WD 03/ 030242 PCT/ US01/29831 1 METHOD OF FORM NG DI ELECTRI C FI LMS RELATED
APPLI CATI ONS The present application is based on and clains priority to a
Provi si omalo dppizszati on filed on Septenber 19, 2000 havi n@cAamsoi/essi on 5
No. 60/233,740. Background of the InlVention For fornming Conplementary Metal
Oxi de Sem conductor (CMOS)devices, MOSFET (Metal Oxide Sem conductor Field

Effect Transistor) deyi 0 i i ch as DRAMs (Dynam c
10 Random Access I\/Ermwgiﬁa')l F??%Wﬁ%‘cgéiggﬁ%ﬁ#orm a thin, high

di el ectric constant (high-k)RERPATEDAAPPLICATIONStrate, such as a silicon
wafer. A variety of techni ques have bee devqef{ 8g_ed to ,{orm such thin filns

on a seni conduct OrTh%r§§er.\t|aﬁP|ﬁq§gow§sqegse & B IEY QyAer s have been
formed from sployeRihal AppiftiaBenh fi8d onlEBepiéiabérm, 2000 hating Iﬁ@f)wdaﬁm- descri bed

devi ces, however, has Increased the demand for gate dielectrics with a

hi gher di &l echei@/23%f43-ant than silicon dioxide. This is necessary to
reach ultra thin oxide equbge*ig%hnaquhgm,{ﬂoqﬁs than 20A) w t hout
conprom si ng gate | eakage . €_enpodl nent, those skilled in the
art have 20 expl orfext fering GomiplsmentgrydietakPrige Samicondyetor ayer in pl ace of
tradi tional b I.QX4{ LASE b Bi nventi onal

nmet hod of for@*%ég&dﬂgg’ekn?%ﬁ?y ﬂﬁﬁ%dﬁg‘?}e gg%ﬁ?@lﬁggk Flggﬂlgrgﬁéﬁg first forned
on the subst rhtesistod) dévices amighahenionndevicesx ggenags BRAManDygamic i ner t

Conventi ol “RERRHABetCuEdefd T PO RSy O Tor e BION0° 5V o

al . In parti cdibleciric cOnstanethigi-k) cbeting dhiesa subtmieln dutioaes awiliabact uri ng a
dielectric layer that . I ngludes exposi f a silicon
substrate to ‘&@%r'tévaé'ﬁtys t?%@"’g‘j?%\ﬁﬂ‘né ggerigg\é%}g&%@ @%El?%ﬁth e surface,

whi ch i ncor pofilgiseh BSeraicontasttrtwaied.on of nitrogen in the layer. Next, the
| ayer is heated a

d  exposed to .to cause formation .of ..
silicon-to-nit roggﬂ t%ﬂ%%f’ Q%GQWIGNC?%W@V?"&E‘@XF bregg?%rﬁmegef{%g“cqme | ayer of
Si 02 and {fie gibkiti§ O'The ebalingddvn of the ab&yetedcsibbbielevians ¢@weder, n t he presence

of an inert gas, such as nitrogen. Al fhough thjs t ho 0sSsess sone
benefits thghas increased the demandfor gate dige&gcs wﬂhahqawerdgelg&r\/cp

constant than silicon dioxide. This is necessary to reach ultra thin
oxide equivalent thickness (less than 20A) without compromising gate
leakage current. In one embodiment, those skilled in the art have

20 explored the possibility of using a nitride layer in place of traditional
silicon dioxide layers.

For instance, in one conventional method of forming a dielectric
fitm, an oxynitride layer is first formed on the substrate and then
annealed in an oxygen-containing or inert atmosphere to produce the

25 dielectric layer. For example, one such conventional method is
described in U.S. Patent No. 5,880,040 to Sun, et al. In particular,
Sun, et al. describes a method for manufacturing a dielectric layer that
includes exposing the heated surface of a silicon substrate to N2O to
cause the growth of a layer of SiO, on the surface, which incorporates

30 aconcentration of nitrogen in the layer. Next, the layer is heated and
exposed to NO to cause formation of silicon-to-nitrogen bonds in an
interfacial region between the layer of SiO2 and the silicon substrate.
The layer is then annealed in the presence of an inert gas, such as
nitrogen. Although this method may possess some benefits, the



