WD 03/ 103032 PCT/ US03/ 16307 A METHOD FOR MAKI NG A SEM CONDUCTOR DEVI CE
HAVI NG A H GH K GATE DI ELECTRIC FIELD OF THE | NVENTI ON The present

i nvent i orwpeBati®s2t o nmet hods for naki ng sem conduct or dePCTAS03/16307
particul ar, sem conductor devices that include high-k gate dielectric

| ayers. BACKGROUND OF THE | NVENTION MOS field-effect transistors with very
thin gate diel ect rAMETHOD FOQRMAKING A SEMICONDUETQRperi ence

unaccept abl e gate DEAHGEHAVINGNA HIGFBKNGATE! DIELEZCERIG el ectric from
certain high-k dielectric materials, in place of silicon dioxide, can

reduceF%tlnge@.Q%nggwmﬁ dielectric may not, however, be conpatible with
pol ysi - preferred material for making the device's gate

el ectrode. | [ ' ' e Sk IS conpati bl e
wi th many hﬁghﬁééﬁlti"&%it@”e@!aﬁ%%g‘? n%éé%%eﬁmﬁglg#ggmdm&&t%fect ric and a
pol ysi |, con-based. gate el ectrode enabl e such .a di el ect.ric,to be used
with SGEWCﬁsdatp@r@%Z%’t’ FSHEC.’ON{%?%W%S&%?% lnp&dcegiyghgggat&ﬁl?lﬁcgw certain
types of substrates, the presence of such a |layer may increase the

transi ayers.s threshol d vol tage, which is undesirable. Accordingly, there is
a need for an inproved process for nmaking a sem conductor device that

i ncl udBACKBRIUMD I g HE ENEENTION There is a need for such a process in

which a polysilicon-based gate el ectrode is forned on such a gate

di el ectric pMOSHRR-6ff8ct ttdisterayvit S8hein gatdd diBRietricsamatisgronidpisbn abl e
work function shifts. The nethod of t'he present invention provides such a

Proces gioyide izl dnafBhEd LbcCEptible FAREYEMNGGe currents. Forming the gate

dielectric from certain high-k dielectric materials, in place of silicon dioxide, can

reduce gate leakage. Such a dielectric may not, however, be compatible with
polysilicon -- the preferred material for making the device’s gate electrode.
Placing a thin layer of titanium nitride, which is compatible with many high-k gate
dielectrics, between a high-k gate dielectric and a polysilicon-based gate
electrode may enable such a dielectric to be used with such a gate electrode.
Unfortunately, for devices built on certain types of substrates, the presence of
such a layer may increase the transistor’s threshold voltage, which is undesirable.
Accordingly, there is a need for an improved process for making a
semiconductor device that includes a high-k gate dielectric. There is a need for
such a process in which a polysilicon-based gate electrode is formed on such a
gate dielectric to create a functional device -- without causing undesirable work
function shifts. The method of the present invention provides such a process.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1a-1¢ represent cross-sections of structures that may be formed
when carrying out an embodiment of the method of the present invention.
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Figures 1 a-1 c represent cross-sections of structures that may be forned
when carrying out an enbodi nent of the nethod of the present invention. 1
WO 03/ 1030823RGD41JS03/ 16307 DETAI LED DESCRI PTI ON OF THE PRESHNO3/IGSWENTI ON A
met hod for nmaking a sem conductor device is described. That nethod
conprises formng on a substrate a dielectric |layer that has a dielectric
const aDETAIDED DESGRIBTHONtOETHHRE ERESENEHINVENHEN ant of silicon di oxi de.
An insulating layer is formed on the dielectric |layer, the insulating

| ayer bei ngpGREMRIBF tnalirid atsenidomduetsr devicaisadestitbed. Jetad mgtbodr ode to be
formed on the insulating layer. A gate electrode is then forned on the

| nsul a%ﬁ\%{iéé% ?erilgg oh'?g&@ét?&%‘d@e%ﬁﬁlb%ﬂ @At has andisketriofordtant | s are

