formng nmultiple channels inc
Orlchultlple silicon channels separated from each other

and the gate el ectrode by gate dielectric layers. 9.
The nethod of claim8, wherein at |east sonme of the
8. mul Ainpitledsiflforedng e haiftiped spcastigfraddrr@nyibb cehhligh eMt steps
respective thlcknesses R The method of claim9,
{mhereln at | east sonme of the gate dielectric |layers

ar efofreimameiip1é Rdjgddn 81a8RLs @S P8GRAY %eﬂh d&'ﬁ&%\%ﬁ] tho sgme
The nethod of claim 10, wherein at Feast
CO“@H‘é“@V LyRCod leasbeiivel r@%@‘é“‘@ﬁtﬁb@ﬂlw di ﬂeidmtfdpelraenmal parameters

v, t entJations. 12. The nethod of
mmgﬁggﬁfgh(ﬁigggﬁﬂChﬁgﬁ% %{ple channel s are formed with

fonmnfr a gate electrode on the multiple channels,
wherein the step of forming multiple channels includes forming multiple silicon

channels separated from each other and the gate electrode by gate dielectric layers.

9. The method of claim 8, wherein at least some of the multiple silicon channels are

formed with different respective thicknesses.

0. The method of claim 9, wherein at least some of the gate dielectric layers are

tormed with different respective thicknesses.

. The method of claim 10, wherein at least some of the silicon channels are doped

with different respective dopant concentrations.

12. The method of claim 8, wherein the multiple channels are formed with
independent control for each channel of at least one of: gate dielectric thickness; dopant

concentration in the silicon channels; and thickness of the silicon channels.



i ndependent control for each channel of at |east one

of : gate dielectric thickness; dopant concentration in
the silicon channels; and thickness of the silicon
channels. 13. A nethod of form ng a sem conduct or

devi ce, conprising the steps of: formng nultiple
adjacent channel s, with each adjacent channel being
doped e sane conduct|V|ty type, formng a gate

Bel ect F6Hied oh ermén g fctiigondudprateisr scompniding tepem aént | v
_?_ﬂ]e Lf§n1t|elt lﬁ% g@l(l%ph{: ﬁgflrehhtq,h\ﬁﬂm}]ag/ﬁh c%lha ?d(f, ht LFQ}HCFbCHPﬁ %od)cd the

sapgreidycsvishansiel s i ncl udes formng a flrst gate
n the first gate

di el

dleﬁ&giﬁLgbmg RLUO%dmégfgugmgﬁgéWFﬂ% %h the first

si | icperchamneljystiag 8 @eomdldsidib O eftannginepn t he
second date dielectric, and a third gate dielectric on
t he second channel. 15. The nethod of claim 13,

[4whemai etiv@ o$tBRn 98, Wl{éfjé?spﬁﬂqgcgtdf Yonﬁ'mn“:’?lg Iftg% &1?1%1@!5 includes

threshol d vol tage i'ncl udes providi ng d
lorprdagd Best gete distrahiic, ¢ Hrse eifitorathiaomd on ﬁhdihet daler ditlearid, a second

a[%%?é?&%cc(lﬂ?ﬂg%ls snllcg‘n chanc“? 4 S&Cﬂg:{j 5t lﬁ h@uﬂdlag@ﬁ\g?cgg daic,

ependen

dtcvmtrtcagm 2 thmidlgdesdupdmw @h ung scdioﬁﬁ ek@nti, respective gate
dielectric thicknesses for the first, second and third
gate dielectrics. 17. The nethod of claim 13, wherein

lSt he B¢ @Puhefl of admpm?d\meie'uym@@deg%ﬁ H&Q dnli&nk 2&2 fu%[h‘? e

| t age incl udes providing eren res
theespIdgHaEHARHA rhii dke i ek faspectife dépanstonacdrasensoin dhe
firsC RANREH S chat@s. The method of claim 13, wherein the
1ms tep oI Llgelgrésndently adjusting the threshold vol tage
i ncl udes providing at | east one of: different

