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'BARRI ER STIVITY GATE CONDUCTORS BACKGROUND OF THE |
FI ELD ON The present invention generally relates to
transm ssion lines for == 5 MAR 200 microcircuits. Mre particularly, this

i nvention rélates to a diffusion barrier for |ow esistance gate conductors
for metal -oxi de-sem conductor field-effect transistors (MOSFETs), in which
the diffusion barner is formed of a sem-insulating material that is able

to prev jon of a gate conductor at high processing tenperatures
encount %wﬁummmmﬂﬂmthe fabrication of MOSFET and CMOS devices. 2.
DESCRI P O] RIOR ART As known in the art, the gate of a field

ef fect transi®¥f%r (FET) typically includes a gate insulator over a

sem conductor substrate, over which a polysilicon gate electrode is forned

to which a voltage is | £k [ r B ARR t he substrate
beneath the el ectrode a%é&g%g%ggggﬁﬁm&é%&%@& el ectrons or hol es
: [ . The gate structure

flow fromthe source Fo
further includes a gate conductor that is electrically connected with the
gate el ectrode, and by which the gate signal is delivered to the gate

el ect r ode BACKGRAOUINDrOF OHEARNVENTIOMN el ectrical resistance to mnimze gate
signal delay, the gate conductor of a MOSFET is often required to w thstand
hi gh procés i%t@ﬁﬁwwlqligr exanpl e, above 1050C for_junction
activation. This process integration constraint has necessitated a tradeoff
bet ween the conductivity and thermal stability of the gate conductor

materi al Gate conduqieipsesbiiifivehtion génengitrelatedto frardsaiiésion Iiekifed des (Tl Sy
have low reslsiivlitles, on the order of - 5 MAR 2003 -2 about 15 to 20

m cr o- ol umsierecirguits. dderapartighlatsthisdnyentien relitesdern) difesiembarietfoutowdegr adat i on

f i nterdif~usi ith . th L ysili .gat | d | eadi t h
| norease. MFPISEE gamAOPRRIT oS Pord paidecr i Rt 0 SRS patitorr om (he gate
el ect r ode (VORI TR hichTh SUIRARAGRric? i ABAOIEHefhi Mol RS B 20OV S

about 900C, and pure tungsten reacts with polysilicon at Uenperatures above
about 750 i&attle td prevert degysdadion of b igate desductdBiat high whicessingxthmperatunésg h

resistivities on e.order. of abo i C m. and therefore

undesir abWWW%%E‘E‘ g%%aﬂiflﬁﬂé’&éﬁ%ﬁ&g%f]%‘[ 8&&%8@6‘,’6% ungsten silicides
are nore thermally stable as conpared to tungsten netal and titani um
silicides, and are therefore enployed as the material for gate conductors
i f proces< MESERTFEITIGNOESTHE PRIGK &ddd t he capability of tungsten and
titaniumsilicide. One known approach to prevent degradation of a gate
structure having a tungsten gate conductor is to provide a diffusion
barrier between the ar, L4 to avoid
undue delay in the glgét)lg%gﬁgﬁa ?ﬁgﬁgﬁ)ée)éa\éi?#rdeﬁggIegg(ﬁ%{éggﬁl}(g&g%wtpﬂ%h&i ffusion
barrier i dndleddsergatGnasieqt e hysemmondendrisabstatavosda avhidtas psleslicdnogats e
conductive materials, such_as Ti N, TaSiN or tungsten nitride (WN,~, as the
di f f usi on sgipdels fermedrtp fhichiovedipae is spphietlietinveet the pyrfpse ohthsspbetatamat eri al s

such as TN Tadi i- rocessi t erat ur of | ess than
about 500G RS LR Tkl b Aok Bl OB S HARIGREP LR R e o
prevent t B¢ sercerivail theraef oftihetramisr Athe @dieNur0éturbrHhdr inAedRadiarg! v,

conductive diffusion barrier materials currently avail abl e cannot w t hstand

t enper at urcesdupigrithatiiselectfienllyj conaectedrvidlicthi gateictnsiredrd apd hewhishghe gaterper at ur e

: v in the fabricati ..MOSFETS, . of her wi t
BT o entPaL ativerehc BE eaf bl B adtipbid e ST Refiedl B Bhioul 1
manuf act urgp Elﬂnﬁﬂzégk?@ ?i%ﬁ:illﬂela‘y, HBLNER SRt of § NEOFEPATJHeR redued @ Jat e

el ectrode In view 0 e above, what is needed is a gate structure that is
capabl e ofwihstdnsitlagitprogessmgdessaratgres dpexaatple, ebowbldve° Q0a@unamwd pr ef er abl y

at least 100C for _junction activation, w thout significantly increasing
gate prop é’ﬁHWEﬂ’?- Jlgpsdgfpcess integration constraint has necessitated a tradeofl bétween the

conductivity and thermal stabulity of the gate conductor material Gate conductors

formed of tungsten or titanium silicides (T1S1,) have low resistivities, on the order of



.- 5 MAR 2003 -3 BRI EF SUMVARY OF THE | NVENTI ON ' The present inventio

‘provi des a gate structure for a sem conductor device, and par‘tﬁcMAR §DBB
MOSFET for such applications as CMOS teclnlology. The gate structure of
this invention can enploy a gate conductor that has relatively | ow
resistivity, e.g., tungsten or titaniumsilicide, yet remains thermally
stabl e at processing tenperatures above 900 C. As a result, the gate
structure can eallibit |ow gate propagation delay while al so being capable
of withstanding high tenperature processes such as junction activation. As
wi th conventional processes, the gate structure of this invention generally
entails an electrical insulating |layer on a sem conductor substrate, over
whi ch a patbansil b tc2mipab-@halsent, batenhst wWithsted juldiengatieatoh mithour e f ur t her
includes a gate conductor_that is electrically connected wth the el ectrode
via a dl f fegmadsiion frapy ingerdifiigpipe withdhepalysskiconigateyleciroge. deading e asshayat e
conductor.to prevent,.interdiffusion,therehetwee Because it he gate

el ect rode"\%?ﬁ?ea@éesé%ﬁ’tl?'gpggf ﬁ%mgﬁ@eq;pl(;eﬁo? ﬁgctl?pragﬂg?lgﬁ }:l:)ef gaﬁ? Flhea’&\rloo tage drop
across t hpy@idnhei 2181 PRAAY 1BlagiMilerddCattbhpsFRturdshbBidout 0T afYpurd Maal num
switching speed for the transrstor at a gi ven swing of the gate voltage.
For this tuagstemreaotsiwitlhpadysicooahttupeiaiwensiore nbdw 7086 thiven tengstinder ed i n

t he past as pot ial candidates, for .diffusjon barrciger ate structures.
oot SRRt AP LS S e FelsuRiiel 67 R tedd ok b Do RS, 5

silicides I i j 1 n have
resistivi ??xgg-%?lha%gl%fregﬁggn@%ﬂg@@%ﬁeﬁ%&%@ﬁ%ﬁ gétg)%?gg?m%’%kﬁk%he ot her hand,

typi cal i nmghtad silicides axeinadrs theavelly @sblshs sorhipaead fortuidseenrmstgleandfl about 106 to
10'$ oluns-cm A material having a resistivity between 102 and 106 ol nns-cm
(i.e., betitpabun silgideppnd grsgherelosrrmplovsd asdhempigrial fangate genstyetorsigul at or

mat eri al s) nmay. be referred t.0.as .either,. inperfect ,i.nsul a . Or a poor
conduct or PHESERGPRECER AR RafRe B AR TR SRl S BRI ES eI S Pan

i nsul ator or conductor material. - 5 MAR 2003 - 3a According to a first
aspect of the invention there is provided a sem conductor device fornmed in
a sem conduct or sub$ne&newn approsdrio pogvaniclegraddeat efe gate stongturghavng a

| ectri i nsul ating, | t.h trate; te el d th
ol ect r1i cafurieRet pabieng Ry & o oty HRShh Biss B rE LRt Raf | ayer on
the el ect ped&licdQeddiolib Us &aerbcarap&eﬁméi@eyﬁafypﬁ\fﬁ@gat@si@ﬁai Sbledutén@bove 102

ohms-cm and a conductor contacting the diffusion barrier |ayer and
separ at edldakagn thivegly tteadiffheat bader ibpettdne Canfequenityncdwentianal Wesdem Iss t hat

t he condugtor, makes el ectrical contact. W th.the el ectr.od rough, t he
G 11 us! on DB ek CRayE e TRISaply S0 81 b MBS GG 1 o e b e
el ect r ode afpisRAMa%id haferli®! 11BABvr Lohlitiv REREIRA bar i eifdh1S ARndk frigsi on
barner | ayer has a sufficient thickness to effectively block
and TaSiN are limited to processing temperatures of less than about 900°C 1n order to
prevent breakdown of the material (TiN and WN,) or prevent thermal oxidation of the
material (TiN or TaSiN). Accordingly, conductive diffusion barrier materials currently
available cannot withstand temperatures sufficient for junction activation and other
high-temperature processes necessary in the fabrication of MOSFETSs, or are otherwise

not sufficiently oxidation resistant or compatible with integrated circuit manufacturing

to successfully serve as a diffusion barrier for a gate electrode

In view of the above, what is needed is a gate structure that 1s capable
of withstanding processing temperatures above 900°C, and preferably at least 1050°C

for junction activation, without significantly increasing gate propagation delay.



