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OF CMOS GATES 5 Field of the Invention The present invention relates

. generally t ] uctor integrated circuits and, nor i y, to
atom c |ayé$°3§%@§?§?on of CMOS gates with variable mor%cgﬁﬁ%%ﬁgﬁgngo
Background of the Invention Conventional n-type doped polysilicon gate

el ectrodes in CMOS technol ogy have two problens. Firstly, the polysilicon
is conductive but there <can still be a surface regi on which can be depl eted
of carriers under bias 15 conditions. This appears as an extra gate

i nsulator thickness and is coommonly referred to as gate depletion and
contributes to the equival ent oxide thickness. Wile this region is thin;
in the order of a few angstrons (A), it becones a‘greciable as gate oxide
t hi cknesses are reducdd G\L&YERBEPQSI'E\ION\M@E SKABEEM i s that the
work function is not optinmumfor both n-MXS and p- MOS 20 devi ces,
historically this was conpensated for by threshold voltage adjustnent

i npl antstions. However, as the devices becone smaller, with channel |engths
of less than 1000 A and consequently surface space charge regions of |ess
than 100 A, it becones nore and Hieldof#di¢nivenfion t o do t hese inpl antations.

Threshol d voltagegglont rSoI .becgges n irrgr%g}, nt con i erarti on (gs power
supplies are 25 re kB ?%Hi“ﬁag VAT [ o1t P RLI S &8 hol d vol t ages
for both PMOS ciraiith YGBoiepaftiukii9l & 86 14yer Aebésition GRAMOY datefvitdr ound 0. 3
Volts. A solution to the polysilicon gate depletion problemis to replace
the sem conduetifegwgdkfanetmsrial with a metal or highly conductive nmetallic
nitridg(?. As with any new circuit material, the gate el ectrode nust be
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eny c and 30 thermally conpatible with both the transistor and the .
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Conventional n-type doped polysilicon gate electrodes in CMOS
technology have two problems. Firstly, the polysilicon is conductive but there
can still be a surface region which can be depleted of carriers under bias

15 conditions, This appears as an extra gate insulator thickness and is commonly
referred to as gate depletion and contributes to the equivalent oxide thickness.
While this region is thin, in the order of a few angstroms {A), it becomes
appreciable as gate oxide thicknesses are reduced below 2 nm or 20 A. Another
problem is that the work fumction is not optimum for both n-MOS and p-MOS
20 devices, historically this was compensated for by threshold voltage adjustment
; ] implantations. However, as the devices become smaller, with channel lengths of
| less than 1000 A and consequently surface space charge regions of less than 100
A, it becomes more and more difficult to do these implantations. Threshold
voltage control becomes an important consideration as power supplies are
25  reduced to the range of one volt. Optimum threshold voltages for both PMOS
and NMOS transistors need to have a magnitude of around 0.3 Volis.

A solution to the polysilicon gate depletion problem is to replace the
semiconducting gate material with a metal or highly conductive metallic nitrides.
As with any new circuit material, the gate electrode must be chemically and

30 thermally compatible with both the transistor and the process. Different metals



can be enployed or the praperties of the conductive nitri delSnfetiveiye®01 o ,
provide an optinmum work function. The work function of the gate el ectrode -
t he ener gy weesedistss extract an el ectron - nust be conpaCiriiszomsiidast he
barrier height of the sem conductor 5 material. For PMOS transistors, the
required work function is about 5.0 eV. Achieving the | ower work function
needed by NMOS transistors, about 4.1 eV, has been nore difficult. Figures
A and IBillustrate the desired energy band diagrans and work functions
for NMOS and Pidndetermisied oot praspistof el osndudiet naddompdifieti ad providee titani um
(Ti) and tantalum (Ta) oxidize rapidly under 10 typical process conditions.
One proposed s&} RUTPRAL W1k RBCYSLL em relies on a  "tuned" rutheni umtantal um
(Ru-Ta) alloy, whi j r _C i1 Ta ;
concentration is bg%éﬁ%%nggﬁ?gﬁt%ggﬁ%s g@%%{efgggﬁgfde\@gﬁ%@fi es

resenbl e Rhubi i ¢lestfolRv)- muast o cempVbie wih thedaat heaight ofthe sentibendudiar o
concentration is between 40 gergent and 54 (flercent,_ the alloy is a good 15

NMOS gafe el eckiptshal: Fior BMQY wapsistors thareguirgdworrdunghionds phaut a0tqV.des, such as
tantalumnitri ol i i LEq] O andi i1t Kk} de,
titaniumnitri gg%leé%%ﬁ%tlﬁgﬁgiﬁ%ﬁ%ﬁ%ggé%?gﬁm@gap %A;ogﬂgts?%‘%tailoerr}}’rret allic
conduct or s conimrbeyh mdestiffichtd Figmresueandl ElfoSirae tHeaiesiredldiergytandf a m d- gap
work function nakes 20 the threshal d_voltages of NMOS and PMOS devi ces
symmetrical i ndgrams %Wﬁﬂfgw‘ewé@rd“ﬂmwﬂ%ﬁll\é@ﬁ&aaﬂ%feﬁtraaf@gnwlw| be the
same, but bot hpu =0 aagni I F)a(g ' .S optimm
wth | ow poeré#J%%qrgﬁ&gﬁlﬁggetg%%c@%ﬁ f/l t%%%%irdég é%lgghplmg%,ﬁﬂ%%r/apor ation,
has bedp used typichiprests galiftions.nOns prdpakdd soluyionto Semeollanneieg ot al lic
nitrides for use asr%gte, el ectrodes, these 25 included Ti AIN and TaSi N. )

However, these Wiide réfepaem eyl (ryLa)elipy.qdpeis siable Wer Bicet#ec | ayer
deposi {1 on_andeliont ARAEH b TddnbHAER i Ridsy 26%&%&%@%1%9%1& gdsi stors

with gate structures. ere I's an ongol ng Yor 1prove
transi st or despigperties¥@scZnhl&REathdivar (R Dgood PMOS gate electrode. When the
Ta concentration is between 40 percent and 54 percent, the alloy is a good

15 NMOS gate clectrode.

Promising candidates include metallic nitrides, such as tantalum nitride
(TaN) and titaniurn nitride (TiN). Tantalum nitride, titanium nitride, and
tungsten nitride are mid-gap work fimction metallic conductors commonly
described for use in CMOS devices. The use of a mid-gap work function makes
20 the threshold voltages of NMOS and PMOS devices symmetrical in that the
magnitudes of the threshold voltages will be the same, but both will have a

W,

magnitude larger than that which is optimum with low power supply voltages.
Recently physical deposition, evaporation, has been used to investigate
the suitability of some ternary metallic nitrides for use as gate electrodes, these
25 included TiAIN and TaSiN. However, these were deposited by physical
deposition not atomic layer deposition and only capacitor structures were
fabricated, not transistors with gate structures.

Thus, there is an ongoing need for improved CMOS transistor design.
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CMOS transi stor design as we as other  problens are addressed by the
present i nvend.iVérKansietwl. “WAtgraicrager Repositiob pf Tregstbodgiridedimsidyingg t he
foll owi ng spegi fication. i s.discl r ' the wuse of atom c |ayer
deposi tion ofgefqé‘Pl?ﬂfwmﬂr%ﬁG anfé‘méoﬁéﬁZ@oﬁZgaﬁg Lﬁ)@ﬁ% 15 conposition and work
functign are yar imguriRenc® Rt *GroWthdf hERHHR hflriddbd ?{_ﬁé‘ﬂ@d‘iﬁcam?}ﬁoxﬁf&e NMOS and
PMOS transistors in CMOS technol ogy to provide opti num perfornmance. In
particul ar, alyerbedicakrapondeposition; dpehed Surfasa Brionce, hed, 182202 transi stor
havi ng a souréﬁ %egi on a drain region and a channel therebetween. A 20 gate
i s separated 8 t he channel region by a gate insulator. The gate incl udes
al ternary netallic conductor forned by atom c |ayer deposition. In .one
enbodi nent the ternary netallic conductor includes Tantal um Al um num
Nitride (TaAIN). In one enbodinent the ternary netallic conductor includes
Ti t ani gm Alumi num Nitride (Ti Ab .ménogﬁle nbodi ment the ternary netallic 25
cg?‘"’rﬁuc1 or includes Titani um Si PSRRI N). In one enbodi ment the
ternhary metallic crdbet@menitiled §fblech ORIOT traNsditr Qb wéltgs N N) . I n
sone enbodi nents the gate further includes a refractory netal forned on the
problems are addressed by the present invention and will be understood by