WO 03/ 030242 PCT/ USO01/29831 2 dielectric constant "k" of the resulting
filmis often not |arge enough for certain applications due to the

rel ati velwologmsnii r ogen content therein. Additional nethed3/usavessal so been
devel oped. For instance, another con&entional nethod known as a gate stack
involves the 5 formation of a dielectric filmin which a base oxide |ayer

is formed on . the silicon substrate follo e itiogn of a gate
dielectric arfieleSliGeonsEAt | oﬁ@qe&e%tp@ #Hg'\é?ggigxﬂé{ﬁgfq%a%%ghg&pr obl em whi ch
has been i degdriain gsblicationdduepatiee siativielyi iswtrliteogenojomteint theveinde t hi cknesses
of less than 2 nmfor the 100 nmtechnol o ode.apd less than 1 nmfor
the 10 50 nm node.A my@ﬂmeﬁwgﬁ haye pisg e Pg%lvgé’p?g' Egﬁ 'Pg\?ﬁ(&e’not to be
scal eabl e t 0 giHtHerdioRRasticHAPMtdA kABWARIsabyste Gtdck ihihkeaghedue to tunneling
currents. Prong' ected tunneling currents for siljcon di g%i de at such

8

t hi ckness 7 arfgenaiian eha distesHicimrwaign & base l2yeyr's iR Ade  t oo | ar ge.
Material s wi tiehijghn 4L641R4AE Fdiwea B R SpavitpnnsTeriesle bRiddiicat eve reduced

tunneling currents. As such, a need currently exists for inproved nethods

of deposi t i nepbsehienilyioyartiergnisst Baterialin0e RILIEBIYIHY §2%tee he | nvent i on
In aCCOfda”?%&&%ﬁf&dﬁﬁﬁth@@?@h%x@}stgé chJ?@ctQé 8288 LhiLKNERBES BNes® 20 et hod

for depositin C c coatin nto a substrate is provided that
i ncl udes a sytbas@ woiprtheiiAg na techralesy Redesand lggafasd oo fedhtai n  t he

substrate @n?%%lﬂgﬁgbge?g%%%bﬁ&]gl Bii& bgm%‘"ﬁ%ﬁ‘- g reactor vessel

for heati%g or exanple, 1h one e Iment, the substrate
can be a semni suafshits o sushfdimensionstith acdeptatiegaiedeakageviiedel , a nitride
filmhaving dielectric t : e fornmed on

t he substrat 2?””&%‘?‘”9 %%%%ﬁ'?%ieﬁ@%ﬁﬁgﬁbﬁj{%? %ﬁ %P%g%ée*o%?‘??npcan i ncl ude

t he fol | owi ngsuch)thitkatsstanpbeissixpsttedtebe sewmraloxiers demanituden t enperature

with the ener soaurce. .30 b) .S L yi essel an oxi de gas

while the sub@?’ﬁ%&g@ i“@eﬁﬁ?aelsfﬂﬁ% hb‘ﬁf‘ﬁ%‘%‘@%&éﬁ?t%ﬂ‘% %@%é&%‘% {lé)re. The oxi de gas

conprisesi® seidaRdutddiunaemiggéunenat | east one nitrogen atom such that

the oxide gas reacts with the substrate.to formant%%sn'ftride | ayer on the
e

substrate. For exapPeen aiees fEmeRboRHe frdmPIaYsding h-cont ai ni ng

depositing a high-k coating onto a substrate.
Summary of the Invention

In accordance with one embodiment of the present invention, a

20 method for depositing a dielectric coating onto a substrate is provided
that includes a system comprising a reactor vessel adapted to contain
the substrate and an energy source in communication with the reactor
vessel for heating the substrate. For example, in one embodiment, the
substrate can be a semiconductor wafer.

25 While in the reactor vessel, a nitride film having a dielectric
constant greater than about 4 can be formed on the substrate. For
example, one method for forming the film can include the following:

a) heating the substrate to an oxide deposition temperature with
the energy source.

30 b) supplying to the reactor vessel an oxide gas while the substrate is at
the oxide deposition temperature. The oxide gas comprises a
compound that contains at least one nitrogen atom such that the oxide
gas reacts with the substrate to form an oxynitride layer on the
substrate. For example, in some embodiments, the nitrogen-containing