di ffusion and interm xi ng between the conductor and el ectrode. According to
a second aspect of the invention there is provided a senicondu ' 8
formed in a sem conductor substrate, the sem conductor device including: an
el ectrical insulating |layer on the substrate; a gate el ectrode on the
electrical insulating layer; a sem-insulating diffusion barrier |ayer on
the el ectrode, the sem-insulating diffusion barrier |ayer having a
resistivity above 10-2 ohms-cm and a thickness in Angstrons of |ess than:
t,Edb~3 E, where t, is the thickness ofzthe insulating |ayer in Angstrons,
db is the permttivity of the diffusion barner layer, and E, is the
permttivity of the insulating |ayer; and a conductor contacting the

di f f usi onBRAEF iSEMMMaARY QIoTHE INVENBEN i cal | y contact the el ectrode, such
that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor, wherein the diffusion barrier |ayer has a

sufficient thicknes ' I f | L ).Xi hg bet ween
t he conductor and eﬁgé??%%&?ﬁ&%ﬁ&gﬁwggggg§%k§§gakgggfggﬁggégﬁgh%hird aspect
of the indentd, and pareicslailp a MOSFBE foraudeapplionibictag CMOBiteshnblopyethsd n a

sem conductor substrate, the sem conductor device including: an electrical
i nsul at i ngateatraetursrof e myanisan eengmploy a gate conductor that has relatively low

resistivity, e.g., tungsten or titanium silicide, yet remains thermally stable at processing
temperatures above 900°C. As a result, the gate structure can exhibit low gate
propagation delay while also being capable of withstanding high temperature processes

such as junction activation.

As with conventional processes, the gate structure of this invention
generally entails an electrical insulating layer on a semiconductor substrate, over which
a polysilicon gate electrode is formed. The gate structure further includes a gate
conductor that is electrically connected with the electrode via a diffusion barrier, which
separates the gate electrode and gate conductor to prevent interdiffusion therebetween.
Because the gate electrode voltage controls the speed of the transistor, the voltage drop
across the diffusion barrier must be minimal in order to achieve a maximum switching
speed for the transistor at a given swing of the gate voltage. For this reason, only
highly conductive materials have been considered in the past as potential candidates for
diffusion barrier of gate structures. Conductive materials such as metals and certain
semimetals, metal silicides, metal nitrides, and doped semiconductors generally have
resistivities in the range of about 10 to 10? chms-cm. On the other hand, typical
insulator materials have resistivities in the range of about 10° to 10'® ohms-ecm. A
material having a resistivity between 10 and 10 ochms-cm (i.e., between that of
“good” conductor materials and “good” msulator materials) may be referred to as
either an imperfect insulator or a poor conductor, depending of whether its resistivity 1s

closer to that of an insulator or conductor materal.



a gate electrode on the electrical insulating |layer; a sem-insu ahlﬂggz
‘di ffusi on barner |ayer on the electrode, the diffusion barrier |dy QQB
formed of a quantum conductive material, having a thickness of |ess than 25
Angstroms, and having a resistivity abov# 10' 2 ohns-cm and a conduct or
contacting the diffusion barrier layer so as to electrically contact the

el ectrode, such that a gate el ectrode charge is induced in the el ectrode by
applying a voltage to the conductor; wherein the diffusion barner |ayer has
a sufficient thickness to effectively block diffusion and interm xing

bet ween the conductor and el ectrode. According to a fourth aspect of the

i nvention there iAccprding thed fastsaspea arfdbe tiwventlew itlsze fio provaiedra semiconductor

' d . sub th ' devi i.ncluding: , an el i cal
meul ati ng SkE BIeThg sehRE PRI B She SRl EMERE R ThERap Bl Col '

i nsul ating | ayer ;an&lce@i6at indslating laper ¢ the ushstmateharri er | ayer on the

el ectrode, the sem -eo‘{]sul ting diffusion barrier layer formed of a material
sel ect ed from t hé 8ipritoshondhs Fgctysaldnsulaing 1gyerde, silicon nitride and

silicon oxynitri %esenhfiﬁéd?ﬁin% diffuGiRaeriQf 1al &Seh iadledR dBNER! diPfiBion Mattier
having a resistivity above I0'2 ohps-cm and a conductor contacting the
di f fusi on Bayer heving ayesistyityaboveol &1 ¢lung-twatdy contact the el ectrode, such

et 98t ety G, SRRl ARG IS PSSP e 0 R
suf fici ent ecldetrodabg thetdiffadibebhnriéelayebdooiblt e todndictr nadkds eletieical contegt withween
the CondUCtﬂ% el%gtgo elt Coturglcl)ctjl(laé diffusion barrier layer and a gate electrode charge is induced in
the electrode by applying a voltage to the conductor;
wherein the diffusion barrier layer has a sufficient thickness to effectively block
diffusion and intermixing between the conductor and electrode.
According to a second aspect of the invention there is provided a semiconductor
device formed in a semiconductor substrate, the semiconductor device including;:
an electrical insulating layer on the substrate;
a gate electrode on the electrical insulating layer;
a semi-insulating diffusion barrier layer on the electrode, the semi-insulating
diffusion barrier layer having a resistivity above 10 ohms-cm and a thickness in
Angstroms of less than:
t.€4n/3€,
where t, is the thickness of the insulating layer in Angstroms, &4, is the
permittivity of the diffusion barrier layer, and &, is the permittivity of the insulating layer;
and
a conductor contacting the diffusion barrier layer so as to electrically contact the
electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor,
wherein the diffusion barrier layer has a sufficient thickness to effectively block

diffusion and intermixing between the conductor and electrode.



- 5 MAR 2003 -3c According to a fifth aspect of the invention there is
'provi ded a sem conductor device forned in a sem conductor SUbSLISatMﬁB 2903
sem conductor device including: an electrical insulating |ayer on
substrate; a gate electrode on the electdbheal insulating |ayer; a

sem -insulating diffusion barrier |ayer on the electrode, the

sem -insulating diffusion barner |ayer having a resistivity above 10-Z
ohnms-cm and having a thickness of 5 Angstrons or |ess; and a conductor
contacting the diffusion barner layer so as to electrically contact the

el ectrode, such that a gate electrode charge is induced in the el ectrode by
appl yi ng a vol t agkccoulingiéo 8 ¢lhiadi esnset oiwtheriayentiondherefis parvadedoa semispndusyasy
has a suffi g ' - ' Kk di f ' i nf.erm xi ng
bet veen  heeE R Bt SR BRI RL Mt ot o BpOite A2 TS
chargi ng of the eahetdciridéinylatinghyet onv/the gulestragd; i ng bet ween t he conduct or

and the el ectrode. Acclordi ng} t@ 4 Si.xth as ect of the invention there is
provi ded a seni crcEBrIafsPRdRe plgrthedt nsialingdayConduct or substrate, the

seni conduct or dewy &@niliAalIxdigdiffugion HaBedr! laga! o BULIBEtHIYR, kiry @iffueidnttaerier
substrate; a gate electrode on the electrical insulating |ayer; a
seni - i nsul deyasgemerfousedal »arsnten coagugtivematerial chaving » gacknegpof less than 25

Spm ol Ao didHaIhe RSk Riny D656 1628hAG oy bfig! ST VI LY above 10-2

a conductor contacting the diffusion barrier layer so as to electrically contact the
electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor;

wherein the diffusion barrier layer has a sufficient thickness to effectively block
diffusion and intermixing between the conductor and electrode.