'reading and stadying the following specification. This disclosure describes the
use of atomic layer deposition of ternary metallic conductors where the
15 . composition and work function are varied to control the threshold voltage of
both the NMOS and PMOS transistors in CMOS technology to provide optimum
performance. '
In particular, an embodiment of the present invention includes a
transistor having a source region a drain region and a channel therebetween. A
20 gate is separated from the channel region by a gate insulator. The gate includes a
ﬂ) ternary metallic conductor formed by atomic layer deposition. In one
| embodiment the ternary metallic conductor includes Tantalum Aluminum
Nitride (TaAIN). In one embodiment the fernary metallic conductor includes
Titanium Aluminum Nitride (TiAIN). In one embodiment the ternary metallic
25 conductor includes Titanium Silicon Nitride (TiSiN). In one embodiment the
ternary metallic conductor includes Tungsten Aluminum Nitride (WAIN). In
some embodiments the gate further includes a refractory metal formed on the
ternary metallic conductor. |
These and other embodiments, aspects, advantages, and features of the
30 present invention will be set forth in part in the description which follows, and in

part will become apparent to those skilled in the art by reference to the following
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ternary netal lic conductor. These and ot her enbodi ments, asp®Edbsyary 2007 -
advant ages, and features of the 30 present invention Wwill be set forth in
part in thegRessiopdsd on which follows, and in part wll P@ﬁ@@@% ARRGrent to
those skilled in the art by referencetothefollowlng 5 %ruary 2007
WO 2004/ 019394 PCTI US2003/ 026487 descri ption of the invention and referenced
drawi ngs or by practice of the invention. The aspects, advantages, and
features of the invention are realized ~and attained by neans of the

i nstrunmental i L& b P poi nted out in
t he appended E:iia ﬁﬁsﬁgﬁgrl EFE%ESCI’I p% on ‘?ﬁ% Br%ngs fIgt]?(ures A and | B
i 1l ustrate thvesi$in. Etheaspgotyy adranthgels, agd&amxamfmmkenﬁonmﬁjeaﬁ@df or NMOS -and

PMOS transi stor espié(lvely Figure 2 sa raph which pIots el ectron .
affinity vers@d atiEncdhymcans of fhe drrirpontslitcs, PIogaures pad $9mebipgtions des enpl oyed
i n various e ]m fedlonf vention. Figure 3 illustrates an
enbodi nent of %ﬁ%:rans?%]‘(taggtost]rnl]}ié?a 3 %rﬂgr%e according to the teachings of °
the preésent invention. Figure 4 iIIustrat es an enbodi nent of a menory
device, utilizing ternary 15 matalllc gates forrred by atom c | ayer

deposi tion, according to enbBiichEgs iion of the Drawings |nvent|on Figure 5 is
a bl ock di agram of pRi, £leCid 168 eﬁé o1 dFEn Q%ﬁﬂ m
utilizing ternary rrgaI ?Lc gat esu??)r maﬂ%]dgy eat om I ayer ggﬁﬁgﬁ

according to ﬁmbbdlsrfenNM@S ammEMQSeismistammspﬁchwiy 20 Det ail ed Description

In the following d Ial I e%ﬁgaﬁwﬁlﬁﬁpg}t;gg&ﬁ% % grntlon reg}ggg{ence I s made
to the acconpanyin FEETS the which is
frggwg,em by Wayafya k&%ﬁs&%&m&&ﬁg&;éﬁm@y@% LB Solb3 it bridle | nvent !..9)n

present invention. _

Figure 3 illustrates an embodiment of a transistor structure formed
according io the teachings of the present invention.

Figure 4 illustrates an em’bodiment of a memory device, utilizing ternary

15 metallic gates formed by atomic laYer deposition, according to embodiments of
the present invention.

Figure 5 is a block diagram of an electrical system, or processor-based
system, utilizing ternary metallic gates formed.by atomic layer deposition,
according to embodiments of the present invention.

20
Detailed Description B j

In the following detailed description of the invention, reference is made
to the accompanying drawings which form a part hereof, and in which is shown,
by way of illustration, specific embodiments in which the invention may be

25 practiced. In the drawings, like numerals describe substantially similar
components throughout the several views. These embodiments are described in
sufficient detail to enable those skilled in the art to practice the invention. Other
embodiments may be utilized and structural, logical, and electrical changes may
be made without departing from the scope of the present invention.

30 The terms wafer and substirate used in the following description include

any structure having an exposed surface with which to form the integrated circuit
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25 practiced. In the drawi.ngs, |ike nunmerals describe subst@Hebakiy2087 m | ar
conponent s throughout the-several views. These enbodi ents are described in
. sufficient enabl e those skilled in the art to Lce the

i nventi on. \Vg}e%?@l/&we?modl ments maybe utilized and struct d’%rﬁ‘?stzt’“&g’%“gf, and
el ectrical changes may be nade w thout departing fromthe scope of the

present invention. 30 The ternms wafer and substrate used in the foll ow ng
description include any structure having an exposed surface with which to

formthe inte ted. cir -6 1 ebruary 2007 WO 2004/019394
PCT/ US2003/ 028589 GGG 0 g%ﬁ&%‘feﬂ‘?‘é‘l thetfﬁ%ﬂF 2e iomdessinodie mefsnst rate i s
under st ood t0sénﬁx%ﬂaa@tor%ﬁkscométfafﬁpgubw@att@{s%isomea {oferSr %‘%&cﬁ%dﬁctb? al so used

to refer to sem conductor- structures during processing, and nay I ncl ude
ot her | ayers Bmmmg@messﬁ@amcbmayemcmﬂenﬁnpwersﬁmha\wdfeem and substrate

i ncl ude doped ndu oped 5 I conductQrs,. epit sem conduct or | ayers
suppor t ed By 3@@%’%@%%@?&? g?‘ﬁ@'ﬁ#ﬁf‘&l‘ da?@%ﬁe"l“}d updopiidher d
seni corsductorse%ﬁlwfah%ﬁ,semkial séfﬂemumrﬁs}&s%ﬂo!r@@byabaé.ée art. The term

conductor is understood to include sem conductors, and the term i nsul at or
i s defined tosdmmictnddetonerynsdater, aaiwell haothﬁls%entwéu@blemuﬂucal\vqﬂ conductive

than the nmaterials, ref e uct or ol | ow detai | ed
description i %é’ro@Fc%lg gﬁ’o’fq F‘?S @g %ﬂéﬂn urqto&qurh%{siq;?&tgg}? and t he
scope of the sgnﬁﬁﬁﬂhctbﬂvmthe&m%ﬁ@itbﬁeeemhxo Bﬁéldd@%n?ﬁﬁ?e@ﬁﬁﬁﬁaﬁ%a' s,
along with the ful scope of equivalents to which such”clains are entltled

Thi s di scl osufess deﬁmaﬂlv@gndmavmﬂ'lenﬂfferaat@mls:reﬁz{gcérto depostictosn Tde t er nary
rretalllc cond ors t he on i ari.ed .an ork function
d0° §a" S itopi AT b ToBRT RoRete e o R SR B b h 1 he nvos
PIVDS t r angidth@Edopk Bf BYPRsHRGINRLIONE deﬂnwaﬂygfﬂﬁ&k?éﬁmeﬁhﬁ@m&nce I'n
the several enbodi rrents these include the use of TaAIN, TiAIN, TiSiN, and

WAIN as the elengwithy thedfull stape of emivalends to, witohsushtclaimapretangied. doped

pol ysilicon or reftactor al. are de Sit gver the
metal | i ¢ conduct oriﬁ ° %%”ﬁ%s&flg%ﬁg ‘\i% ?Pﬁ%}? harygr% milﬂF e 3. As
shown in Fi gufRtallic doR@ucidrafabetthE cotbosBioh Wtaiice and %!rwflﬁsnﬂamace region

302, adrainre ion 304, and a channel 306
15 see Figure 2, to control the threshold voltage of both the NMOS and PMOS

transistors in CMOS technology to provide optimum performance. In the several
embodiments, these include the use of TaAIN, TiAIN, TiSiN, and WAIN as the
ternary metallic conductors. Conventional highly doped polysilicon or refractory
metals as W, Ta, Ti are deposited over the metallic conductors to give the gate

20 structure shown in Figure 3. Asshown in Figure 3, the transistor 301 structure

) includes a source region 302, a drain region 304, and a channel 306
N therebetween. A gate 310 is separated from the channel region by a gate

insulator 308. According to the teachings of the present invention, the gate 310
includes a ternary metallic conductor formed by atomic layer deposition. In one

25 embodiment the ternary metallic conductor includes Tantalum Aluminum
Nitridé (TaAIN). In one embodiment the ternary metallic conductor includes
Titanium Aluminum Nitride (TiAIN). In one embodiment the temary metallic
conductor includes Titanium Silicon Nitride (TiSiN). In one embodiment the
ternary metallic conductor includes Tungsten Aluminum Nitride (WAIN). As