set for rovi orough understanding of the present invention. It
will b pparent to thos ki d | ' e -[Bmv e : krvention
nay be‘ﬁﬁéggfe@.g%rﬁ*ﬁn&ﬁﬁﬁ%@%w&%ﬂgﬁ?‘}hﬁ%“'?{%@,g'e exﬁrg\ég?ém%{ég%wggd& here.
The invention is thus not Ilimted by the specific detail l.scl osed bel ow.
In an &omad oriie dielqgidc %dg‘edmsq'ﬂ%‘%@é@&ﬁ?mﬂrﬁ?&??et ev@@qhél ustrated by
figures 1 a-1 ¢, dielectric layer 101 is fornmed on substratevéoo. Substrate
100 naylieléctt lajer iandl agaterelespdatn be feryprd qpithe inswWatNg y¥er wa192¢e t hat have
been formed in a bulk silicon or silicon-on-insulator substructure.

Subst r allgstrbAR isEyers forptddsen thdmsultinglayers In thevfollowinggeseription, Aot  be
conbined with silicon -- such as: germani um indium antinonide, |ead
telluri bér%ﬁ' iR S@MNdl Yorth Kl pHVIdY @ HdtoTgh undierdtandingrafane peesant gal | i um
ant i noni de. though several exanples of materials fromwhich substrate

o et fitigRr RIS 252 RE e e tHELR, hjuobfelinat Y irenas a

sem conduct or devi ce nay t ralls

may be practiced in many ways other than those expressly described here. The
invention is thus not limited by the specific details disclosed below.

in an embodiment of the method of the present invention, as illustrated by
figures 1a-1c, dielectric layer 101 is formed on substrate 100. Substrate 100 may
include isolation regions, p-type wells and n-type wells that have been formed in a
bulk silicon or silicon-on-insulator substructure. Substrate 100 may comprise
other materials -- which may or may not be combined with silicon -- such as:
germanium, indium antimonide, lead telluride, indium arsenide, indium phosphide,
gallium arsenide, or gallium antimonide. Although several examples of materials
from which substrate 100 may be formed are described here, any material that
may serve as a foundation upon which a semiconductor device may be built falls
within the spirit and scope of the present invention.

Dielectric layer 101 comprises a material that has a dielectric constant that
is greater than the dielectric constant of silicon dioxide. Dielectric layer 101
preferably has a dielectric constant that is at least about twice that of silicon

dioxide, i.e., a dielectric constant that is greater than about 8. When serving as
2



within the spirit and scope of the present invention. Dielectric |ayer 101
conprises a material that has a dielectric constant that 1is greater than

t he di el eworiBaowenst ant of silicon dioxide. Dielectric |aper/usdi/16307
preferably has a dielectric constant that is at |east about tw ce that of
silicon dioxide, i.e., a dielectric constant that is greater .than about 8.
When sdheigate dislectioia3lheceogcomivptorsieyias siglectrigdayenr H Hisa JHQ'?‘%: for the
sem conductor device, dielectric layer 101 is a "high-k gate dielectric.”

Sone ofgdtddigiadctec)” abontehett theayatedalssthdt mayrizkesdd thmakgdtigh-kgjadeectri cs
i ncl ude: haf ni um oxi de, | ant hanum oxi de, zirconi um oxi de, zirconium

i |1 conyigmbAiRs indbas! Hafith ¢Ridel, HIRANIT @3idis ZirbahiumosideoRtcarturhi t ani um
oxi de, aritumtitani um oxide, strontiumtitani um oxide, yttrium oxide,

al um nﬂ%ﬂ%ﬁ’%ﬂﬁ?ﬁ@ﬁ ‘Qrﬁigigi, FH;#&BH{ ShHE 9 R stdRfuhERdniint bxidieOPat €.

Partic nium oxi'de, zirconi um oxi de, titani um oxi de,

and al um pum_oxi de. Al thqugh a . few exanples.of materials that.my be used
to for mMEluen digniym q)%%rqug?'”H}J%tanﬁjé’gé’?({géeaﬁﬂlémeqx' FrHIUIHP OX8P be rmde
fromother materials that serve to reduce gate | eakage fromthe |evel

pr esentlepd sgandivestantalum ayidedand lgadcanc aiabatere Paaticularyy @Ieg%fwfi‘ g
Dielectric layer 10 1 may be formed on substrate 100 using a conventi onal
deposi t hafniume bRide, zEconiumeoxidevitahiuenakidehand alminapoexidepddihough g " cvD') ,
| ow pressure CVD, or physical vapor deposition ("PVD') process.