According to a fourth aspect of the invention there is provided a semiconductor
device formed in a semiconductor substrate, the semiconductor device including:

an electrical insulating layer on the substrate;

a gate electrode on the electrical insulating layer;

a semi-insulating diffusion barrier layer on the electrode, the semi-insulating
diffusion barrier layer formed of a material selected from the group consisting of silicon
oxide, silicon nitride and silicon oxynitride, having a thickness of less than 25 Angstroms,
and having a resistivity above 10 chms-cm; and

a conductor contacting the diffusion barrier layer so as to electrically contact the
electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor;

wherein the diffusion barrier layer has a sufficient thickness to effectively block

diffusion and intermixing between the conductor and electrode.



a conductor contacting the diffusion barner layer so as to electrically
rcontact the electrode, such that a gate el ectrode charge is ip qugggnggpy
el ectrode by applying a voltage to the conductor, the gate ele ge
being at |east 75% of the voltage appli€®to the conductor; wherein the

di ffusion barrier layer has a sufficient thickness to effectively bl ock

di ffusion and interm xi ng between the conductor and el ectrode. - 5 MAR
2003 -4 Contrary to conventional w sdom the diffusion barrier of this
invention is a very thin layer of a material with sem -insulating

properties, which are defined by the ability of the diffusion barrier to
allow for a fl owAotortiing toemKifiheaspent rodrihe (rexptiers Sete isnpranmpied pesemindridugfor ar ea

at a specified volt Acco he inventi,.n ransi st ar. speed is
ot *si oni 1 RGN e AL perfiep il Sybelel ot s RO B or PR Eh e e ent
capaci tive coupl hfglebgicweasulithey igpéronabaslibetrate; and el ectrode, and/or al | ows
sufficient | eakage current fromthe g ?t e cond&JCt or to the el ectrode. For
exanpl e, a suffi éiga§elaciadegr theglectigal insplstink [ayeRi  f usi on barrier is in the
range of about 1Q-@nf; Qns%la%{ngr@ffﬁﬁéﬁ%a%rqwerv&& ihdeR318E, 488 sEfﬂ?-nQﬁfa’thr
Bot h | eakage current and the degree of gate electrode charging due

capaci ti ve diffusjsini begriérslayerdrasingedresistivitiealidyie dIO exbsnsedm @hé havmg@sthtshn@aprf i er
is reduced | eakage current may not be a linear function of
t he vol tagg %@;%@@? {eessdl P?u& on barrier, such that barrier resistance and
resistivity may depeduttarohhetivpihicaijffusidlebarichilyess, asatocadnmarailly@nnkaf:t thhe

At spoci FIeEEYo ek ASEte Lo TG EBHEF AR 1 RETS PASDRNTS 5 1o

about 10 t ypkageafihd ddndh@bi;ng (bul k resistivity of between 10-z and 106

ohnms-cn) diffusion barriers have | eakage currents within the above-noted
desired range of wherein ths diffiagionrbaraier lnyeohas dsufficient thickpersrta sffectieedeblosk a

typi cal contfdod &i {e?rﬂﬁﬁ‘? % é&&%fc%a&;cftwunfdé} a6t @&fﬁ% enPZ%lEmttQan
10-$ ohm cne, conven I ona uctlve Iffusion barriers ave a

current of c&rserohattghgloﬂthéleﬂqc&nﬂe by chpadititel pcagplinghetweamethe s:onduceoreardrthé or
very thin %;Ffll about 0.5 to about 10 nin) conductive diffusion barriers.
Accor di ngl %e sem -insulating diffusion barriers of this invention are

al so di stingui shalterdfrigots a:gmhe e6tneHl the dmeutibh Vieerélid prosided Deantib@iductoy
havi ng | ovver leakage . currents, e sem -insulating quality of the

di fftisi ondBuEs f%’me@@?H?@ICPWFRHSB'PN@%tlk?éeﬁ’c’:?ﬂnévgar S5VigsiBrydingy one of
several teclm qu§§efé€tr1tcgﬁh§ul H%%h?&tdn(%ﬂésuﬂsﬁat@ne - 5 MAR 2003 -s
approach, the thickness of fusion barrier formed of a good bul k

insul ator is opt awga@@ébccrodebmﬁweﬂmtncalguﬂratlngéawrtunnel ing current while
preventing diffugi i e I

material s duri ngﬁhsi%ghwldu% {lmﬁe&bg%g@;eesrg]?%% 8?2%%%9 r%@glﬁ%rsg’gﬁc%ﬁqﬁﬁng
barri er mauddifisain basnérdaymdiauhganesiistis)liﬂyabbvnglOﬁatblems am; addht contains a | arge

nunber of structural ,and che ects and/ or dopants that increas
loctri al | cakadeotR SoRBRE i ga et WRRFL Bherse R B g s ORER G of
the barri eglectrfde/isavh at tahgataRpteodé fch&ge iDendiRBd 6€ itd eRclrbdd by Bis gnt
invention establishes that effective ditfusion barriers for

at es
can be f or ¥elager onibgeroadndess the 1gate ¢lperpde rdargeghgine @bﬂﬂﬁbﬁ%eoihﬁxeequ
typically ldﬁﬁ%dlt thd&nl ét81r art. 111 fact, diffusion barners can be for med
of very poor  conduct or seri -i nsul ati ng) materials with mniml effect on
transi stor speedwhasuothgidifflision bamer tayemhascmsufﬁcldntsttllczkgcﬂssthalﬁﬂeetl\feﬂy)biotche

i ch i | ofRE iR P b B LB Rl el uaes. among

others, thin tunneling insulators (also referred to as quantum conductive
matenal s). As a result of the broader selection of materials that can be
used for the gate diffusion barrier of this invention, and particularly
sem -insulating materials capable of inhibiting diffusion at tenperatures
above 900 C, the present invention also allows for the use of gate
conductors forned of lowresistivity but thermally unstable materials such
as tungsten or Ti Si X, which would otherw se be susceptible to

hi gh-tenperature interdiffusion wwth the polysilicon gate electrode if
exposed to processing tenperatures beyond the capability of prior art
conductive diffusion barriers. As a result, the material for the gate
conductor can be chosen on the basis of mnimzing gate propagation del ay,
t hereby inproving the overall performance of the device w thout concert for
interdiffusion and its consequences, e.dg., ihennal degradation of the gate
structure, increase in reslstlvity of the conductor, and depletion of
dopant fromthe gale el ectrode



- 5 MA R 2003 -6 O her objects and advantages of this invention will be
‘bétter appreciated fromthe follow ng detailed description. BR-EF MAB 2003
DESCRI PTI ON OF THE DRAW NGS Figure 1 represents a gate structure wth a
continuous sem -insulating diffusion barner layer in accordance with this
invention. Figure 2 is a graph that represents the transient responses of
gate structures of differing current | eakages when subj ect to a step
voltage of one volt. Figure 3 is a graph that rel ates gate propagation
delay to current |eakage through sem -ifisulating diffusion barrier |ayers
of different thicknesses Figure 4 is a graph that relates the influence
that current |eakage has on gate propagation delay for sem -insulating

di ffusion barrier I@ymrasywcqnlvmﬁlmmlv\engomnﬂle DEMIODMSCFHIWNMOGF THE

| NVENTI ON Fi ur represents an.enbodi nent for a. ate u 10 in
accor danc’éavtﬁ &110f & Zpteriah e ey Insiating pranstte n‘éillnc f’ éﬂ& Y%t ruct ure

10 i s bui er

sui tabl e dé%&”’cé’p érutg% 3%’5&? e%(rgf}a %allﬁdﬁb%%%ﬁo gln&g?@fealﬁdséercgﬁgm sz repr(hesent ed is
gener al | yintAv@ps pér unktef atvani elspéwtedaelta@e)pmcbordtngdo pedniaitiandsaansitr shown)
for the source and drain of a MOSFET, As is conventional, the gate

structur espeprtrsméglgalf@amb' affester af the dmswwprrteamrqwl@s tSHffwwph%weffe silicon

di oxi de The insu at 14d' nsul g . 3 a {San ﬁa eaﬁctrode 16
front thecURBas %tt”ée‘t BRiresopineiet oog slesipd oﬁ% rcorrposr% I PR gal e

struct ur egulfint fford tHegste eémitxufat & thd 8letthgile. FopEkanhysiallal snfficpet &aksget he gate
el-ectrode 16 in order to apply a positive or negative charge - 5 MAC 2003
.to the gatwreet thcsughdediffésiomarviki islin theeangesifabontdl0d ée | iAdum’ bastdios ogener at ed

to all ow nterru urren ro bet ween t source_ and drain of the
MeSEET. . THel biks eeiost s Seirispe B AT P e CRE R At BHeFFHERr o 10 o
Figure 1 Thorkdd03 s e ihibtbod B¢ thO8iRkion LaAL
thereforea{vi\in %lﬁéhg(%%bégpgﬁlésf%égggg%eﬁ acr{y?ﬂde %1 : ccgrgrl ng to t e present