WO 03/030242 PCT/ US01/29831 3 conpound is selected fromthe group
consisting of NO N20, NO2, and conbinations thereof. c) depositing a
nitride |apes/oan4t he oxynitride |ayer while the substrat@Crasna29ssai ned at
a nitride deposition tenperature. FoB 5 exanple, in some enbodi nents, the
nitride |layer can be deposited by supplying a first gas precursor and a

second gas precursor..to th react or vessel..,. | i ts, the first
gas precur sor “OTBAFI '§églteﬁ%ggf%gﬁﬁedgntngtcoﬁ%ﬁt{ng?or@ig’ti 4 :éaisiﬁz’gﬁg silicon atom
(e.g., Si I;4 ﬁ&hbiaaticﬁiswﬂéiiebf. letc.) and the second gas precursor conprises a
10 conpound that cqntains at least one nitrogen atom (e NH3, N20,
etc.). The method Cgfdef’B?'ﬁ'i‘%a “i’fH@e #quFT‘PIE %YEﬁr'q%@Vﬁd&h'fgtﬂgal ing the
nitride |ayer gigstiafeispiaaeiieg Nfa diridetdebestiororRniengatd. norgas (e. g. NH3),

as well as_annealing the nitride |layer in the presence OfFﬁ%n? oxi de 15

th :
anneal i ng Fasex@nge. IRBeMe §rRDRHReRI, K1 NEHE [aver cap A8 9ePBSIRMYN ze surface

roughness of i biif@k R gudYfdoursditn@eySidont das brtarscrattee formed so as to
have a thickness of |ess than 10 angstrons. Further, the nitride |ayer can

be deposit edreactas vessehe esame eavoorisients, {bg firghgag PrESHSe’ while the nitride
20 layer can : ' i fsi ' anneal ing gas at
E&ﬁﬂnéé%raa{tﬂgﬁé ) thé ¢ fiftaifé 8PRAGDNESiRAN %rﬁ‘i‘e an

a tenperature greate ornmed nitride |ayer "can have a

t hi ckness of BédsSithafiHebbuetcdmngihe seeens gaspreewser ¢anBrisemaa t hi n
oxynitridesl a | b L | tnilfle | ayer can be
Oy S8 YRl b esdeaPNE LG e

ressure han”’about 50 Torr, and
particularly kegs than about 25 Torr. As described above, besides annealing

the nitride |ayer 4 fBfhodRl FHRGE IR iR bal tdAna08E ahbMingaRe the nitlide
| ayer is al so anneal®e I'n the presence of a nitrrdation annealing gas.
When anneal ednitridet lager ip trespresenaf ofa mitrtdalidasnealinggesake.ggNsls, t he

tenperature can _be from .30 .about 87 9 C..The nitride |ayer
can be used iﬁsvgﬁlaa@gn%%mgé@%pﬂ%? laﬁ/ﬁgp;ﬁ%?%%i%\%eeg\%r{%%% | ayer can be
i ncor por att®d mntealiag gapéEgtNsOPr into a transistor. In an alternative

crodt rent ot o2 o3 g oL BepbRYEE sublis BLgRRR gventi on 1
the formed layer, the oxynitride layer can be formed so as to have a
thickness of less than 10 angstroms. Further, the nitride layer can be
deposited at a temperature of less than about 750° C, while the nitride

20 layer can then be annealed in the presence of an oxide annealing gas
at a temperature greater than 770° C. The formed nitride layer can
have a thickness of less than about 25 angstroms.

In order to form a thin oxynitride layer prior to nitride deposition,
the oxynitride layer can be formed in an atmosphere having a pressure

25 less than about 50 Torr, and particularly less than about 25 Torr.

As described above, besides annealing the nitride layer in the
presence of an oxide annealing gas, the nitride layer is also annealed
in the presence of a nitridation annealing gas. When annealed in the
presence of a nitridation annealing gas, the temperature can be from

30 about 875° C to about 925° C.

The nitride layer can be used in various devices. For instance,
the nitride layer can be incorporated into a capacitor or into a transistor.

In an alternative embodiment, instead of forming a nitride layer,

the present invention is directed to forming a metal oxide or silicate



WO 03/030242 PCT/US01/29831 4 layer on a sem conductor wafer. In this
enbodi nent, the nethod of the present invention includes heating a wafer
conpri si rNyoIBlda2 i n the presence of a gas containi ng ni PCEFgsn1/2ws3f orm a
passivation layer on the wafer. Thet gas containing nitrogen can be

amoni a. The 5 passivation |ayer can have a thickness of |ess than about 5

nanoneters, gnd particularly.le . r iyation |ayer
can be formagaY‘?{ qne%§ew‘f8ﬂd%%%ﬁ§f%n§g@%r?@b @Em %ﬁt@ﬁp@%}épﬁrﬁ?%from about
600 to about @88dntGhvehlien paiutieshegliress waerabniphisingagica gotieai ni ng ni trogen

during formati on of the passjvation |ayer_can be .10 | han about 100
Torr. In accdt8SfE %atq‘?pst%@"%?'%%QWPQPﬁ3%?%5"&?%%%’8%%@?0@?i on layer is
formed in ordﬁév&a@erprméegﬁtsdoataemngannmgéh@anoémma.l Ipers. After formng
t he passivation | ayer e [

| ay t waf er can be hfe‘at eﬁ i nb t presence of a gas
precur sor % o RSB O'Hia_é‘ﬁ(e‘éei”ri?aé’elaa@‘&kn@mr P3G &°%Y'S’ netal oxide or a
silicate. ThengliopAgis! bisd parEllahRRsh thadnOr ABsbradted TrRPaYsRiaoe greater than
about 300 C, and particul arl erature of from about 4000 Cto