30 shown in Figure 3, in some embodiments the gate further includes a layer of

highly conductive polysilicon 312, or alternatively a refractory metal layer 312,
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t herebetween. A gate 310 is separated fromthe channel regi thFddyhasy War e

i nsul ator 308. According to the teachings of the present invention, the gate
310 i ncl udasoa/b@sgaary netallic conductor formed by at osr€1kssd68026487
deposition. In one 25 enbodinment the ternary netallic conductor includes
Tantal um Alum num Nitride (TaAIN). In one enbodinment the ternary netallic
conductor includes TitaniumAlumnumNitride (TiAIN. In one enbodi nent the
ternary netallic conductor includes TitaniumSilicon Nitride (TiSIN. In
one enbodi Menforkid on 1R BAAYy ABRAIC doRdfc@IAI0! B ehBSdidRS ndtipgat en Al um num
Nitride (WAIN). As 30 showi in Figure 3, in sone enbodinentsS the gate
further incl uthdactery mytel layér, theilayer §1 2 matides fov expuoplpsindinobby $agof or o
alternatively,.a.refracto netal |aye 2, ..-1 15 Eebruary 2007 WO :
2004/ 019394 P&‘Wtﬁ%é%ﬁﬁ%ﬁg‘?%ﬁ%%ﬁéﬁ{a&%}wwmw {ic conductor 310.
I n enbodi ments having a refractory netal layer, the layer 312 includes for
exanpl e, and not by way of Ilimtation, refractory netals such as tantal um
titani dm and Metlpdsad Fosmigtiphods of Formation Atonic Layer Deposition
developed in the early 70s is a nodification of CVD and can al so be called
as "alternatel ypulsed-CVvD'. In this technique, gaseous precursors are

introduced one at AidnhidR.alé IhdpRsitivR Abveliped SWiheaaAy 764 alRodiféatRaRIt he pul ses
the reactor is purged with aninert gas or evacuated. In the first reaction

step t he precOGNEband enalsplbesailedds) attroatclypulred-GYDY.hin thisdeshniame, sur f ace,
and during the subseguent purqi the precursor. is,renoved fromthe
reactor. In tﬁaege%ngé)(S?Eduﬁ%%? 'Ig{q%gf:ed;?n@@ﬁ?ﬁﬁ}e tp hg WF‘B%%E‘& C8rffhe substrate
and thg desip&fedd hePuBELNE RedcRP e hRBed Wifesn RleAGRSs o bdaBhiattd) ah thdre reaction

byproducts and 15 the precursor excess are purged out fromthe reactor. Ygn
t he precur sor firstreanfiogt stgp the presvesenisisaturatively chemisprhsd gt hosubsitster b and r eac

with each other,. aggressivel one ALD cycle can be. preforned i.n | ess than
ohe seaond | nis SR ERERY ool vl be pRePaE R RN B b | 710
feature of AlRaitsr.thehSsHcohidbibs) btk palclrsbiie ifteRREEDs ARuRRaRnditRg St eps

whi ch' makes the growth self-limting. This bri n%:)s the | arge area
desired films growth reaction takes place. After thatf the reaction byproducts and

15 the precursor excess are purged out from the reactor. When the precursor
chemistry is favorable, i.e. the precursor adsorb and react with each other
aggressively, one ALD cycle can be preformed in less than one second in the
properly designed flow type reactors.
The striking feature of ALD is the saturation of all the reaction and
20 purging steps which makes the growth self-imiting. This brings the large area
uniformity and conformality, the most important properties of ALD, as shown in )
very different cases, viz. planar substrates, deep trenches, and in the extreme o
cases of porous silicon and high surface area silica and alumina powers. Also
the ¢ontrol of the film thickness is straightforward and can be made by simply
25 calculating the growth cycles. ALD was originally developed to manufacture
luminescent and dielectric fitms needed in electroluminescent displays, and a lot
of effort has been put to the growth of doped zinc sulﬁde and alkaline earth
metal sulfide films. Later ALD has been studied for the growth of different
epitaxial -V and I-VI films, nonepitaxial crystalline or amorphous oxide and
30 nitride films are their multilayer structures.



unifarmty and conformality, the nost inportant properties 16fFchiubyy 2867 shown
i'n very different cases, Viz. planar substrates, deep trenches, and in the
extrene f rous silicon and high surface area si| d al um na
powers. Alc‘g@%‘{“ﬁ’é”%ntrol of the filmthickness is stra?’&ﬁhﬁa‘mﬁ%dsand can
be made by sinply 25 calculating the growh cycles. ALD was originally

devel oped to manufacture |um nescent and dielectric filns needed in
el ectrol um nescent displays, and a | ot of effort has been put to.the growth

of doped zinc sulfjde and al kal i arth ul de fil Later ALD has
been studied for t aﬁ%&qaeﬁna?m#ﬁb IEF?feStfé’ adﬁ)?ﬁ sflicoR £ | s,
nonepi t axi al gidiskdbdidigt bﬁﬂ@&&emm&hﬂgmeﬁaoﬁ& %lgnrly §erhitTvar e thei r

mul tilayer stru -8 15 February 200 WO 200 9394
PCTI U82003/ 02ﬁa¢8@eﬂl'mwdoe$ﬁﬂeen consi derable interest towards the ALD

grow h of silicon ermanl %Mt du tOthgldlffIC |t precursor
chenistry the resulﬁ?@ wuequt %‘éesslﬂu‘f’r BRH8n sequence ALD
(RS-ALR) fil mpyhavedSqysidles:Uni que and 5 unmatched advantages: Continuity

at the interface avoiding poorly defined nucleating regions that are
typical for CVD (<20 A) and PVD (<50 A) filnms. To achieve this continuity,

the substrate surf i vat e r t d|re I 10 with the first
exposure of RS- AL[ﬁ?Jﬁ@HY@US ind FEW&’H%’B?F&&?%GFI "\‘%ﬁgr?%%fhest

iSUbSt rate topol ogi@g i HRidaPRYEIVD P%ﬁf} W]BQQSGQGEEHEYT@&@&@' eved with a
ayer-by-1ayer deposition techni pically, Iow tenperature and mldly

oxi di zi ng pr ocessetbis cﬁhilmlliystheisﬁbsbhtmgifacetmu%beactlmfedrtoa@vuhtea@}e for gate
i nsul processin r depos on-silicon based dielectrics
Wit of}‘%J oxi di zi ng Vﬁ%}ﬁ’g&ﬁgei"g? ?%§MBW§%EM on-precursor) is a major
concern. RS-AlD aghhhithed dneifial8N e hesXBsd MBhPRERS With #busPOssi bl y

down to nonol ayer resolution, as well as alloy conposite filns appear to be
processes that can only be achieved with a layer-by-layer deposition

technique.
. Typically, low temperature and mildly oxidizing processes. This is
15 thought to be a major advantage for gate insulator processing where
deposition of non-silicon based dislectrics without oxidizing the substrate
(with the oxidation-precursor} is a major concern.
. RS-ALD ability to engineer multilayer laminate films, possibly down to
monolayer resolution, as well as alloy composite films appear to be
20 unique. This ability comes from the combination of being able to control
—> deposition with monolayer precision and the ability to deposit continuous
monolayers of amorphous films (that is uﬁque to RS-ALD).
J Unprecedented process robustness. RS-ALD processes are free of first
wafer effects and the chamber dependence. Accordingly, RS-ALD
25 processes will be easier to fransfer from development to production and
from 200 to 300 mm wafer size.
. Thickness depends solely on the number of cycles. Thickness can be
“dialed in” as a simple recipe change bearing no need for additional
process development upon technology generation advance.
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20 unique. This ability comes fromthe conbi nati on of_ bei ngl&bBdbenaiya20eont r ol
deposition wi th nonol ayer precision and the ability to deposit continuous
monol ayer s vah 2@a@igbpus filns (that is unique to RS- ALD) perhiRBsBRSASNT €d
process robustness. RS-ALD processes are free of first wafer effects and

t he chanber dependence. Accordingly, RS-AID 25 processes will be easier to
transfer from devel opnment to production and from 200 to 300 mm waf er si ze.
Thi ckness depends solely on the nunber of cycles. Thickness can be "dialed
in" as a sinplgch&Cl ARr PRGNS IIHEs N0 need for additional process

devel opment upon technology generation advance. 30 -9 15 February 2007 WO
2004/ 019394 PCTI US20031026487 Atonic Laner Deposition of Nitrides Ta-N -

Chin T e o aHen st et annt e SposBen AL R CHaR BeRti e cal o 5
as a reducing (g @%ﬁmﬁf&%&hhﬂ afai_ﬁ%@%f%@‘i’(ﬁ%ﬁ@ﬁ}d&?&ﬁﬁhﬂ!shave been n

descri bed. The PEALD yi el ds superior Il ms with an electric
resisti§ity ofas a461@10mg'£tgﬂmtdnﬁ1’ erthuizginnidota sl izthylamide) taptepus bawe Tieen a| r. The

Wi chonig |2 Retitrfe Fas BEAED' s Shent Bl VAT P sty of > "
as- deposi t ed f4ohMExcal SdHRtacEVFREOMRer éaépbmﬂfetdﬁ&hﬁeﬁaw@ﬂsmﬁlgmeﬁe

structure of cublt TaN. The density and crystallinity of
i ncreases wi t HbarttbatpdlTeeN ﬁﬂmefomme&pﬂmg:ahAbDammcﬁmsﬁ$ hsr.cd 1mt@1d‘ﬁd- rich in

conposition a d cont ai.n un om £ %.0f arbon i ty.,ln the PEALD
o TaoN 11 e oA dipaln i adidon, Me ot SR Ao BRI PEhY of Mo,
whi ch jg used rﬁtﬁrgo ﬁi‘)?s m&eﬁﬁmwoﬁa{@itqai\l TBreNeMify anftickyFRlRif eROSi ted on
15 SiA2 (100 nm/ ers at a deposition terrperature of 260°C and a :

deposition prfdms mceeﬂ@fbs wigBthegulsa timeafhydmatn pldsma athofilmssirn gafidb i) 3 Ta EE
Nbu® [tertbut | i m.dot r die ndta TBTDET] as rsor
Ta. The [iqui mBP% ‘aﬁ 5@%5’* g#’ 4 ﬁg%ogfmﬂ% eg“ P%Bﬁ@]and
carried by 35 o$g8IN films, hydrogen radicals arc used a reducing agent instead of NH,,

which 1s used as a reactant gas in typical Ta-N ALD. Films are deposited on

15 8i0, (100 nm)/Si wafers at a deposition temperature of 260 °C and a deposition
pressure of 133 Pa in a cold-walled reactor using (Net,); Ta = Nbu' |
[tertbutylimidotris(diethylamido)tantatum, TBTDBET] as a precursor of Ta. The
liquid precursor is contained in a bubbler heated at 70 °C and carried by 35 sccm
argon. One deposition cycle consists of an exposurc to a metallorganic precursor

20 of TBTDET, a purge period with Ar, and an exposure to hydrogen plasma,
followed by another purge period with Ar. The Ar purge period of 15 seconds )
instead between each reactant gas pulse isolates the reactant gases from each
other. To ignite and maintain the hydrogen plasma synchronized with the
depositioﬁ cycle, a rectangular shaped electrical power is applied between the

25 upper and lower electrode. - The showerhead for uniform distribution of the
reactant gases in the reactor, capacitively coupled with an rf (13.56 MHz) plasma
source operated at a power of 100 W, is used as the upper electrode. The lower
electrode, on which a wafer resides, is grounded. Film thickness and

morphology were analyzed by field emission scanning electron microscopy.