i nvent i onis réieedlat e structure 10 further |ncludes a sem-insulating
diffusion barrier 20 between the gate el ectrode 16 and conductor 18. The
function of the barrier 20 is to provide a physical barrier to
interdifl"'usion bet e providing
for sufficient curr%ﬁ?gfégﬁg?§%%¥ g?még% crgﬁgg%g%% ?%%n?ﬁg%ebetmeen to
char ge t heolgheeatroadde ﬂﬁfusfbnﬂﬁﬁidﬂ@cﬂfha’t bausiet ﬂ:‘s’ﬂt’:lhb@dhd esibthvdty rhdye barrier 20
all ows the use of highly conduct i ve yet otherw se thermal |y unstable

mat er i al sd¢pspd PR &ecw?ragmlﬂrvettee lesspe p@mpargsov eﬁg@trettstawrraﬁrswnk rurd C| de,

cobal t anfei:a Obal te1§t'olfs | qlensulap %&9@ etlla ata pec %e%\%itfigegl?a's et%%bsqf

conductive fUeron barr Iers priorTar property IS

t hat of amaetz&pttrm ., laB&wt (88 @)rabomnmxaﬁﬁs&tl-xmrﬁtr@qbﬁmadlstmpQ&ﬂct or, W uch
allows for the use a class of materials that includes, anpbng ot hers

thin tunnb¢ﬂNﬁ¢Ing7h@1§1|HtGQhElS(CqO&iFffllﬁmnd@ﬁ@@@bﬂﬁéeﬂ@EeWrsﬁ@S)Wlthl@dbfr ding to the
i nvention the nstr ts.on the,r y .of the |ffusron barrier
20 can botyit Tl g G 1405 6T VRl il 1 eoriree e oa
because aty?ﬁ:h?édn‘fa%'t yesﬁmu: C o@hm@ Batae afe%) Bﬁestqﬁart Psnal-age? t he gate
electrode 16, and a relatively small current |eakage is needed to supply

this char grmvdntmnrabccmddeﬁ,\rerchfﬂus;w barhem@hm}egkm ctirent.of Aroot then 1f act or t hat
aIIowsth fusion barrier rials with higher_resistivity is
that, becA(4B Y?@L P HTE lattrr?gev?rr@pér?wleg (©- DB | tq ng

01 T ST ONRRES b 00 Risib byl HibAh o, Al A85-1h e HERARSd n%ryp' ' ng

bet ween tﬂjclygate eT?egcltrSc; e 16l and congt%@t or u%a%g reescl) gate

el ect r odeottharigiengionae: dlo distpauishable fmnuqajmﬁglomsl azbeﬂmrme deffistop t he rati o of
gate insul ator capacitance to diffusion barrier capacitance. The |arger the
barri er ch?ﬁ‘éistbé(rhf’e“\&lgwerrlé%]ﬁéﬁﬁu‘t%“% he gate capacitance, the higher the
degree of capacitive coupling Since capacitance is inversely proportional
to the thickness of all nisulator, the thuvier the diffusion barrier - 'S
MAR 2003 _g_ The semi-insulating quality of the diffusion barrier of this invention can

be achieved by employing one of several techniques or their combinations. In one



20, the higher the degree of capacitive coupling. In the sem-insulatin
di'f fusion barrier 20 of the invention, both capacitive couplind MAR ?ﬁ?ge
contribute to charging of the gate electrode 16. In fact, both are affected
positively (fromthe point of speed) if the thickness of the barrier 20 is
reduced. Because the resistivity requirenent on the material for the
diffusion barrier 20 is relaxed by this invention, new candi date materials
are permtted to be considered and used as the diffusion barrier 20.
Particularly suitable materials for thesbarrier 20 include silicon oxide
(SiOz), silicon nitride (SIN ~ and silicon oaynitride (SiNXOY). Each of
these materials is considered a good insulator (e.g., resistivities greater
t han 108 epproadh) theshicknesasf a tigfusiohfbagies formied af a goopleulk insslageras concer ned.
However, as . ultra thin fil (less than twenty-five Angstrons), .these

mat er i al s OPEBFEe iuplqy fir pspdiciont Bingeling Ct“éreP’e‘é(K‘;lﬁ RRGUEBE ST 4, such that
the diffug] . ri { UGE | i: | ectrical
conductiv?#%aagg ﬁgg&gﬁg%%§“>ﬁﬁﬁ?@ﬂﬁ%&ﬁ@@%ﬁﬁigmgl1hgﬂ}u %%% uctive film
the barri gfocéddirgl IhhahsthernappiiachthdBatiermatthkEs Grartiof aaldsylagagduct i ve as
its thickness decreases, permtting current |eakages therethrough of up to
about 1 Abhmtertapeordaione laygs nurhbesof structural aidribemenal defecis and/ertdopastbout
twenty-five Angstraons,. l.igible tunneling oggurs and.these terials are
bosent i al fipt A iR Tohbagh e i Geme P B ERbIGHSSERTOHE ach; eved
with fil mghigigesses of up to one hundred Angstroms if sufficient defects
are present 1nthe filmmterial. For the sane reason, the | eakage current
for a given filmthickness can be increased through a diffusion barrier 20
formed of a sem -insulatin teri.al hy introducing defects %danage) and/ or
dopants. One such né® K& 9idhe gpoysibeante "dPPﬁcli‘é"ld&hat § Pregsnt Syepiony on

i npl ant ati (Eq:08]: n| , a netal)
using a cg%lﬁegg@gﬁégﬁ&g %ﬁ@?ﬁ’?‘g}sﬁgﬁg@?ﬁ ?ar%rpgﬁr%%?) gtsf ?Iéﬁehr%)?/ﬁ al so be
used to cheadrbldahachsn (daipdedondbaiversnetdls typRalpo®d id thaioe apelyi ous to
current flow - 5 MaR 2003 -9 Fromthe above, it can be appreciated that
t he di f f ufdcbrilifiagion earriony camy be fosmed of yery perrcegdicta feamisnsdedingg as a good
barrier to diffusion.bet n.th ate el ectrode. .1l nd.conduct or 18, and
a1 ow 1 or el R B BAR o GafR G b AR uhENSRY EROYE Cove.,

char gi ng @istihp@sedEreherd pastartif paAdn g BEl FRtevkiiintdehsdfudinsul ating
barrier 20 of this invention by nmeans of both | eakage current through the
barrier 2bamied whaiplasilews/for dsust phaclasst alaraiergds habinelvtesodmong othars, conduct or

18. If tog..thick, |eakage rrent wll be too | qw.and the harrier |ayer 20
Wil benaduh dbling FRIARE iogftedle s MBabRtrerdo R PRI A%™a 1 o ge
degr adat i @&uitif dRHERIP Sd1EROABNERteriEN thilRaR bbb BfedTBNMe ghtk difAgdbasagduct i ve
(excessive electrical |eakage) the barrier layer 20 (as well as the gate

conduct or of 8)is eensivesan partptlarhl semiensutesmganatetends eapableofi irduibitingyh
tenperatures, .e.g., above 900 simlar to.priar art conducting diffusion
bar 1 er s deipint uSTaliE ARG LO0 e e Prrseg AR Bpe by SV Bitd e Shaucr or
18 does nQhye, [ ; ' it ot charge
the gate o SaPraLts B BERORSHILBLEN Bl L e SRl 15

| nst ead, ¢apatntor TESic.ovpkh nguldaphaivisebeangeptiblh e lgah-eempeeatireode 16 to a
vol tage | ower than that of the gate conductor 18, This voltage is defined
by the ratiterdgfusieweh hiediolysHicen epte elegBodsaf exnosed fodwesessing tegPERAITEs f f usi on
barrier 2 f |51 : | er V2 is the
vol t age dg)g%dngcty%éag at8 ‘r@hgfal%{ g,lr %ﬁggﬂlcg{cg?e %ﬁﬁggﬁgagf%f{%%%%égg ’gh%onduct or

vol tage ( swaéridl fi@tthd/gale tonddtor tdrete Mdsed@¥ thE€bastE<b) mirratAngCimté S t he

capaci tance of the barrier 20 and C', is the capacitance of the gate

i nsul at or PIepagstpon delayh Biepby empioaingdhe pyrsalhperéorapecetal digedeveeivfithiohere is only

capacitive _couplin | eakage current) between the .e cpnductor 18 and
Che-gat e SPectT de MR RGORNS spiieniioh o Epal Ar R R GERP R ane

el ect ri calyh8akafRrdabe RUSHsIG P afeldoBluctd, Md depltBAGE dGRLEHBHARAGAL T ON

del ay, and therefore device pérformance. Al so affecting gate propagation

del ay ar e etdesodpeonetrical effects attributable to the distributed nature of
t he capacitance and resistance of the conductive line to the conductor 18
In order to understand the inpact of each of these influences, a sinple