Pref er ajlexdinfRB\sTHhatenials oMy deaussd OB diskstid lByeseo ater such a
process, a netal oxide precursor (e.g., a netal chloride) and steam nmay be

fed at @%c?ﬁ%ﬁ%e{réomaﬁ?éﬁnil Pe n?ato?@oﬁwe&ﬁépﬁwaté\%@%&%éﬁ\@fb RRficated at a

sel ect ed " Tenperature and pressure
gate leakage from the level present in devices that include silicon dioxide gate

dielectrics.

Dielectric layer 101 may be formed on substrate 100 using a conventional
deposition method, e.g., a conventional chemical vapor deposition (“CVD"), low
pressure CVD, or physical vapor deposition (“PVD”) process. Preferably, a

. conventional atomic layer CVD process is used. In such a process, a metal oxide
precursor (e.g., a metal chloride) and steam may be fed at selected flow rates into
a CVD reactor, which is then operated at a selected temperature and pressure to
generate an atomically smooth interface between substrate 100 and dielectric‘
layer 101. The CVD reactor should be operated long enough to form a layer with
the desired thickness. In most applications, dielectric layer 101 should be less
than about 100 angstroms thick, and more preferably between about 5 angstroms
and about 60 angstroms thick.

As deposited, dielectric layer 101 may include undesirable impurities, e.g.,
hydrogen and/or unreacted metal, which render that layer incompatible with

polysilicon. In the method of the present invention, insulating layer 102 is formed
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generate an atom cally snooth interface between substrate 100 and
dielectric layer 101. The CVD reactor should be operated | ong enough to
forma | ayero3mpioh2 t he desired thickness. I n nost appli catPCarnsps/tizef ectric
| ayer 101 shoul d be |l ess than about 100 angstrons thick, and nore
preferably between about 5 angstrons and about 60 angstro thi ck. As
deposi pedjieléctricdayei t01.alnsulating laysr 102 willdee comeatiblgyith ¢ g |3é(§,r e.g.,
hydr ogen and/ or unreacted netal, which render that |ayer inconpatible with

pol ysi Mogahd 4 gatéelortrbiedo bt folrmedbashetinsulating layer. insslatiagilaygen ayer 102
s formed 3 WO 03/103032 PCT/ US03/ 16307 on dielectric layer 101. Insul ating

| ayer 3@2 Q‘vgyggﬁfprfé%@%g@ Iﬁgé‘ﬂéhnﬁitfb!e?%%'ré? layer 101 and a gate

el ectro ormed o insulating’layer. Insulating |ayer 102 nmay

compr 50 2. Sk YR 482 LKL TG RUST S TR, 86ch ifck? ey e
O e e e e Bk S ISR 21als 101 G SR ASRERRL LD |,

preferred enbodi nent, such a process is used to forma silicon nitride

| ayer trisiteidepositioncschniques.3.an gonventionah & \ABJTYD2S ramede PHRENE hi ck.  Such
a silicon nitride insulating | ayer may consist essentially of a single

si | i corpropédgesddnlapeferred eaittoziimeant, satly aquosess isassedrioi farmya sificen plural ity
of nonol ayers of silicon nitride. Although silicon nitride is a preferred

oo HPER BT A dna: g angubol spungsuine . o o

preventg pal ¥Shibf Arbib R LB BGEE Rty ididictbestidilyof AYiRbleldicon
nitride layer, or alternatively consist essentially of a plurality of monolayers of
silicon nitride.

Although silicon nitride is a preferred material for forming insulating layer

102, other materials that are compatible with both dielectric layer 101 and
polysilicon, and that prevent polysilicon from interacting with dielectric layer 101,
may be used instead -- without departing from the spirit and scope of the present
invention. Substrate 100 may comprise a thin silicon-on-insulator substructure,
e.g., one that is sufficiently thin to facilitate the subsequent formation of a fully
depleted device. Devices built upon such a substrate may be less susceptible to
work function shffts that may result, when forming a thin metallic nitride layer
between a high-k gate dielectric and a polysilicon-based gate electrode. For that
reason, when substrate 100 comprises a thin silicon-on-insulator substructure,
insulating layer 102 may comprise a metallic nitride, for example, titanium nitride
or tantalum nitride.