30
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argon. One deposition cycle consists of an exposure to a nat&kbroargadlic
precursor 20 of TBTDET, ‘a ‘purge period with Ar, and an exposure to hydrogen

pl asma, y anot her purge period with Ar. The eriod of 15
seconds ?@%%@@@S%theen each reactant gas pul se isolaté&”ﬁﬁ@gwggggant gases
fromeach other. To ignite and maintain the hydrogen plasnma synchroni zed
with the deposition cycle, a rectangul ar shaped el ectrical power is applied
bet ween the 25 upper and | ower el ectrode. The showerhead for uniform

di stribution coupl ed
wth an (23 GG Ol CRRLEH AEEER AR siP bR PbuakBlARE B W' Ps lsed

as the upper TBeCindQUe; asPiccukdviind /A(CHE])] £da, aditionsliredcenp/ate TrheSI des, is
grounded. Film thi ckness and nmor phol ogy were anal yzed by field em ssion
scanni ng el eclepesition lempereissy/is vaged bepyeens2 0 480 v 2@@?5MW®19394

CT/ US2003/ 0 f b
sPt udiUed usi ng?gaﬁ#‘%é]% Caggg[}rggi@mmcf hghggsj Eﬁ%c"ﬁlr"g@#g&gﬁ dﬁr%sg?\?ieasegpi

- addi tional r eiscdlly s3gRndepoditien teifieRfirt isdAcreeaPeThE Hie defosiad ateildobet ween 250
and 400 C. The filps contained alum num carbon, and chlorine inmpurities.

The chl orine @wp@medd@éﬂ@aéeﬂomlc&ﬁa@pn%mdyal& adribe lpayssTesiFtBAL: enper at ur e
is increased. e atomc %
chl orine and aﬁé‘gg& Iptl% (ﬁﬁ%ﬂ\}c\/}éﬁ pgéeﬂsulﬁg& Vi F%%%gm5@0§d ?Ebfclfl fferent

deposi tion priodasers TMA T aCheNHL | T2BAgNHY, dabs,-TeSED; anfl M, TaCl 5- NH3,
TaBr5- NH3, TaBrs Zn-NH3, and TaBr5- TMA-NH3 = are used. Tad 5, TaBr5 and Zn
are evapor at @EP‘FSP@mTB%‘bnTﬁ%Ta:t%ld@IE’HS PHEPE thFEn open hogtshsid mﬂlﬂ@ﬂ@vaporatl on

t enpejqt ures %a%{o T?‘E}aévaﬁt-ggdaﬁterﬁ& sﬁrrefa aﬁg,ana%afr& rﬁ@%%“ vely.

A nfais in uced I e r'eac thro a’nmass a needl e

ve, and a°EptespetidelyaAvencnthi lflﬂrmucéchin&) thsrﬁdtdﬂﬁiréﬁigﬁa)mis% sccm during a
contl nuous flow. TMA is kept at cg constant tenperature, of 16 and pul sed
through the AEFFIEramaeedin W@Mﬁ»an B fQlenoltyales ﬁ%%@lﬁ@dﬂw@m*‘ 15 Tad 5,

TaBr5, NH3, | b 0.2
abr Tﬁg&i‘;ﬂ M?g@ti}%&&%&&! ﬁﬁ&%t@tgcoﬂ%’c {&.%ﬁé?arthﬁ%f hgpeen

and 0.8 s. e purge pulse 1s always Nitrogen gas is
used and pulsed through the needle and solenoid valve. Pulse times are 0.5 s for .
15 TaCl;, TaBr,, NH,, and Zn whereas the pulse length of TMA is varied between

0.2 and 0.8 5. The length of the purge pulse is always 0.3 5. Nitrogen gas is used
for the transportation of the precursor and as a purging gas. The flow rate of

nitrogen is 400 scem.

20 TiN: Atomic layer deposition (ALD) of amorphous TiN films on Si0O, between

P 170 °C and 210 °C has been achieved by the alternate supply of reactant sources,
Ti[N(C,H,CH,),], [tetralds(ethylmethylamino)titanivm: TEMAT] and NH,.
These reactant sources are injected into the reactor in the following order:
TEMAT vapor pulse, Ar gas pulse, NI, gas pulse and Ar gaé pulse. Film

25 thickness per cycle saturated at around 1.6 monolayers per cycle with sufficient
pulse times of reactant sources at 200 °C. The results suggest that film thickness
per cycle could exceed 1 ML/cycle in ALD, and are explained by the
rechemisorption mechanism of the reactant sources. An ideal linear relationship
between number of cycles and film thickness is confirmed.
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for the transportation of the precursor and as a purging gassFdirearfb@w rate
of nitrogen is 400 sccm 20 TM Atomic | ayer deposition (ALD) of anorphous
TiN filnms owoSo@imeyween 170 C and 210 C has been achi exeggdosidias7
alternate supply of reactant sources, Ti[N C2H5CH3)2]4

[tetral cis(ethyl methylam no)titanium TEMAT] and NH3. These reactant
sources are injected into the reactor in the follow ng order: TEMAT vapor
pul se, Ar gas pul se, NH3 gas pul se and Ar gas pulse. Film25 thickness per

cycl e satur at epiAIN: opwrdi l;ub@sﬁearﬁabéb&rtﬁe f8dy 6516k Bhathdibristiué b1 TiagRt  pul se

times of reactant sources at 200 C. The results suggest that filmthi ckness
per cycle coul‘djm@@efh&ﬂoﬂteﬂ’ﬂﬂ/ym layer deppsitiomanethod. %Plsmﬂﬁ@(ﬁ nisjalsSieN

rechem sorptl Qanl sm of. th eaci@t éfo s ‘geal | i near

rel ati onshi p PIS% ag‘}’t?f’eé Aa“Fr| etymrgwg gﬂqﬂée &SREYr red. 30

-11 15 Febr uargifgdéhybariél AO9ANG19BAK lkaldxbibiRa 310 48uctlicAh Rpitdy0 et al .

publ i shed paper on the study of the characteristics of TiAl thin f| I m

deposi t &d by aooﬂﬂ@abhﬁéﬁomw@simmﬂﬁpoﬂl@@elgltb%Ttﬁhareit al - Si -

Cornary i 11 urem bR o AR Toerdiag (CHABCEL R e B B8 Fral OtsPrGLcture

in spite of 5 gehsuseFeRr®rdrespoiivent 51‘1C1]'is¥a§oﬁtédf@orﬁ"ﬂ§b1$ﬂ@§t' edisusing the
Ti C14 and di net hyl al'um num hydri de et hypi perdi ne % as the titanium
and al umi num i adintsestused nésthe ALY ehapnberivtich 15§11Md¥§?dﬂ3wzéﬂlb leowindie |iquid

at 13 - 15 C |ntroduce to the Dch I s supplied by a
bubbl er usi ng tﬁ?%ﬁ rWﬂlr g%‘gf%?f’% S°FP0%§WE%P§%&% lpi%he DIVAIXl- EPP
precurs@r i s IRapnap@eedeEd ald GRodnced thid thelAa0D eBenbed gtk the sdhd Xighanber wi th

the sane flow rate of TiCl4. The NI—BWngas is al so used as a reactant gas a@d
its flow rat e 1hig Bl TEONEesanis Also pirdgh ageagtant pes anddtsSouciate is gbouthe )
conpl ete separ lon qf the source I N S Ti Al fllms are
deposited at t Sc?%h%‘épgf%?%% B%]tr\%) ucegg?f%éﬁc 'Tﬂ %ﬁ%ﬁt&mt 158 Essure is
kept constant @ réRtay\BastO I TIATNFilms are deposited at the temperamres between 350

and 400 °C and total pressure is kept constant to be two torr.