5 MA R 2003 -10 distributed nodel was devel oped and eval uated using a SPI CE
sinmulation to determ ne charging tine of the gate el ectrode, in which
barrier thicluless, and therefore current | eakage and capacitive coupling,
was the variable paranmeter. For tlus analysis, tungsten (sheet resistance
of 6 ohns/square) was selected as the |owresistance material for the gate
conductor, and silicon nitride was selected as the sem -insulating materi al

- . o, . N S N o .



i nvestigation purposes only. In practice, the |evel of voltage whi ch the
rise (or delay) tine is defined woul d be set by a specific ci rtg tMA&QBBS
and may vary fromcircuit to circuit. Figure 2 clearly shows that if the
delay (rise) tinme were defined at 90% of applied voltage, there would be a
much smal l er difference between the del ays expected at different barrier

| eakage currents than that ShOWNI| 11 Figure 3. Accordingly, the breakout
point in Figure 3 would shift fromabout 10'4 A/,un2 to a nuch | ower val ue.
Figure 4 denonstrates the geonetrical gffects attributable to the

di stributive nature of resistances and capacitances of gate stacks that
include the seminsulating diffusion barrier of this invention. At |ower
barrier |eakage cur@tet sbjetthendiadvaptagss efdhigimienaeh will bhlbettsnaprirenate@akage
only. However, hi gher .bar.ner. |.eakage currents the delay al so depends on
line | en\ggﬂ? tfﬁr%hﬁ’ﬁ”&fﬁé@lgadFﬁcr‘RB%n'concl uded that increased barrier |eakage
(i.e., at least 10'S AlunR) is useful for reducing propagation delay for
line | engths shorter than about 100 mcroneters. In view of the above, it
can be apPREEN BESCRIPHION OF THE IDRAWINGSor achi eving a suitably high

| eakage current through the seen-insulating diffusion bamer 20 of this
invention is to limt the thickness of the barrier 20, ~~. ~ith suitable

t hi cknesses believed. to be |ess 11lall t ty-.five., trons ch t hat
quant um nechani cal _FisbRsP RS d Be Sep I KR R e BE, 2
subst ant i @ifutiBR kIR fayér iR RkeorddiRe V¥R Ghis ilegkiiess at which the turn~eling
current rakes off will depend on the banmer nmaterial. For exanple, to

achi eve the sane density of twneling current, a silicon nitride barrier 20
woul d be nmade thickgr than a sil%con oxi de barri.er 20. The.rel ation of

tunnel ing current tGBHER elSiaAraplt BRbEPieenis e fraaser £regaiss Af #4finent and

ef f ect | vesfRafed of difibing A AAGE SR dubjeliHold e JURGROLAYE WbR! [ NCT easi ng
current | eakage through an other&nse |nsufat||Ig barrTer 20 of this
invention is to introduce defects and/ or dopants into the barrier 20. Both
defects and dopants_can ejther boost tunneling by reduci ng the tunneling
barrier for the car Fiedres3 156 erapihihatielates glegarpagg l%gfgi‘}h@ UBRUeaka8% whi ch
is due to ier | k: : dopant to dopant.
One way OFﬁﬁ%%Fg ﬁ@%ﬁ%hggSgﬁﬁghﬁﬁng%ﬂ%gﬁgaﬁgg%ﬁgﬁg%%gggr 20 is to provide
a source of dopants during formation of the barrier 20. If the barrier 20
is formed by vapor phase deposition, the source of dopants would typically
be supplied during gkﬁﬂtﬁs"r tsiacgrapththatyslatesth fluence dat carrepd deakaga s darri er 20
is fornmed reactin old d filmnms, a i.d source of ants in the

Vo ty B plRRpieReRs et 2R b e T TRy B Tt et 1 east
one of the reacting filns). Dopants can al so be introduced into the barrier
20 after gate stack deposition by neans of ion inplantation, by which the

i on energ&ﬂﬁéﬂﬁﬂ%ﬁﬁ%@ﬁgﬂaﬁm%ﬂﬁt VIgdhéNat e t he gate conductor 18 and
stop in or around the diffusion barrier 20. Mdst nmetals are known to

i ncrease | eakage in insulating filns and, therefore, could be used as
dopants. Large dopapigusd Prépre¥Bitts ah ERbRIIREHCEr § pite Stridtdle 10aNBERr@Ade t hus,

i ncrease | eakage. For exanple, arsenic and phosphorous are relatively |arge
at oms t hawithrtke preshat ynvasten. afss eoniéntionaldidy gatesstrugure 1ois bhdi wp @i ze and

silicon processjng C atihility, arsenic an hosphqrous are believed to
be. part i CUTSPPHHCOT SRR e Rt & Folber AORPISR RS HG A prdEant
i nventi onp &gy deRRELEAD ?a)régéﬁtga@é ééntn}éll? ftlra? &ffthe 'rgf;?aﬁ#lgﬁgét\'i}gen a 1:'>an50fNAR 2003

-13 naterPaIs (resistivities above 10-2" ol uns-c serve as diffusion
barri ers fgredgsbsdsshotshbuwnefor dfe sbineb dnadfifaacof a MABFEST 0k sis comveatiorial,ast t o
t he conventi onal w sdom t hat gate di ffusion barriers nust be formed from

conduct i vEestetugiuee nclidess gafs inselelasl 4 ypigalivipthen fagerid shicgmdioxds ) in
order to I t i | i t (i.e., a
reductionqﬁgkgﬁgwgggglgﬂgﬁg%%%gﬁ%ﬁﬁggwﬁ%&%%%§§8£ﬁ%ﬁgggb?g§§§$@¥%3ulating
barriers Mmhstingabhenyiosd\¢empbneneofithé g4Te Birgctird 10188 a8 @bndulics URSHaaNt i al |y
degrade the charging speed and the voltage swing of the gate electrode. A
gat e el ectleodealigontnctstihe gite eleelsmletifam omBosoaipplyrepasppieios degative aipeest ep may
be considered inpractical, since a 25%reduction of the gate el ectrode

vol tage woul d substantially degrade the drive current of a MOS transistor.
SPI CE sinul ati on has shown that in spite of the distributed nature of line
capaci tance and resistance, there is a capacitive coupling between gate
conductor and gate el ectrode over the entire range of ban-ier |eakage
current. This sinulation also showed that, as noted previously, the
contribution to gate el ectrode voltage attributable to capacitive coupling
can be approxi mated through the ratio of barrier and gate insul ator

— £ g, .



| f. one wi shes to achieve a 95% of applied voltage swing on the gate

el ectrode 16, the above formula can be rewitten to achieve a hghddAR 2003
capacitance ratio and, therefore, a thinner barrier w sh a higher
dielectric pennittivity. 1~ or exanple, the diffusion barrier with a

t hi ckness of five Angstronms in Figure 3 satisfies such criteria, - 5 MAR
2003 -14 while a barrier with a thickness of six Angstrons does not.

| mportantly, the diffusion barrier 20 of this invention cannot be nade
arbitrary thin. Wiile the theoretical thickness limt would be the

t hi ckness of one nonol ayer of atons (about three to five Angstrons), a
snore practical limt is about six tg twenty @rﬁstronﬁ. The actual limt

woul d be tofbpspieictagtrpde Eadbh vdpedtthe desired stectie figdd srasneratedde el abi ity of

the thin barrier 20.t ithstand a particul ar .t b t s0.as to
prevent u ‘BE?H?%‘F%‘“ Ofv},\fﬁei\”'%%at ha Rt aé’rdrﬁq' %’%5 ?h&t}& @gbgat@g%&oﬁ tetor and
gate i nsuk@bOhecBRbA odbin thelgdeStrub@rdli (PG ke q AP iithintthé Khé\yle@%e dthe barrier
20 cannot be arbitrary increased, there nay be a situation that at a given
t hi ckness tlanelsidlled acthe axt, gpdrthéreforeswillnad be diseusyed @ dnysigtaglt or 14, the

requi renent on the barrier thickness cannot be satisfied. In this
situation, in order to achieve a desired voltage swing on the gate

el ectrode 16, one Yio IH e mgp itive
coupling. Further nnmr:l\gcfcm{dﬁlgtf)ea ag%gtc%l?%ﬁ}tg’ tr}rll%g%{eebégh?@fkglti ve gﬂhi gh so as
not to i nidchdies e sami-gisglatife iafsidt dairier 20 bbtwesi dHegraef el@alode ¢6 @nd r ode
charging at | ow | eakage currents. For exanple, Figure 3 shows that the 95%
ri se tuneconductond8. Bhe Bugtiemefithaparieniq sde prpvide aphysicddiads teurrent is

| arger tha « AL un? . ndependepnt of the bapri.er thickness. . .EFven though
the bar r1 EReagrich telora dhdRBRAF APerd codtBier 15 i s FRP B ReRDe, 't hor e
are sever glrét3akhPand/drbapahitivetduSlihg théreBBwesid chhide nesidotroi® 6 eXanpl e, a
di ffusion barrier 20 that 1s thicker than fifty Anfg_fitroms may substantially