res ectl e,dopant concentrations. in the first and
6secg% %3ﬂﬂ§$§n’d’V@QPEHLLF@%BEE@?W%dQEW@dWﬁ@h@@?r|c

thrdsholdkoRs@aRci@s ptddird AiSterenBRSORE vARe EIJBQL[ ngmEE]CSSCB for
ielectrics; and different respective silicon channe

the i Hﬂdﬁﬁ%§§@§tkd¥‘¥%@ekﬁﬂ§& and second silicon channels.
19. The method or claim 13, wherein the step or
i ndependent |y adjusting the threshold voltage for each
[7. chakwencthakdides lddjvigtinnge ttyeot indgshddndy vojutiagase

I, ent.
thze?flrglfi lvgitag% méfudc,s providing different respective silicon channel thicknesses for

the first and second channels.

18. The method of claim 13, wherein the step of independently adjusting the
threshold voltage includes providing at least one of: different respective dopant
concentrations in the first and second channels; different respective gate dielectric
thicknesses for the first, second and their gate dielectrics; and different respective silicon

channel thicknesses for the first and second silicon channels.

[9. The method of claim 13, wherein the step of independently adjusting the

threshold voltage for each channel includes adjusting the threshold voltages sufficiently

9



differently such that application of a specified gate
voltage will turn on one of the first and second
channel s while the other of the first and second
channel s remains off. 20. The nethod of claim 19,
further conprising controlling a drive current to a
specified val ue by controlling the nunber of the first
econ channe|l s turned_on and off. 21. A nethod of
‘hgﬁFWfﬁﬁL%'ﬁhﬁwﬁﬁﬂ@nﬁbéﬁﬁﬂﬁﬁ@aﬁéﬁéﬁmg%wéi@ntmlom:oﬂhchmt
an@ QB StanGelt DBiIISURR L LT iha first and 94 cpgmm’ij s Lm [1&:(%
adj acent channel s, each jacent C annel '5 ed
with the sane conduct|V|ty type, at |east onf of :Ee
erent oper.ational. . neters an
20 TR Bk GRS o ARG R P SNlinG B R (et o
sp@ifedtvabdeyenntdbnchano@bs: of RefirsTel RIAQHREIsGh @b and
@1 wherein the step of formng nultiple channels
includes formng nmultiple silicon channels separated

fromeach other and the gate el ectrode by gate
dielectric |ayers. 23. The nethod of claim 22,
2lnhefensthet of feasing s omdtigé ophigtimpuhedeptapsisiol, icomprisihataeteps
of:are formed with different respective thicknesses. 24.
The method of claim 23, wherein at |east sone of the

gat @zmjmgl lmdtunlr: adjeayecimnacle, ol ngsed dhiangll HEigs BMled with the
e t hi cknesses. i The met hod of claim 22,
4l

sanlir RETGVAT B e cHhes hanasiy o o G epeatio®

parciaped tntdd ldbifdn8beMe RS PRENENEdOpant concentrati ons.
26. The nmethod of claim 21, wherein the nultiple

chaﬁﬁﬁmgd&ﬁ@Cﬁ@ﬂﬁ@ﬁmmﬂﬁﬁhmwﬁépendent control for each
channel of at |east one of: gate dielectric thickness;
dopant concentration in the silicon channels; and

22.t hi Dkregbodd! dtie Hi vheom whampel ®rming multiple channels includes

forming multiple silicon channels separated from each other and the gate electrode by
gate dielectric layers.

23. The method of claim 22, wherein at least some of the multiple silicon channels

are formed with different respective thicknesses.

24, The method of claim 23, wherein at least some of the gate diclectric layers are

formed with different respective thicknesses.

25, The method of claim 22, wherein at least some of the silicon channels are doped

with different respective dopant concentrations.

26. The method of claim 21, wherein the multiple channels are formed with
independent control for each channel of at least one of: gate dielectric thickness; dopant

concentration in the silicon channels; and thickness of the silicon channels.