15
TiSiN: Metal-organic atomic-layer deposition (MOALD) achieves near-perfect
step coverage step and control precisely the thickness and composition of grown
thin films. A MOALD technigue for ternary Ti-Si-N films using a sequential
supply of Ti[N(CI—.’g)Z]4 [tetrakis (dimethylamido) titanium: TDMAT], silane

20 {SiH,), and ammonia (NH,), has been developed and evaluated the Cu diffusion
barrier characteristics of a 10 nm Ti-Si-N film with high-ﬁ'eqﬁency C-v

O

measurements. At 180 °C deposition temperature, silane is supplied separately
in the sequence of the TDMAT pulse, silane pulse, and the ammonia pulse. The
silicon content is the deposited films and the deposition thickness per cycle

25 remained almost constant at 18 at. % and 0.22 nm/cycle, even though the silane
partial pressure varied from 0.27 to 13.3 Pa. Especially, the Si content
dependence is strikingly different from the conventional chemical-vapor
deposition. Step coverage is approximately 100 % even on the 0.3 pm diameter
‘hole with slightly negative slope and 10:1 aspect ratio.
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TSI N. Metal -organic atom c-layer deposition (MOALD) achi evéSFeeary pE7f ect
step coverage step and control precisely the thickness and conposition of

. grown thi I MOALD t echni que for ternary Ti-Si-Nfilns using a
sequent i al 9"%"8@5‘?3% Ti[N(CH3)2] 4 [tetrakis (dinethyl an?‘aws%of"’t’%?ﬁfﬁm
TDVAT], silane 20 (SiH4), and amonia (NH3), has been devel oped and

eval uated the Cu diffusion barrier characteristics of a 10 umTi-Si-N film
wi th high-frequency GV neasurenents. At 180 C deposition tenperature,

PRI BV o R R R g e
and the deposikiheBedulhfdf RES: eg‘g‘ﬁﬁ%gmﬁ%&g%ﬁwtﬂ&ggﬁﬂ F gonstant at 18 at.

% and 0.22 nnicycle, even tho e silane parti essure varied from
0.27 to 13. 3 Peconfpdisksi ipf deparatinpthShinegneation 288 icndBnce W, N Hs3HF R ngl y

different fromthe caonveniional chem cal -vapor.. deppsi.tion coverage is
appr oxi nat el y@%]g 1%"53’831&%?{63("?18“3(3. c?ﬁsﬂi"w@g‘@?ﬁ%‘?f&g%% %@Nﬁqu- negati ve
sl ope and 10: L.,36HRGh ofh ABAB.... & _éné@pr%ﬁu_e%%%feﬁr@@ﬁz&eﬂ%t%gg‘ﬂ/ 019394

PCT/ US2003/ 026487 WN: Tungsten nitride filns have been ‘deposited with the

atonic | ayer e@nstraeltempeiamigs betgwemn 60hindsRH0iac Eransastion Fouriciensforgst en
nitride filmgrowth i acconplished, b eparatin e bj sy reaction 2WF6
T NB s von S EriR) S Tl LRE St CO N LS SHUEpp! | cat | o
of the W6 and,ld3 cialidh rt&astd SRfcIbd aheARART, and REDBERTScRERIUCed

tungsten nitride deposition at substrate tenperatures between 600 and 800
K. Transni ssi ¢he ESIR speciroscepsiesulin deimohisteataith¢ FH Rnd 3gddtalforsadionps aeni t or ed

&ZﬁgﬁévofLi‘gap‘é&aﬁgfeﬁma%?%s%ﬁé%?«%&@ R roo, el sPrieiGEs eeul s o
denonstrat ed biligsofféranenitdrki ﬂﬁéhhﬁ%bﬁ@ﬁ(l@ﬂﬁsu%&rﬁ@%@'téﬁﬁe&% and '

self-limting at tenperatures > 600 In situ spectrqoscopic ellipsonetry
moni t or ed t herdaclant gyposurer Ariugisica odyids depositiansatg of 2.68 MpaBayeleds and react ant

7600 < 500 RerorewgthaoRkaSF 8Fseaf Ml fisfel abostipagtio Bge” 1= oo e

10,000 L, respectively. X-ray photoelectron spectroscopy depth-profiling

15 experiments determined that the films had a W,N stoichiometry with low C and
O impurity concentrations. X-ray diffraction investigations revealed that the
tungsten nitride films are microcrystalline. Atomic force microscopy
measurements of the deposited films observed remarkably flat surface indicating
smooth film growth. These smooth tungsten nitride films deposited with atomic

20 Iayer control should be used as diffusion control for Cu on contact and via holes.

AIN: Aluminum nitride (AIN)} has been grown on porous silica by atomic layer
chemical vapor deposition (ALCVD) from trimethylaluminom (TMA) and
ammonia precursors. The ALCVD growth is based on alternating, separated,
25 saturating reactions of the gaseous precursors with the solid substrates. TMA
and ammonia are reacted at 423 and 623 Kelvin (K), respectively, on silica
which has been dehydroxylated at 1023 K pretreatéd with ammonia at 823 K.
The growth in three reaction cycles is investigated quantitatively by elemental
analysis, and the surface reaction products are identified by IR and solid state
30 and $i NMR measurements. Steady growth of about 2 aluminum atoms / nm?

silica/reaction cycle is obtained. The growth mainly took place through (I) the
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10,000 L, respectively. X-ray photoel ectron spectroscopy deps Retpiadf 2007ng 15
experinents determned that the filns had a WN stoichionetry with | ow C and
0 inpuritywoneapigedions. X-ray diffraction investigati @egfssusabas, t hat
the tungsten nitride filnms are mcrocrystalli-ne. Atom c force m croscopy
measurenents of the deposited filns observed remarkably flat surface
indicating snooth filmgrowh. These snooth tungsten nitride filns
deposited with atomc 20 | ayer control should be used as diffusion control
for Cu on co ”_tr@é‘cﬁoﬁBﬂTM@wBRh?@sulted“ﬁﬂhﬁﬁéé@lMé%&'Si-MéjfroﬁlﬁL Md @hﬁbeen grown
on porous silica by atomc layer chem cal vapor deposition (ALCVD) from

tri met hyl al unireastiog Thaxpmanid whachmeplacedalenmiwebendelmacthyl@udipgvdtit h i s based

on alternating, .separated, 25. saturati reactions..of fhe, gaseoys precursors:-
Wth the ol | Ay BRpa cirbh o Rt end Sibt? Suctuteied BN o 6o
Kelvin (K), resngsibiRkn ﬂﬁ%s%bﬁhﬁ@;lpﬁ%ﬁ&m PRESIHASHYSHdey | figd at 1023 K

pretreated wi tth amoni a at e growh in three reaction cycles is -
i nvest ipat ed qeretad wight the emyndogrowyse assih thial witlasvarfags sidanobgrdupshandsilotaee reacti on

products are identified b R sol.id state 3Q an i .NVR geasur enents.

B ady o ow h toZEh dnEensrl B AR dpterR A foridy PG5 b TR o | s

obt ai ned. Thebﬂfﬂ%@mireécﬁoﬁegﬂeWetshépﬁgﬁhév%)fo&m. -13 15 February 2007
WO 2004/ 019394 PCTI US2003/ 0264 - reaction of TMA which resulted in surface
Al -Me and Si-Me groups, and (I1) the reaction of ammnia which replaced

al um ni um bon(}gd.rret hyl groups with -amno groups. Anmonia also reacted in
part with the "§"5on-bonded methyl groups formed in the dissociated
reactipp of TMA W thFRktOX2RRNREY a8 is Mtrated mﬁﬁ&gbwth@teh&lﬁng%mfno groups
as it did with surface silanol dgroups and sil oxane ridges. In general, {the
Al -N | ayer i nitks prescatlinyentinng | The wientory Aevies 440cantpinsstmemeny, arrapdd2.i n the thiTd

reaction cycle AlLNstype site ve formed. i ces. lL.h Figure 4 a
menory devi ce 'P¥ angl F%@‘Wéf_[e%c(’ffeﬁszz%ér nada_dt"’loseﬁ%3 TRALTER PR %‘% ﬁlﬁe present
invention. ThepdRdadtaffad Rsiéd Of & atinBbS tAndROPENIsAND Mavitddernafyow and

col um decoders 444, 448 and a sense-anplifier circuit 446. The
metallic gates formed by atomic layer deposition, whose word lines 480 and bit

15 lines 460 are commonly arranged into rows and columns, respectively. The bit -
lines 460 of the memory array 442 are connected to the sénse amplifier circuit
446, while its word lines 480 are connected to the row decoder 444. Address
and control signals are input on address/control lines 461 into the memory device
440 and connected to the column decoder 448, sense amplifier circuit 446 and

20 row decoder 444 and are used to gamn read and write access, among other things,
to the memory array 442, )

The column decoder 448 is connected to the sense amplifier circuit 446

via control and column select signals on column select lines 462. The sense
amplifier circuit 446 receives input data destined for the memory array 442 and

25 outputs data read from the memory array 442 over input/output (/O) data lines
463. Data is read from the cells of the memory array 442 by activating a word
line 480 (via the row decoder 444), which couples all of the memory cells
corresponding to that word line to respective bit lines 460, which define the
columns of the array. One or more bit lines 460 are also activated. When a