After insulating layer 102 is formed on dielectric layer 101, a gate electrode

may be formed on insulating layer 102. In a preferred embodiment, the gate
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may be used instead -- w thout departing fromthe spirit and scope of the
present invention. Substrate 100 nmay conprise a thin silicon-on-insulator
substructwo®3/10837)., one that is sufficiently thin to faciPCTtEo®143he
subsequent formation of a fully depleted device. Devices built upon such a
substrate may be | ess susceptible to work function shifts that may result,
when f celetinedeantayi e fosmad bycinitially ideposiiing polysdicpadayel H3AD lknsgﬁﬁf@
dielectric and a polysilicon-based gate el ectrode. For that reason, when
subst r ghgerl 62 cEPeratiRy thetfitjure Sbl staeturen-Rolgilicanoaysub@d mayt e e,

I nsulating | ayer 102 may conprise a netallic nitride, for exanple, titanium

g _ By | ! ¢ ni _
nitri edeéyﬁlt%?%%%ﬁ\}etnﬁbﬁﬁr metidRls é(ljﬁtﬁyrleﬁéﬂa'bw isDeavedA 2bost RMO00Ed on

di el ectri a gate electrode nmmy be formed on insulating |ayer

y
02. '
R e e e Ao
R R T

bet ween about 2,000 angstronms and about 4,000 an%stro tgck. Layers 103,
102 andsteps, whishtarergenerallyaused il erineles ke 9aia Sleq M@n@éﬁr@ IMIRA for m t he
figure 1 ¢ structure. Additional steps, which are generally used to

conpl et gjlitie (oot shaveadm theeurergart dfoetched palysBicon strgeturadtO33nvam) on t he
upper part of etched polysilicon structure 103), may follow. As such steps

are wel fo1lRoWes 5Gch BRpR arkiidiEkhdwh tdoektskillelid thié bit, timy Wil nadéecr i bed in
nore detall here. Formng an insulating | ayer between a high-k gate

g;teleegft rg%}g%rﬁé% inﬁ%%eséiétiaﬁ?\%?é).ased gate el ectrode may enabl e such a hi gh-k
i I'c to be

Forming an insulating layer between a high-k gate dielectric and
polysilicon-based gate electrode may enable such a high-k gate dielectric to be
used with such a polysilicon-based gate electrode. Although the embodiments
described above are examples of processes for forming semiconductor devices
that include a high-k gate dielectric layer and a polysilicon gate electrode, the
present invention is not limited to these particular embodiments. The method of
the present invention contemplates any process that employs an intermediary
insulating layer to enable otherwise incompatible dielectric layers and gate
electrodes to be used together.

Features shown in the above referenced drawings are not intended to be
drawn to scale, nor are they intended to be shown in precise positional
relationship. Additional steps that may be included in the above described
method have been omitted as they are not useful to describe aspects of the
present invention.

Although the foregoing description has specified certain steps and

materials that may be used in the method of the present invention, those skilled in
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used with such a polysilicon-based gate el ectrode. Although the enbodi nents
descri bed above are exanpl es of processes for form ng sem conductor devices
t hat i nclwoasaodByh-k gate dielectric |ayer and a pol ysi | iPCOrUSga1&07

el ectrode, the present invention is not limted to these particular

enbodi nents. The nethod o the present invention contenpl ates any process
t hat enﬁb\ﬁ@réwslhanm@@laﬁ%meémany Mﬂf&ait'ﬁgs pag sHbstitulinRs N2 Pa Enafes e

i nconpatible dielectric |layers and gate electrodes to be used together.
Feat ur eAcedrdingly, it is irtended thatefllesumhcmddificativnsy slterations; substintiens t o be
drawn to scale, nor are they intended to be shown in precise positional

rel ati ossdbaditiofs bel mlideréa s falnatthifebe Rpirit At Wiedel df the tnvaidiva agescr i bed
nmet hod have been onitted as they are not useful to describe aspects of the

presenty %ﬁW l% @g > foregoing description has specified certain
steps an mat-er | a? t hat e used in the nmethod of the present

i nvention, those skilled i n 5 WO 03/103032 PCT/US03/16307 the art will
appreciate that nmany nodifications and substitutions nmay be nade.
Accordingly, it is intended that all such nodifications, alterations,
substitutions and additions be considered to fall within the spirit and
scope of the invention as defined by the appended clains. 6 WO 03/ 103032
PCT/ US03/ 16307 I N THE CLAIMS What is clained is:



1 A method for making a sem conductor device conprising: formng on a
substrate a dielectric layer that has a dielectric constant that is
great er twear3tibes3zli el ectric constant of silicon di oxi de; fernisng/1an7t he
dielectric layer an insulating |layer that is conpatible wth the

dielectric Iaéer and a gate electrode to be fornmed on the insulating
| ayer; Al mng a gate el ectrode on the insulating |layer. 2. The

met hod of claim1 wherein the dielectric layer is a high-k gate dielectric
| ayer that has a dielectric constant that is greater than about 8 3. The
met hod of clW@ihsatk vlaenhedis:t he high-k gate dielectric layer is forned by
atom c | ayer chemical vapor deposition, and wherein the high-k gate

dielectric | ayer AfBihodder Mk sBmicddRrtGUdy d&mmﬁngmgum consi sting

of haf ni um oxi de, | ant hanum oxi de, zirconl um oxi con silicon

par - um 41 ¢ ani um oo bR AR et %ﬁ?‘%ﬁhaﬁﬁéﬁ AR, ol um num

oxi de, | ead scandi umtantal um oxi a zi nc niobate 4 The nmet hod
of cl ai m 3 RIS Db IS GrealathAg g Iocin o ast of FhQahaonter | do o a
metallic nitride. 5. The nethod of claim4 wherein the insulating |ayer
consists essentif@rmngonaihe digjecrieidyec an insulating ldyay that i$ compatiniet hod of
claim4 wherein the insulating | ayer consists essentially of a plurality
of nonol ayer witlhthes tlelestric Myieriathel. a daldRIOdNBt3Be REFMdI0RHS Fdtlating

layer; and then

forming a gate electrode on the insulating layer.

2. The method of claim 1 wherein the dielectric layer is a high-k gate

dielectric layer that has a dielectric constant that is greater than about 8.

3. The method of claim 2 wherein the high-k gate dielectric layer is

formed by atomic layer chemical vapor deposition, and wherein the high-k

gate dielectric layer comprises a material selected from the group

consisting of hafnium oxide, lanthanum oxide, zirconium oxide, zirconium

silicon oxide, titanium oxide, tantalum oxide, barium strontium titanium

oxide, barium titanium oxide, strontium titanium oxide, yttrium oxide,

aluminum oxide, lead scandium tantalum oxide, and lead zinc niobate.

4, The method of claim 3 wherein the insulating layer comprises silicon

nitride or a metallic nitride.

5. The method of claim 4 wherein the insulating layer consists

essentially of a single silicon nitride layer.

6. The method of claim 4 wherein the insulating layer consists

essentially of a plurality of monolayers of silicon nitride.
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7. The nethod of claim4 wherein the gate el ectrode conprises polysilicon.
8. A nethod for nmaeking a sem conductor device conprising: formng a high-k
gat e di elwotosite3oBayer on a substrate; form ng an insul ati RgTIEg#I630N t he

hi gh-k gate dielectric layer that is conpatible with the high-k gate
dielectric layer and a gate electrode to be fornmed on the insulating

| ayer; and fprm Mheénleted of biaim dompercirethepgatesléctomie comphiges nsul at i ng

| ayer. 9. The nmethod of claim8 wherein the insulating | ayer conprises
silicon n|t gﬁ n@ metallic nitride. 10. The method of claim9 wherein