cont ri but éeature phthivwmeendion igtiatthe baier A rBows ththsealdrghfscendicheket ar e
general |y yndesir.abl e. due an i.ncreased aspect,ratip of the patterned
Gate n plFeRRe fvaR Bl eunls G35 rsettien b drhing treRFer or od
enbodi Ment;e, i ksdicRRPAEN land BaalQiGde. M TRntRbds S8t ARRMLER Ry one ski |l ed
in the art. Accordingly, the scope of our invention is to be limted only

by the f olcbwdictige diffasios barriers & tidyRIR @Q3n 115 itWWbulkl aoperty is that sfermi conduct or
devi ce for{md.i . a sen‘i_con%lrfpgtor substraée, thf' egi conduct or devi ce

conpri si n§lecisalipglpter.dagtead;of an gleptagalj copdycterawhich allpys for dheuseptgat e

el ectrode : i G i i e » el i di f f usi on
barrier | 53‘5? Bgﬁat?hgﬁe Aé%?clrluoggsdw%oﬁlg o@gﬁp 3%‘?8'}1 @ggﬁgwb{&g&;ﬂe@ﬁ tg\?‘. ng a

resi stivi teyndietivemhferidlsp hAseotding entlie inventiet) tegprios omisaaint bg theresistivifyusi on
barrier layer and separated fromthe gate el ectrode by the diffusion
barrier | &ft}w digusiopbartige G BR MG Seldred fhk e BIBBETIBHPaUES AEQPRIEELCANT PATE he

el ectrode - i ] Ler: char ge
is i nduce(5)%%1(&?%gellé%ﬁr%%gﬁ%@&égg{l%%d ¥ gg‘%’/c%{ltt(gg%r% &ﬁ?%@egg‘g@%c%?%? ; wherein
the diffushaa réflafivdlgsmilay@tenbRakaedsihédded &duphlyithis RBage Horigd 4 aedienel y bl ock

diffusion and interm xi ng between the conductor and el ectrode.
switching/charging time. Another factor that allows the use of diffusion barrier
materials with higher resistivity is that, because of its bulk insulating properties, the
semi-insulating diffusion barrier 20 of this invention provides for capacitive coupling
between the gate electrode 16 and conductor 18. The degree of gate electrode charging
due to capacitive coupling is determined by the ratio of gate nsulator capacitance to
diffusion barrier capacitance. The larger the barrier capacitance with respect to the gate

capacitance, the higher the degree of capacitive coupling Since capacitance 1s

inversely proportional to the thickness of an msulator, the thinner the diffusion barrier



2. A sem conductor device according to claim1, wherein the diffusion
barner | ayer has a thickness in angstrons of |ess than: t,Edbﬁ§;EmAAm?2603;
is the thickness of the insulating |ayer in angstroms, Edb is the
permttivity of the diffusion barrier layer, and s, is the permttivity of
the insulating layer. 3. A sem conductor device according to claiml1,
wherein the diffusion barrier |ayer has a current | eakage of less than 1

Al ~mz when subjected to a one Volt bias. 4. A sem conductor device
according to claim1, wherein the diffgston barner |ayer has a current

| eakage of 10 -g to 1 A/pnz when subjected to a one Volt bias. 5 MAR 2003
-16 5. A sem conductor device according to claim1l, wherein the diffusion
bar ner | agerthé highetthadegrer oDn@uctive/euplh@r indhe somi-ihhedatidy dikfbsdes thereof is
| ess than 25 angstroms. 6. A sem conductor device according to claim1,
wher ei n t barrigr ﬁg abthe mnvgatien, both capeqitivesconplingandolealegaaentribele taehasgingd from

g T e

t hi ckness y@f thicREesdiof fHeHafikr DB feBlicddayer is |l ess than 25 angstrons. 8. A
sem conductor device according to claim1l, wherein the diffusion barrier

| ayer is doped with one or nore dopants chosen fromthe group consisting of
arseni c, phosphorous,  and netal.s, .9 A sem conduyct or device cording to
claim 1. wherein t hOeCHISERIGESSBRYTRRITORLE i Al ke theghiisiog

suffici eml)Lu)fie} Qd) i Jeﬁxg&yfﬁﬁscilﬂ%rgf-oﬂgne% cz}nraﬁia?é I%Qtteflgﬂg greb}yennitted to be

considered and used as the diffusion barrier 20. Particularly suitable materials for the
barrier 20 include silicon oxide (Si0,), silicon nitride (SiN,) and silicon oxynitride
(SiN,O,). Each of these materials is considered a good insulator (e.g., resistivities
greater than 10® ohm-cm) as far as its bulk electrical properties are concerned.
However, as ultra thin films (less than twenty-five Angstroms), these materials
(especially nitrides) are quite leaky due to tunneling, such that the diffusion barrier 20
1s a quantum conductive film whose electrical conductivity depends on its film
thickness. As a quantum conductive film, the barrier 20 of this invention becomes
more electrically conductive as its thickness decreases, permitting current leakages
therethrough of up to about 1 A/um? for a one Volt bias. At thicknesses greater than
about twenty-five Angstroms, negligible tunneling occurs and these materials are
essentially insulating, though comparable current leakages can be achieved with film
thicknesses of up to one hundred Angstroms if sufficient defects are present in the film
material. For the same reason, the leakage current for a given film thickness can be
increased through a diffusion barrier 20 formed of a semi-insulating material by
introducing defects (damage) and/or dopants. One such method 1s to dope the
diffusion barrier 20 by ion implantation of dopants (e.g. arsenic (As), phosphorous (P),
or a metal) using a careful selection of energies and flux Implantation may also be
used to create defects (damage) that render the barrier 20 more pervious to current

flow.



capacitively coupling between the conductor and the el ectrode. 10. A

sem conduct or device according to claim9, wherein the diiC|U|eS§i3&4ﬁ€

di ffusion barrier layer is about 5 Angstrons or less , 11. A sefi %803
devi ce according to claim9, wherein capac~tive coupling accounts for
substantially all of the gate el ectrode charge 12 A sem conductor device
according to claiml1l, wherein the gate el ectrode charge is at |east 75% of
the voltage applied to the conductor - 5 MAR 2003 -17 13. A semn conductor
device according to claim1, wherein the thickness of the diffusion barrier
| ayer is sufficient to effectively bl ot®-di f f usi on and I nterm xi ng between
t he conductor and el ectrode at tenperatures above 900C. 14. A sem conductor

devi ce accor di ng t OpelralfD above i bl abPiRcinRE ik Rl diffisich BAHHEY JPhughosen

fromthe group consisting of tungsten, titaniumsilicide, cobalt and cobalt
silicide. satffy thvosequitsdmats save sy poml wekardidiffusion betvademtlle gatheleetiodet he
sem conductor device is a MOSFET fornmed in a silicon substrate, the

el ect ri cal6 preanguriery 1 8.apdallpw fer fgsitcharginadef thegase elegtradad SMASFET, t he
e R S O L B R AR S g 2 0ot
sem condufis@latiss BkieAL® of thiXentiiiok B ieahO6f KbAY lehitage TRENt FhidGzh B €l ectri cal
i nsulating | ayef on the substrate; a gate electrode on the electrical
i nsul at i nbarkiay2Q and capacitive coupling between gate electrode 16 and conductor 18. If too

thick, leakage current will be too low and the barrier layer 20 will behave as a small

but high quality capacitor that leads to a large degradation in device performance. On

the other hand, if highly conductive (excessive electrical leakage) the barrier layer 20

(as well as the gate conductor 18) becomes susceptible to thermal degradation at high

temperatures, e.g., above 900°C, similar to prior art conducting diffusion barriers.

Capacitive coupling between the gate electrode 16 and conductor 18 does not require

any leakage through the barrier 20, but cannot charge the gate electrode 16 to the full

potential of the gate conductor 18. Instead, capacitive coupling rapidly charges the

gate electrode 16 to a voltage lower than that of the gate conductor 18. This voltage is

defined by the ratio of the capacitances of the gate insulator 14 to the diffusion barrier

20. If V1 is the voltage drop across the barrier 20, V2 1s the voltage drop across the

gate msulator 14, and V 1s the gate conductor voltage (such that V=V 1+V2), then

V2=VC/(C,+C,;) where C, is the capacitance of the barrier 20 and C,, is the

capacitan(;e of the gate insulator 14. V2 is the potential of the gate electrode 16 if there

is only capacitive coupling (no leakage current) between the gate conductor 18 and the

gate electrode 16.