30 particular word line 480 and bit lines 460 are activated, the sense amplifier

circuit 446 connected to a bit line column detects and amplifies the conduction
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menory array 442 consists of a nunber of transistor cells 40Eebluaryi 2097
ternary netallic gates fornmed by atom c | ayer deposition, whose word lines.
480 and bihm}§$”£ﬂ%§ 460 are conmonly arranged into rows_and col ums,
respectively “THE“BT® Iines 460 of the memory array 44XSQVESP8HRERTed ¢ o
the sense anplifier circuit 446, while its word lines 480 are connected to
the row decoder 444. Address and control signals are input on
address/control lines 461 into the nmenory device 440 and connected to the

col uim decoder 44 sense.amplifier circuit 446, and_.20.ro ecoder 444 and
are used to gﬁ?qﬁecfg‘ﬁ‘ﬂlggﬁ&l‘ﬁni a@“%’é‘é&g}lsa“%%#ﬁﬂﬁ 1dfs bﬂt}#’%‘?g‘g,‘}q’yt o the menory
array 442. Thea@hhgMhASHatal diftd@nlsbdRonant sdiviead bliginaaBsendgp! i fier

circuit 446 via control and colum select signals on colum select |ines
462. The sensteferangs linkivéhiclhoinaybs an inddive bitdinee é ghinpuntthelatad ogastiomisd f or t he

menory array 442 and. 25 .out puts, data.read from.the nory arr 442 over
nput ] out put  (9FESTeES 2 P BHEL cAll Sotg o pronpdbd someRRR TETRERIE of ¢ he
menory sarray 4fhe sdwidC tihy 8hdrittbndr Mforyldetite 480 AhiRadrHR deMdgCRder 444),
whi ch couples all of 'the nenory cells “corresponding to that word line to

respective bi exdniplgdn 465 PatiNosHs, 02,785 51286,20%;aind M42 0l 1 dlkeassigned/to One or
nore bit |i neﬁ/g460é[are ?I sq activated. When a 30 particular word |ine 480
and bit |inesME80deEmola8Y G ed. the sense anplifier circuit 446 connected

to a bit line colu R GlbFockMhofdi b rl ﬁéctﬁmsfs@éﬁﬁl%#@%ssoi-%ﬂsea5 February
2007 WD 2004/ 019394 PCTI US2003/ 026487 sensed through a given transistor

cel | and transystan, &80 uiilizing trimsistoricabs Badnmhigmasameirilio gates forputidyt i al

di fferlebnce bet ween, t hed activated .bit |.ine 460 aPtgLBa recf.e.rel%ﬁce ti ne which
najyzbe an i nafPTelasacPrion sRgordime t fie Raciings 85 g Rresri v EReT ESur ce regi on
of ~a given cektanigie, &9 { eRarfpl8 ERLASIDG v W Gilidafien, Yhenddrk B2 ate 5 (not

shown). The operation of Menory device sense anplifiers I's described, for
exanpl e, in U@strmgied imgseordgice withibgpresend guyeptdsr o iave Bapistorgells al | assigned

Systom or pr hagk e 8ot Tyl By Bt B e BERAR PGS 1 avi ng

ternary met al nventgatie Sof sorimEietddyd the same can apply to transistors in the CPU, ete. :

15 The processor-based system 500 may be a computer system, a process control
system or any other system employing a processor and associated memory. The
system 500 includes a central processing unit (CPU) 502, e.g., a microprocessor,
that communicates with the memory 512 and an I/O device 508 over a bus 520.
It must be noted that the bus 520 may be a series of buses and bridges commonly

20 used in a processor-based system, but for convenience purposes only, the bus
520 haé been illustrated as a single bus. A second I/O device 510 is illustrated,
but is not necessary to practice the invention. The processor-based system 500
can also includes read-onty memory (ROM) 514 and may include peripheral
devices such as a floppy disk drive 504 and a compact disk (CD) ROM drive 506

25 that also communicates with the CPU 502 over the bus 520 as is well known in
the art.

It will be appreciated by those skilled in the art that additional circuitry
and control signals can be provided, and that the processor-based system 500 has
been simplified to help focus on the invention.

30 Tt will be understood that the embodiment shown in Figure 5 illustrates

an embodiment for electronic system circuitry in which the novel ternary
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10 atomic |ayer deposition according to the teachings of thes psbesentoo7 .

i nvention. For exanple, by way of exanple and not by way of limtation,
menory 512 we 200a@iesbs ucted in accordance with the presentpdrRiesiblo9As? O have
transistor cells having ternary netallic gates fornmed by atomc | ayer
deposition. However, the invention is not so |limted and the sanme can apply
to transistors in the CPU, etc. 15 The processor-based system 500 may be a
conput er system a process control systemor any other system enploying a
processor and i L e al

processi ng uniltﬁ&?%%l%)g&g%g%ﬁ%en?’fgﬁﬁnedc%ﬁpélg{:@e%%gg%ﬁ&%ﬂﬁgfQg%ﬁ}%%at es with

t he nmenory 513llasicitiam ofiPsidenitOeasshewone Figardii)ss Hmmded totprovige a lgenenat ed t hat

t he bus 520 nmy .be, a,seri.es of_.buse d bridges, co nly 20 used in a -
processor - bas d%'ﬁ@{i@ﬁ%_c’t?ﬂe@BPC%GH%(?PF%W“H%F%QE'@%W PePIEus 520 has
been illustr atiﬁ?enﬁ%nﬁanﬁ'ié‘ﬁt%ﬁéﬁ&d tﬁé@&&@co}@%&@%s‘éﬁp@&%f Al tht! ustrated,

but is not necessary to practice the inventi e processor-based system
500 cah al so dlemdnictesl feamds ofdnelenitopicysy§tROMEing the mowvd] wanary metalitbe peri pher al

devi ce ch a flo i sk drjve 504 and, a c0 t _disk (CD). ROM drive

506 25t hat - altSt5 EUNRGRPHL BLn DY EPRE 0 6B GUL HIEHES BEBHORS | 5 wel |

known in the @iy ﬁxabhéto%@agmfgsesﬂsﬁ%ﬂmﬁﬁh&h&%ﬂe&h e art that
and si gna

additional circuitr contro | s“can be provided, an hat the
pr ocessor - bas eunktsis gemiratdsttras!ls, femmeddiyrgddmici layxtr tlepdsitiop, fmidssoion t he

[ tion. 30.1t will b tood that. th nbodi t shp Fi 5
11 st rates  dNRiAdBPRERTISR B bet Berytsdiobo dy AL PEUTEY R A Eh t e
novel 461 nar y wikiSmdéisERBISHAT 3 A0Mnic UBA0H 03 830K HRA0NFHA6487

t& .
netallic gate transistor cells, forned by atomc layer deposition, are used.
The il ustr atprogessitg wnitst emve)Op a sisiglerseurcondudtdrphime bordesto mdwwaded t o

id | t andi f lication far the struct d
O Peuitry o chEtmiaEEh B R Bie et Bud B meAbu Bkt to serve s a
conpl ete descri pti QppBitatink céﬂiﬂnﬁg%@eﬁ@ﬂa ermpfmbaaicWaksrisi callect roni ¢

systemusing the novel ternary nefallic gate transistor cells, formed by
atonic | ayer deyesslbniasemiciayer depositivh es desvrbrd iphis disclosure, include -

15 electronic systems for use in memory modules, device drivers, power modules,

communication modems, processor modules, and application-specific modules,
and may include multilayer, maultichip modules. Such circuitry can further be a
subcomponent of a variety of electronic systems, such as a clock, a television, a
cell phone, a personal computer, an automobile, an industrial control system, an

20 atrcraft, and others.

CONCLUSION

This disclosure describes the use of atomic layer deposition of ternary

metallic conductors as transistor gates. The composition is varied and work
25 function varied to control the threshold voltage of both the NMOS and PMOS
{ransistors in CMOS technology to provide optimum performance.

It is to be understood that the above description is intended to be
illustrative, and not restrictive. Many other embodiments will be apparent to
those of skill in the art upon reviewing the above description. The scope of the

30 invention should, therefore, be determined with reference to the appended

claims, along with the full scope of equivalents to which such claims are enfitled.
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equal Iy applicable to any size and type of system 500 usi ngli heénaoyBEi07
ternary netallic gate transistor cells, forned by atom c | ayer deposition
and is not intended to be limted to that described above. As one of
ordinary skill in the art 10 will understand, such an el ectronic system can
be fabricated in single-package processing units, or even on a single

sem conductor chip, in order to reduce the communication tinme between the
processor and the nenory device. Applications containing the novel ternary
nmetallic gate transistor cells, formed by atomi c |ayer deposition as
described in this disclosure, include 15 electronic systens for use in
menory rJdIMSS, device drivers, power nodul es, conmunication nodens,
processor nodul es, and application specific nDduIes, and may i ncl ude

mul til ayer nod tr further. be bconponent
of a varl etypb{‘wg‘é‘{) iRy e SrioS af il oS SO G et o bel |

phone, a personal conputer, an autonpbile, an |ndustr|al control system an

20 aircraft, ;andsobhens. thé:@%ygl "S:Mstogrr&h@ tﬁé SGUBSULEHERChbRESs LNEURR), Of

atomi c layer deposition of ternary i c conductors as transistor gates.
The conposiptisiog 4 Isrwmttlcecﬁranmwwczwﬁ wmu:tcidomn vegidretcitaondg oegiomobetvhen the

t hreshol d vol.t age both nd PMOS transistors in CMOS.tech ology
o br ovill8 B RS AP B FAIL AP, § b Beereiitabet DGO ERAR TEHED diot Ene

descri ptih@mtdrs Wii@nded dae Beluded laugtiady ivaallian@nd@ior &Skkd Ay W@midvBRYer ot her
enbodi ments w || be ap arent to those of skill in the art upon review ng

t he aboﬁép‘éféé‘@rqop’tr‘?‘ﬁﬁ hyp@angy opdalte conactan Withpewiiraritieh g ircerediermepvfies be
det er m ned, ttht:bsﬁ&ﬁ ewrc}% G &&r&z@%zz@%@wgﬂca 6 @{e”ﬁhfl(ﬁl Qﬁkg ﬂW ﬁbld%hﬁaﬁsg.ltcg% scope

of eqU|va]ents to duch clains are”entitled. February
CLAI V5 Imciwde@mwdﬁmetaéicmani{gwngﬂa: dﬂnm‘:ﬂu@mﬁlc%r@m yamad l&n cdMBBor;r ansi st or
wherein: at | east one of the PMOS transi stor and t he NMOS transistor

i ncl udes a tran r onpr.i a first. soyrce/drain re econd
oo oor o ai n RSN ng BRTPRIOY, Bifisistord eldhaR W, & Sofieput cid « traad SEghY
sour ce/ AL &SI £Bsie sdhaBAETSE BRI ARAL M e fhARNSL; .8gi on by a gate

the gates of the NMOS and the PMOS transistors include a varied composition and a

varied work function to achieve a low threshold voltages of an appreximately equal magnitude.