t he substrate nprlses silicon. 11. The method of claim 10 wherein the

hi gh-k gate dielectri m cal vapor
deposi tion, g [ tﬁa@gﬁﬁgﬁkﬁp %gé%§?¥8%%& (gﬁﬁ{) %ﬁgangst rons thick.
12. The method of_ claim | ectric |ayer
conprises a rraterpﬂm‘%?ig‘éﬁr\é@ feoahe{%gﬂfgﬂagfﬁboe Ei%ﬁqr %’ of haf ni um oxi de,
zi rconi um oxi de, titanium oxide, and al um num oxide. 13. The n% gpd of
clai m 12 wher ei n fonmingaunlingulating layeron theyiohdegatedislectris laxgishablss and
about 25 angstrons thick. 14. The nmethod of claim 13 wherein the i nsul ati ng
| ayer consi stgmpatisiemitrethleyhigh-kegate nigglectsic layesrandi a gatkeelealrede tabe The
met hod of claim 13 wherein the insulating layer consists essentially of a
plurality offompRal G @iesinglilatihl isem; and ride. 8
forming a layer that comprises polysilicon on the insulating layer.

9. The method of claim 8 wherein the insulating layer comprises silicon

nitride or a metallic nitride.

10. The method of claim 9 wherein the substrate comprises silicon.

11.  The method of claim 10 wherein the high-k gate dielectric layer is

formed by atomic layer chemical vapor deposition, and is between about 5

angstroms and about 60 angstroms thick.

12.  The method of claim 11 wherein the high-k gate dielectric layer

comprises a material selected from the group consisting of hafnium oxide,

zirconium oxide, titanium oxide, and aluminum oxide.

13.  The method of claim 12 wherein the insulating layer is between

about 3 angstroms and about 25 angstroms thick.

14.  The method of claim 13 wherein the insulating layer consists

essentially of a single silicon nitride layer.

15.  The method of claim 13 wherein the insulating layer consists

essentially of a plurality of monolayers of silicon nitride.



WD 03/ 103032 PCT/ US03/ 16307 16. The nethod of claim 13 wherein the
substrate conprises a silicon- on-insul ator substructure and the insulating
| ayer corppicsassoa netallic nitride. 17. A method for nakiPog/es03/16307

sem conduct or device conprising: formng a high-k gate dielectric |ayer on
a substrate, the high-k gate dielectric |layer being | ess than about 100

angstrons thigk amheGASIOUSIGIM 13Wherdialths eLibstrate donwrisesea gilioam-
consi sting of hafnium oxide, zirconium oxide, titanium oxide, and al um num

oxi de; T orm g0, 4#¢ dihdhubiuRebRd He Ieldting IbRormprisdicahadtamo | ayer t hat

conprises silicon nitride or a netallic nitride and that is between about 3
angstronms and, about 25 angstrons thick; form ng a | ayer that conprises

pol ysi li con Bi4%e insulating layer; and etching the polysilicon
containing layer, the insulating |ayer, and the high-k gate dielectric

| ayer. 18. Tﬁ%- mefvethad tar amaking agesiiepndydiar &?‘dﬁ@ %OW Ng-el ectric |ayer
is formed by atom c |ayer chem cal vapor deposition and is between about 5
angstrons and aboédrnging anjgh+ogate didlettric igyertea subaisateothe highrk @dtewher ei n
the insulating |ayer consists essentially of a single silicon nitride

layer. 20. Thplsatibaulerbemdqioss ifambboei 100 hrgstrerb dhick @ndayoenprising ast s
essentially of a plurality of nonolayers of silicon nitride.
material selected from the group consisting of hafnium oxide, zirconium
oxide, titanium oxide, and aluminum oxide;
forming on the high-k gate dielectric layer an insulating layer that
comprises silicon nitride or a metallic nitride and that is between about 3
angstroms and about 25 angstroms thick;
forming a layer that comprises polysilicon on the insulating layer;
and
etching the polysilicon containing layer, the insulating layer, and the
high-k gate dielectric layer.
18.  The method of claim 17 wherein the high-k gate dielectric layer is
formed by atomic layer chemical vapor deposition and is between about 5
angstroms and about 60 angstroms thick.
19. The method of claim 18 wherein the insulating layer consists
essentially of a single silicon nitride layer.

20. The method of claim 18 wherein the insulating layer consists

essentially of a plurality of monolayers of silicon nitride.