In view of the above, capacitive coupling and electrical leakage through
the barrier 20 will impact gate propagation delay, and therefore device performance.
Also affecting gate propagation delay are the geometrical effects attributable to the
distributed nature of the capacitance and resistance of the conductive line to the

conductor 18 In order to understand the impact of each of these influences, a simple



a sem-insulating diffusion barrier |ayer on the electrode, the .

sem -insul ating diffusion barner |ayer having a resistivity above f_lL(MAR 2003
ohnms-cm and a thickness in Angstrons of |less than: t,Edb~3 E, where t, IS
the thickness of the insulating |ayer in Angstrons, Edb i S the permttivity
of the diffusion barner layer, and s; is the permttivity of the insulating
| ayer; and a conductor contacting the diffusion barrier layer so as to
electrically contact the electrode, such that a gate el ectrode charge is

i nduced in the electrode by applying a X(?I tage to the conductor, wherein

the diffusion barrier layer has a sufficient thickness to effectively block
di ffusion and interm xi ng between the conductor and el ectrode. - 5 MAR

2003 -18 Xi{stribuie® HoaeNFACdREcfQYfdevh R B Gsing aSSTIER) st @ detisder at e,
t he sem conductor device conprising; an electrical insulating |ayer on the

subst r at e;chargyey ttme btk igatiela@irodd) én ehebtbairealthicknesd, and thyrdfery ensrerd

sem -insulating djffusion barrier |ayer. the el ectrode, the diffusion
barrier | dfrepeithepPAgiiNeEOUPINgG ¢ AN RIS G AR PBAYSThay ng a

. _ i  Stivi bove 102
ohme- o Anesei gt RRisfnol QRS bRy a3 B fERAPHta T 0TE 08,

el ectri calmhjte6flTortit ghtRocdiREr | AAGilicoH Glitrii® das sel@MéFasaheséniiddsulghigy ge i s
i nduced in the electrode by applying a voltage to the conductor; wherein

t he diff ughaeridderrd eantinagusrsenardnsatlasing iifBistomtbarrinr driveesn thegads sondustorel y bl ock
diffusion a%g%leicﬂ%gé rq”ﬁ(ei i \Al/)i%hm%%Qertng§o e g:gr(l:&u%{or era]lg O.%l a%%lt erBde'

micrometers, respectively. Diffusion barner thicknesses of five, six, seven, ten and

twenty angstroms were evaluated, with leakage currents ranging from about 107 to 10

A/um?, Polysilicon (sheet resistance of about 150 ohms/square) was selected as the

material for the gate electrode. The gate insulator was a silicon dioxide film having a

thickness of about fifty-five angstroms.

Figure 2 1s illustrative of three transient responses for semi-insulating
diffusion barriers with thicknesses (“TB”) of about seven angstroms and leakage
currents (“JB™) of 10, 10" or 10"° A/um? as a result of different leakage levels
obtained by controlling the defect distribution (i.e., defect size and density) in the film.
A step voltage of one Volt was used to generate the transient responses that produced
the data plotted in Figure 2. The data represented in Figure 3 were extracted {from plots
similar to the one shown in Figure 2, but for five semi-insulating diffusion barriers
with thicknesses of five, six, seven, ten and twenty Angstroms. Figure 3 shows the rise
time of a gate electrode defined at 95% of the applied voltage, and evidences that, for
thicknesses of about five Angstroms and less, only a slight change in gate delay occurs
over a broad range of leakage currents (107 to 10 A/um?). In contrast, for thicknesses
of above five Angstroms, a significant change in gate delay occurs for leakage currents
of less than 10 A/um? Therefore, Figure 3 evidences that in the case of a 5A barrier,
a 95% voltage swing can be achieved with capacitive coupling only, while both

capacitive coupling and leakage current are needed to reach a comparable voltage



18.. A sem conductor device forned in a sem conductor substrate, the

sem conduct or device conprising: an electrical insulating |ayer t
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sem -insulating diffusion barrier |ayer on the electrode, the

sem -insul ating diffusion barner |ayer formed of a material selected from
the group consisting of silicon oxide, silicon nitride and silicon
oxynitride, having a thickness of |ess than 25 Angstrons, and having a
resistivity above 10-z ohns-cm and a pggguctor contacting the diffusion
burner |ayer so as to electrically contact the el ectrode, such that a gate

el ectrode charge is induced in the electrode by applying a voltage to the
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el ectrode, the sem-insulating diffusion barrief |ayer having a resistivity
above 10- Zviereedcthatfodfilmasigrdficant]ittakime sisanddA 6.cAbdsinddhmmen), dagess; and a
conductor contacting the diffusjion barrier |ayer so as to electrically

cont act  Propagation delay 1s dominated by capacitive coupling, and the leakage of the film 1s

not particularly important.

The definition of rise time employed for Figure 3 was arbitrary and for
investigation purposes only. In practice, the level of voltage at which the rise (or delay)
time is defined would be set by a specific circuit design and may vary from circuit to
circuit. Figure 2 clearly shows that if the delay (rise) time were defined at 90% of
applied voltage, there would be a much smaller difference between the delays expected
at different barrier leakage currents than that shown in Figure 3. Accordingly, the

breakout point in Figure 3 would shift from about 10 A/um? to a much lower value.

Figure 4 demonstrates the geometrical effects attributable to the
distributive nature of resistances and capacitances of gate stacks that include the semi-
msulating diffusion barrier of this invention. At lower barrier leakage currents, the
delay is determined by the barrier leakage only. However, at higher barrier leakage
currents the delay also depends on line length. From Figure 4, 1t was concluded that
increased barrier leakage (i.e., at least 10”° A/um?) is useful for reducing propagation

delay for line lengths shorter than about 100 micrometers.

In view of the above, it can be appreciated that one technique for
achieving a suitably high leakage current through the semi-insulating diffusion barrier
20 of this invention 1s to limit the thickness of the barrier 20, with suitable thicknesses

believed to be less than twenty-five Angstroms, such that quantum mechanical



the el ectrode, such that a gate el ectrode charge is induced in the

el ectrode by applying a voltage to the conductor; wherein the diffusion
barrier layer has a sufficient thickness to effectively bl ock dbﬁﬁlhﬁmgg
interm xi ng between the conductor and el ectrode, and is sufficiently I'n
to cause charging of the electrode by capacitively coupling between the
conductor and the el ectrode. 20. A seniconductor device forned in a

sem conductor substrate, the sem conductor device conprising: an electrical
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insulating layer; a sem-insulating difftiSion barrier |ayer on the
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least one of the reacting films). Dopants can also be introduced into the barrier 20 afiler

gate stack deposition by means of ion implantation, by which the ion energy is adjusted

such that ions penetrate the gate conductor 18 and stop in or around the diffusion

barrier 20. Most metals are known to increase leakage in insulating films and,

therefore, could be used as dopants. Large dopant atoms may also produce structural

damage and, thus, increase leakage. For example, arsenic and phosphorous are

relatively large atoms that are widely used as silicon dopants. Due to their size and

silicon processing compatibility, arsenic and phosphorous are believed to be

particularly suitable candidates for msulator doping.

The present invention has demonstrated the ability of semi-insulating
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materials (resistivities above 10 ohms-cm) to serve as diffusion barriers for gate
structures of field effect transistors, in contrast to the conventional wisdom that gate
diffusion barriers must be formed from conductive materials (resistivities of about 10
to 102 ohms-cm.) in order to avoid a substantial increase in gate propagation delay (i.e.,
a reduction of the gate electrode charging rate). However, semi-insulating barriers
must satisfy several requirements in order not to substantially degrade the charging
speed and the voltage swing of the gate electrode. A gate electrode swing that is less
than 75% of the applied voltage step may be considered impractical, since a 25%
reduction of the gate electrode voltage would substantially degrade the drive current of
a MOS transistor. SPICE simulation has shown that in spite of the distributed nature
of line capacitance and resistance, there is a capacitive coupling between gate
conductor and gate electrode over the entire range of barrier leakage current. This
simulation also showed that, as noted previously, the contribution to gate electrode
voltage attributable to capacitive coupling can be approximated through the ratio of
barrier and gate insulator capacitances per unit area. Therefore, the requirement that
the gate electrode voltage is higher than 75% can be expressed in terms of barrier and

gate insulator thicknesses and dielectric permittivities as
ta, < t€q/3e,

where tg, is the thickness of the diffusion barrier 20 in Angstroms, t, is the thickness of
the gate insulator 14 m Angstroms, €4, 1s the permittivity of the diffusion barrier 20,

and ¢, 1s the permittivity of the insulator 14.