2. The transistor according to claim 1, wherein the gate further includes a conductive

polysilicon fayer formed on the ternary metallic conductor.

3. The transistor according to claim 1, wherein the gate further includes a refractory metal

formed on the ternary metallic conductor.

4. The transistor according to claim 3, wherein the refractory metal includes tungsten (W),
5. The transistor according fo claim 3, wherein the refractory metal includes tantalum (Ta).
6. The fransistor according to claim 3, wherein the refractory metal includes titanium (Ti).

7. A memory array including a number of transistors according to claim 1, the memory

array comprising: a number of cells formed on a substrate, wherein each cell includes at least one
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i nsul ator, wherein the gate includes a ternary netallic conthibaanfloomed by
atom c layer deposition to provide the ternary netallic conductor with a
conposition. engineered to provide a desired threshold voltage, wherein one
of the gates of the NMOS and the PMOS transistors includes a binary

metal lic conductor and the other includes the ternary netallic conductor;
the NMOS and the PMOS transistors each. include a source, a drain, a channel
region therebetween, a gate separated fromthe channel. region by a gate
insulator; and the gates of the NMOS and the PMOS transistors include a

vari ed conposition and a varied work function to achieve a | ow threshold
voItage@fﬁmiamﬁappfmmﬁhﬁnehwmmdmabfhh@nﬁiumemdmaﬂﬁhmeHaMSﬁsfanhangBMing to
claim1l,, where urt her des.a c ductlv SI|IC n l.ayer
For med SITEHRRE QY iy R BT o5 MRS ihbfed BF Sk 6 e

cl ai m 1iapheseilond anaatd iy mbihery drdgl udes a refractory netal for rred on.

the ternary netallic conductor. 4. The transistor according to claim 3,
wherein the refractory netal includes tungsten (Vd). 5. The transistor
accordi Bg t oActeatiparBuctoh devdseningiging ef Mmoo yrayecedrdingdh ey 1. 2ePRIERe(Ta) .

6. The RJ ?Iﬂ L%Eigwss 8%&@'@@%31@(9@0%@&%@@{ om%ﬁﬁi'n trﬁﬂifn%f Ak o('iééo@%ttsupled

i ncl udes aniu array 1nc nurber ~o

transi stoths nambexmf ibfgindsa aot aisensk bhptihe mpﬂaaiw thannmycmrbrhipkihai ng: a numnber of
cells formed on a substrate, wherein each cell includes at |east one -17 15

February 2007 of the nunber of transistors; a nunber of bit |ines coupled
to the ér a. n APl EIwngT S1tEEh 1@% & BP0y By FENRF to tflﬁ’é“r?eﬁjéﬁﬁc%‘?“éﬁ/ and

a nunbe :‘r% i Bk ribih £e§ chQl‘:“ane dinh O hBRo8AL& Qf ccﬁxﬁféﬁ tolth@sdSi@r, hLaE ol ums
of the nory array. senlconductor device including a nmenory array

accordlngmﬁmyd¢@mnn@p&wdhpmp@pngﬁma wor dl i ne address decoder coupled. to
t he nunber of wordlines ; a bitline address decoder coupled to the nunber

of bitli -} .sense anplifier nu of hitiines., 9. An
ol cotronPe® s Tud L AR0E aE B Lble S SR G b Mo PR S pip el Gl

el ect r ORiaGnit & Sh@RACOMRIhSH RPagd nipARRESTNdss 8¢ 02 wBpDry device coupled to
the processor, wherein the nenory device includes the nenory array. 10. The

CMOS device of claim 1, wherein the threshold voltages of an approxi mately
equal ragni The €M Herdes of eléimek hhadeiy det thrpehatdgnitaagsief of apressimpiviineiald

Volts. %’aﬂl}lf{% eﬂ(%ug@ a i‘ﬁ}esgcﬁd B!i&ge%‘w@mjmde apﬁjomn%aiﬁybgr\?&gm d voltages of an

appr oxi

12, The CMOS device of claim 1, wherein the binary metallic conductor inclades a binary
metallic conductor selected from the group of tantalum nitride (TaN), titanium nitride (TiN), and

tungsten nitride (WN).

13. A CMOS device comprising a PMOS transistor and an NMOS transistor, wherein: the
NMOS and the PMOS transistors each include a source, a drain, a channel region therebetween,
a gate separated from the channel region by a gate insulator; and at least one of the PMOS
transistor and the NMOS transistor includes a transistor comprising: a first source/drain region a
second source/drain region a channel region between the first and the second source/drain
regions, a gate separated from the channel region by a gate insulator, wherein the gate includes a
ternary metallic conductor formed by atomic layer deposition to provide the ternary metallic
conductor with a composition engineered o provide a desired threshold voltage, wherein one of

the gates of the NMOS and the PMOS transistors includes Tantalum Aluminum Nitride (TaAIN)
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magni tude include a threshold voltage magni tude of approxi misatehyy 0003
Volts. 12. The CMOS device of claim1, wherein the binary netallic conductor
includes a binary netallic conductor selected fromthe group of tantalum
nitride (Tall), titaniumnitride (TiN), and tungsten nitride (W. 13. A
CMOS device conprising a PMOS transi stor and an MMOS transi stor, wherein:
the NMOS and the PMOS transistors each include a source, a drain, a channel
region therehetween, a gate separated fromthe channel region by a gate
insul ator; and at |east one of the PMOS transistor and the NMOS transi stor
includes a transistor conprising: a first source/drain region a second

sour ce/ dssaihn 1ﬁmgi30me§a&icx:hfaw§nelbx redjiton olbet weelme hies bi”ribtt NidStdng e ctivieS
source/draln r.at ed fromt b ate
houl at oFteCar ST Gl B BRUENE ey P Rl GRSkt R e by
atom c_| @yahed@Rosltdgeioltd pp@Xirtiaell Rgud efpaidcet al lic conductor with a
conposition engineered to provide a desired threshold voltage, wherein one
of the gates of'the NMOS and the PMOS transistors includes Tantal um

Al unmi numaNi t ri MO avigp compgsing apERPGdrapsizooAnd a8 NIMEStieanaigtoy, weerainl the

conduct Om da&(ﬂﬁe M@? ;QILR,%}E &%tlﬁaué?e a ELW?Q@NW dnfc, Pi?ei u g%&?%%h%&,?g

i ncl udes a bl nary IC con uctor I ST Nng
achi eve @ gatk Gapdr hte@sfi‘am thevdlahag esgiof bam aqae nmx;iamm ehy aed]aaati omeaghiht RMOS14. A

CMCS devi ce, co i.sing.a PMOS transi stor and an NMOS tr.ansi stor, . wherein:
t he NNC%‘?‘“&%%H“EE‘% @%@r’é"%‘ﬁ@i&"ﬁ det FHopHEeTFPEPEs W3 BBt S%Tb“r/%frlﬁmééo‘e Rannel

regi on thesRbehNeNain RAAL L HARRI Akch bEQRA e ghanmel m&%b&n D@/ Gahe
i nsul ator; and at | east one of the PMOS transistor and. the NMOS transi stor

i ncl udesreamtls, arggiosicprraied o té;lie ﬁlyannal ips by $auiccaidiian whewgl ba cate isdedsaad
sour ce/ dral, &%%5 % con%u&&a 39418 g% n?{)#?{?ﬁ }]c! hrsok Andle %}%d@er%&%ﬂic
y a gate

sour ce/ dil' al 1 ONS, ara regl on
i nsul at Qrondl\mh@f x&iii’ﬂ(z Tchaﬁp@ﬂﬁﬁc&l &ﬂgﬁiwﬁém a;evt&raﬁ&&&e%teﬁhdﬂti@oﬁ@gbd udtein éarofed by

atom c | ayer de s ide the ter net al | con
conposi t"ﬁ%ﬁ“@%@f‘g %ﬁgt‘lﬁgb& Qg i’étlnéfe@i’srlé %r ldERBIY: A\\}ﬁ’i“f"a\rﬁe ’“\‘/ﬁ(’)fe(r[gﬂ‘fﬁ?ﬁ one
of the gaheseQhy %taNM E3ndandr bhe MRt LAR rg&@{ srigRehuges ahigt pirMDS

Al umi num Nitride ( AIN) as the ternary netallic conductor and the other of
t he gat elsansistor iiechiiviD8 tarady miesal PvVeB dugtpr agngtssrs Thvliwdsitaleni iy (o anbieat i ¢
conduct [ achieve a |low threshold

vol tageg] “1&8};%% (ﬂ’& Jn%tfaéql yg}owlnth{télgg@ﬂp%nh%ﬁ A CMOS device conprising a
PMOS transi st or and an NMOS transistor, wherein: the

13, A CMOS device comprising a PMOS transistor and an NMOS transistor, wherein: the
NMOS and the PMOS fransistors each include a source, a drain, a chanuel region therebetween,
a gate separated from the channel region by a gate insulator; and at least one of the PMOS
transistor and the NMOS transistor includes a transistor comprising: a first source/drain region a
second source/drain region a channel region between the first and the second source/drain
regions, a gate separated from the channel region by a gate insulator, wherein the gate includes a
ternary metallic conductor formed by atomic layer deposition to provide the ternary metallic
conductor with 4 composition engineered to provide a desired threshold voltage, wherein one of
the gates of the NMOS and the PMOS transistors includes Tungsten Aluminum Nitride (WAIN)
as the ternary metallic conductor and the other of the gates of the NMOS and the PMOS
transistor includes a binary metallic conductor comprising Tungsten Nitride {WN) to achieve a

tow threshold voltages of an approximately equal magnitude.
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NMOS and the PMOS transistors each include a source, a drai h§ Febrednarng!
regi on therebetween, a gate separated fromthe channel region by a gate
insul ator; and at |east one of the PMOS transistor and. the NMOS transistor
includes a transistor conprising: a first source/drain region a second
source/drain region a channel region between the first and. the second
source/drain regions, a gate separated from the channel region by a gate

i nsul ator, wherein. the gate includes a ternary netallic conductor forned
by atom c | ayer deposition to provide the ternary netallic conductor with a
conposition engineered to provide a desired threshold voltage, wherein one
of the lgat esh ofethod doNvBBingredCMIS RIVES comansingt oreingrct Mdesrdfsisgst fenning

the oat 48 SMERERaee Mt Tn OBl el 8RBt RERIRAE S el Ay YRS o

conduct afan6iewp fricBidegfohB@st ihshliok rdoderié MBI fol@ingahiemeuie/draiddhde 8 Redotld
vol tages of an _approxi mately equal nmgnitude. -19 15 February 2007 16. A

met hod fSEHCPEFAR FREQD mca@wheg@&rfﬁwgq%cn NG FDPELE TPVINGS tor SR PRIOBINE
form ng ypapy, %Eﬁhgfoﬁ%ﬁsk I ratedRRE &l fb?%%ﬂg g%& h @80, e whbrchD forRMGihe

transi stor an ransi stor i1 ntludes forning a transistor,
conpr|sumgrnmbﬁnwm@ﬂamgar%ﬂmaoumwﬁﬁdﬁaﬂndpegyamwnm benahmo%90mnceﬁmm&1n
region, on the ubstr for m.ne te
oppost nd MERGIEN RG-S ER BN G TR et IRk BTV w Pl e 08

i nsul at o tanEMEISarSEBiol Ohtlute 4 Bieary gatelié m(iuaesm‘(mabﬂ@r micluebN@e Yern@bal | i C
conduct or b atom c | ayer depgsition to grOV|de a nposi tion. engi neered

to provitaaaltc gendueos H MASHER Brmjeeibe M %éﬂ@)fhetwoééfa@ew inpladeqVeRNngNd
the PMOG | tdrhg@ ghtﬁkgﬁ@ofh@&l E‘ﬂfﬁl% ARl ofk ARLAM b&cs«fcﬁ '??sﬁ@étgfe t@dﬂ%&)hﬁl (93@%5

i ncludes th er nar [ic conductor, and where foam ng the
t he PVOSonrranshstiond voitegk dmfe@cii werchige transisgoriteeh garexivemhosiuti reagﬂiﬁa@a ng a
vari ed work function on each respective transistor in order to control a

t hreshol d vol.tage for each ect.i ve transistor t an appr oxi mat el y egual
rmgn £ udd: TR REeF b1 EoTE i e hna Y O fg G A R | ¢
CPndPCtQkt&%ﬁﬁh@&h&ﬂ“@%ﬁbgad@ﬁ@ﬁmthﬁﬂnh@@buﬁﬁﬁ(T@Antﬁ@wﬁ Tantal um Al um num
Nitride (%RAI | ayer. 18. The nmethod of claim 16, wherein formng a ternary

metallic conductor by atom c |layer deposition includes formng a Titanium
Al um nunh8Ni trThdene(tH'(idAdLﬂ\i)laihay@rWhCI@n faivengre tihoay ofietdhaicomdi@ior Wiyert@nis 1&@r mi ng

a ternary netal ducto me |a gF t|on includes formng a
Ti t ani uﬁfég‘ﬁﬂﬂocflolﬂdf{ﬁ]‘tb %:%m% ?frgr%jmﬁ glrmunﬁéemﬁkh %e??LSHe 'of claim 16, wherein
formng a ternary netallic conductor by atom c |ayer

19.  The method of claim 16, wherein forming a ternary metallic conductor by atomic layer

deposition includes forming a Titanium Silicon Nitride (TiSiN) layer.

20.  The method of claim 16, wherein forming a temary metallic conductor by atomic layer

deposition includes forming a Tungsten Aluminum Nitride (WAIN) layer.

21, The method according to claim 16, wherein forming a gate further includes forming a

refractory metal on the ternary metallic conductor.

22.  The method according to claim 16, wherein forming a gate further includes forming a

conductive polysilicon layer formed on the ternary metallic conductor.

=20-



deposition includes formng a Tungsten Al um num Nitride (WAIlIN)Febmyg200721.
The met hod according to claim 16, wherein formng a. gate further includes
formng a refractory nmetal on the ternary netallic conductor. 22. The

met hod according to claim 16, wherein formng a gate further includes
formng a conductive polysil.icon layer formed on the ternary netallic
conductor. -20 15 February 2007 23. A nethod for form ng a CMOS devi ce
conprising: formng a PMOS transistor ; formng an NMOS transistor, wherein
form ng one of the PMOS transistor and the NMOS transi stor incI udes forrri ng
a transigtor 1 an orm tge

transi st§ %Yfeﬁ%dil\llnﬁ}g%}ng lng’nagl;}googrld%}%ltﬁg’g S %rfre’gmm“’éi trgnsuf‘s %tPr Eotngn\%‘ th a

bi nary net BIM{‘)S tra@astdt) otlareih Yomiingioae lodyier Plslﬁnbataﬁqﬂm aztdh&u,bﬂm‘%rm&;ﬁs&&rl ic
conduct or

i ding a Tantalum N tr TalN) yer such that th
Cransi stEFl %ﬁJ gPW“t“ﬁ%s‘i“%‘%"B?’gh‘Qv@a‘g“h6}35ﬁ%‘? dowagﬁgfg@éhtﬁfef e s
appr oxi ngtgls\r el ahe W@Bt%@mto?%ch@dcmﬁﬁﬂgo dotﬁarifsf%f@ & AitMOBndeVineQllic
conprising: formng a PMOS transistor ;, mg transi stor, wherein

f or mi ng emdudér bheatEnMoSayeraderiosition, &mdbmflrre ct ¢<’al|ds¢191t arcluding uBegaltior i ng
atr ans"%ﬂi%c gﬁﬁrﬂmt tﬁ*—k‘sat gll\lhqﬂgat qﬁsaa% r’,g qug k}l"iﬁ(% Q"f%gmmc them, g ‘fS e% th a

transi stor ransi | nc nni ng rah | St or

bi nary nﬁt]ﬁgiqlfﬂ’an@p;mdmh@eﬂy bytabimepiitdeayer deposi t| on the binary netallic
conductor including a TitaniumN tride (TiN |ayer such that the NVDS
tran5|stor and the PMOS transistor have threshold voltages of —an |

appr oxi mt el yA st frafprmingdet MBS dexicrsemprsingr forpipgiadg e avpgsigey fogaing
conpri si r ﬁ,%a e N r S

wherein ‘%hgfr\lr\n&(‘fr)l% n%l rllgelgcg 'he tl\%ﬂgé %%glog tﬂ(i)({ 9{'51/]!%5(1'S %@Wﬁ%n’g@%%%bﬁ% udes
form ng iacludcasnﬁjrmirrg a gooeiser ngedrdingl @i chibd | Sanﬁki ffeammigght loeheotdferhe ofMORe

PMOS transi stor i.ncl udes. orm n ansi stor. gate
wh a Dol e i NSO b Ay e e ERisle e T bR By

net al | i cogn@midthalyodiormRah g iaBshsRiohUME Siary Medhn mgndt((,mwn@(mg a f’fﬁﬁzhuﬁlhﬁmiehe
NMOS transi stor and the P transi stor have threshold voltages of an.

appr oxi nets} fyerupsh tivd die NYEES tragssstor and the PMOS transistor have threshold voltages of
an approximately equal magnitude.

25, A method for forming a CMOS device comprising : forming a PMOS transistor ; forming
an NMOS transistor, wherein forming one of the PMOS ftransistor and the NMOS transistor
includes forming a transistor according to claim 19, and forming the other of the PMOS
transistor and the NMOS ftransistor includes forming a transistor gate with a binary metallic
conductor by atomic layer deposition, the binary metallic conductor including a Tungsten Nitride
(WN) layer such that the NMOS transistor and the PMOS transistor have threshold voltages of

an approxinately equal magnitude.
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