If one wishes to achieve a 95% of applied voltage swing on the gate
electrode 16, the above formula can be rewritten to achieve a higher capacitance ratio
and, therefore, a thinner barrier with a higher dielectric permittivity. For example, the

diffusion barrier with a thickness of five Angstroms in Figure 3 satisfies such criteria,
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while a barrier with a thickness of six Angstroms does not. Importantly, the diffusion

barrier 20 of this invention cannot be made arbitrary thin. While the theoretical

thickness limit would be the thickness of one monolayer of atoms (about three to five

Angstroms), a more practical limit is about six to twenty Angstroms. The actual limit

would be identified in each specific case by determining the ability of the thin barrier

20 to withstand a particular thermal budget so as to prevent undesirable diffusion and

intermixing of the gate conductor and gate insulator materials. Since the dielectric

permittivity of the barrier 20 cannot be arbitrary mcreased, there may be a situation that

at a given thickness and dielectric permittivity of the gate insulator 14, the requirement

on the barrier thickness cannot be satisfied. In this situation, in order to achieve a

desired voltage swing on the gate electrode 16, one must rely on both leakage current

and capacitive coupling. Furthermore, the leakage current must be relatively high so as

not to introduce a large delay due to a slow rate of gate electrode charging at low

leakage currents. For example, Figure 3 shows that the 95% rise time will not be

substantially affected if the leakage current is larger than 10 A/um?, independent of

the barrier thickness. Even though the barrier 20 can be made arbitrarily thick for a

specified leakage, there are several practical limitations on its maximum thickness.

For example, a diffusion barrier 20 that is thicker than fifty Angstroms may

substantially contribute to the overall gate stack height. Thicker gate stacks are

generally undesirable due to an increased aspect ratio of the patterned gate.

While our invention has been described 1n terms of a preferred

embodiment, it is apparent that other forms could be adopted by one skilled in the art.

Accordingly, the scope of our mvention 1s to be limited only by the following claims.
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We claim:

1. A semiconductor device formed in a semiconductor substrate, the
semiconductor device comprising:

an electrical insulating layer on the substrate;

a gate electrode on the electrical insulating layer;

a semi-insulating diffusion barrier layer on the electrode, the diffusion barrier
layer having a resistivity above 10 ohms-cm; and

a conductor contacting the diffusion barrier layer and separated from the gate
electrode by the diffusion barrier layer so that the conductor makes electrical contact
with the electrode through the diffusion barrier layer and a gate electrode charge is
induced in the electrode by applying a voltage to the conductor;

wherein the diffusion barrier layer has a sufficient thickness to effectively

block diffusion and intermixing between the conductor and electrode.

2. A semiconductor device according to claim 1, wherein the diffusion barrier
layer has a thickness in angstroms of less than:
t,.€q/3 €
where t; is the thickness of the insulating layer in angstroms, €gq, is the
permittivity of the diffusion barrier layer, and g, is the permittivity of the insulating

layer.

3. A semiconductor device according to claim 1, wherein the diffusion barrier

layer has a current leakage of less than 1 A/um? when subjected to a one Volt bias.

4. A semiconductor device according to claim 1, wherein the diffusion barrier

layer has a current leakage of 10 ® to 1 A/um?* when subjected to a one Volt bias.



10% u-u&' ()-f10% u& ()-%$10% u& () - ZQABBBEEEEEz| "P13%40%& () -G 10-u-u
'10-u-u 10-u-u!'*S 10% u-u& ()-z'10% u& ()-!'" 10% u-u& ()-!f

10% u- u&' () - E, GhGNNNNNNb C3%4.0%@ 098" () - $S1090&' () - F 100 100 10%

10%08 () - MBFLO%O8 () - 10%08 ()-N) P VWA -3 MAR 2003
WAWNWIV7 @ 10% &' () -, 10%&' () - F¥Y40%& ()-m 1000 1000 1000 S 10%0C& () -$
10908 () - gWK1rzA xmbC@A0% & ()- 10b 10b 10b310%& ()-210%& () -

10%& ()-" 10%& ()-"__chhhhhjuS4 @10% & ()- @ %40% (& ()- 10(( 10((

10( ('39! 10% (& ()- @10% & ()-,10% & ()-j)klnsm oopppdE:/ 10( 10(Y5

104 & ()-m s310% & ()-F 10% & ()- MR1O%P& () -3Sy

1094 & () - MLO% & () - ppppl rr~xxxxY:/

5. A semiconductor device according to claim 1, wherein the diffusion

barrier layer is a quantum conductive material and the thickness thereof is less than 25

angstroms.

6. A semiconductor device according to claim 1, wherein the diffusion
barrier layer is formed of a material selected from the group consisting of silicon oxide,

silicon nitride and silicon oxynitride.

7. A semiconductor device according to claim 6, wherein the thickness

of the diffusion barrier layer is less than 25 angstroms.

8. A semiconductor device according to claim 1, wherein the diffusion
barrier layer is doped with one or more dopants chosen from the group consisting of

arsenic, phosphorous and metals.
9 A semiconductor device according to claim 1, wherein the thickness
of the diffusion barrier layer is sufficiently thin to cause charging of the electrode by

capacitively coupling between the conductor and the electrode.

10. A semiconductor device according to claim 9, wherein the

thickness of the diffusion barrier layer 1s about 5 Angstroms or less

11. A semiconductor device according to claim 9, wherein capacitive

coupling accounts for substantially all of the gate electrode charge

12 A semconductor device according to claim 1, wherein the gate

electrode charge 1s at least 75% of the voltage applied to the conductor
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14. A semiconductor device according to claim 1, wherein the conductor is a
material chosen from the group consisting of tungsten, titanium silicide, cobalt and

cobalt silicide.

15. A semiconductor device according to claim 1, wherein the semiconductor
device is a MOSFET formed in a silicon substrate, the electrical insulating layer is a
gate oxide layer of the MOSFET, the electrode is a gate electrode of the MOSFET, and
the conductor is a gate conductor of the MOSFET.

16. A semiconductor device formed in a semiconductor substrate, the
semiconductor device comprising;

an electrical insulating layer on the substrate;

a gate electrode on the electrical insulating layer;

a semi-insulating diffusion barrier layer on the electrode, the semi-insulating
diffusion barrier layer having a resistivity above 107 ohms-cm and a thickness in
Angstroms of less than:

t,€qp/3€,

where t, is the thickness of the insulating layer in Angstroms, &gy is the
permittivity of the diffusion barrier layer, and €; is the permittivity of the insulating
layer; and

a conductor contacting the diffusion barrier layer so as to electrically contact
the electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor,

wherein the diffusion barrier layer has a sufficient thickness to effectively

block diffusion and intermixing between the conductor and electrode.
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a gate electrode on the electrical insulating layer;
a semi-insulating diffusion barrier layer on the electrode, the diffusion barrier
layer being formed of a quantum conductive material, having a thickness of less than 25
Angstroms, and having a resistivity above 10 ohms-cm; and
a conductor contacting the diffusion barrier layer so as to electrically contact
the electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor;
wherein the diffusion barrier layer has a sufficient thickness to effectively

block diffusion and intermixing between the conductor and electrode.

18. A semiconductor device formed in a semiconductor substrate, the
semiconductor device comprising:

an electrical insulating layer on the substrate;

a gate electrode on the electrical insulating layer;

a semi-insulating diffusion barrier layer on the electrode, the semi-insulating
diffusion barrier layer formed of a material selected from the group consisting of silicon
oxide, silicon nitride and silicon oxynitride, having a thickness of less than 25
Angstroms, and having a resistivity above 10 ohms-cm; and

a conductor contacting the diffusion barrier layer so as to electrically contact
the electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor;

wherein the diffusion barrier layer has a sufficient thickness to effectively

block diffusion and intermixing between the conductor and electrode.
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a semi-insulating diffusion barrier layer on the electrode, the semi-insulating
diffusion barrier layer having a resistivity above 10 ohms-cm and having a thickness
of 5 Angstroms or less; and

a conductor contacting the diffusion barrier layer so as to electrically contact
the electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor;

wherein the diffusion barrier layer has a sufficient thickness to effectively
block diffusion and intermixing between the conductor and electrode, and is sufficiently
thin to cause charging of the electrode by capacitively coupling between the conductor

and the electrode.

20. A semiconductor device formed in a semiconductor substrate, the
semiconductor device comprising:

an electrical insulating layer on the substrate;

a gate electrode on the electrical insulating layer;

a semi-insulating diffusion barrier layer on the electrode, the semi-insulating
diffusion barrier layer having a resistivity above 10 ohms-cm; and

a conductor contacting the diffusion barrier layer so as to electrically contact
the electrode, such that a gate electrode charge is induced in the electrode by applying a
voltage to the conductor, the gate electrode charge being at least 75% of the voltage
applied to the conductor;

wherein the diffusion barrier layer has a sufficient thickness to effectively

block diffusion and intermixing between the conductor and electrode.