Iy at a te
about 800 C. laver gaadesiornert Bidess Han akave! Bserands 3t a fBRYIBIUL of | ess t han

about 100 Tar ' r i e, The pShitial srebdurs of f¥ The dielectric
| ayer can be,ﬁ?rg%bggg?or?;@gggg{%ﬁf 02, ZrBZ,I A@%O&r ‘IQaZO ,aSLa205 or their

silicates. Afcontainipgmitrageniseriag &raeiion f iheyrassivelinn Ig¥eraandh be anneal ed in

the presepce of. gRnapacaiddogas. The annealing gas can include an inert
gas and an oxygen-contal ni ng gas. The anneal ing gas can be, for 25

i nstance, ni trogenn agegdanceoritmihetniesant invenber, therpessbialige tayebist ai ni ng  gas,

on the ot her #aﬂ’ﬁgd inc&gepﬁr#;&engﬁa%ﬁgg?ﬁn @&gc%qg;e{%_her eof . Once forned,

the dielectric ['ayer can ess than 2 nanoneters. The
dielectric |ayer oSteriemigetieipassisatianiayelethecuafer cambeheatediodi nent, a

polysilicon |layer can_t i on f Lel ectric |ayer.
Al'l of the prtgéé)é%seeQCSfO?sIlg’ggglzeceé"gg%ﬁ t‘? ﬁo\?@n 9%%%g§:r{a%eg%8g{isﬁlsﬂg§out in a
rapi d t hergral mptab ogigis iong stlicateb &hei dieletitric teyeheambé formed at@ated rapidly to

ELglh etseggeggtst:éﬁg%i’atﬁ}é grgfateF m%nla%%{ 300 abn% ga%cm?adrlyda"fra' ng separate heating

temperature of from about 400° C to about 800° C. The gas precursor
can have a partial pressure of less than about 100 Torr during
formation of the dielectric layer. The dielectric layer can be, for

20  instance, HfO,, ZrOp, Al2Os, TazOs, LayOs
or their silicates.

After forming the dielectric layer, the wafer can be annealed in
the presence of an annealing gas. The annealing gas can include an
inert gas and an oxygen-containing gas. The annealing gas can be, for

25 instance, nitrogen, argon, or mixtures thereof. The oxygen-containing
gas, on the other hand, can be NO, N2O, O,, or mixtures thereof.

Once formed, the dielectric léyer can have an EOT of less than
1.2 nanometers. The dielectric layer can be used in various devices.
In one embodiment, a polysilicon layer can then be deposited on top of

30 the dielectric layer.

All of the processes of the present invention can be carried out
in a rapid thermal processing chamber in which the wafer is heated
rapidly to high temperatures. All of the layers can be formed during

separate heating cycles as desired.



WD 03/030242 PCT/US01/29831 5 Other features and aspects of the present
invention are discussed in greater detail below Brief Description of the
Dr awi ngs wWofoaloso2and enabl i ng di scl osure of the present i npemttison?983ncl udi ng
5 the best node thereof, directed td one of ordinary skill in the art, is
set forth nore particularly in the remainder of the specification, which
makes reference to . the a pende in whi c:h: Eig. is a
cross-sectional viedea f?%@“‘ga?ﬂ? rsrfg%h%wéa’ﬁ?g 'Pveq}'ggoqr&depom tion system
that can be uidduszedin dregiee deedionent of the 10 present invention; Fig. 2
is a flow diagram of one embodi rrent of e thod of the present
invention; Fig. 3is a tople =Jl : e that can be used in

accor dance wi th t Q@fuﬁ%ﬁ@%‘?\%bhﬁb"&@é]bélﬁ@ oﬁﬁne"fjrgserﬁm\&nﬁorﬂllr@@ﬂm of one
enbodi nent of a nmethod of the  present invention; gfﬁ‘i"’&ds S% di agr am of
ig

anot her erfbodherbast pede H‘@Wﬁtﬁfﬁf‘[%tot% OfQF@B%rB{tSkI"dQ 6-23 are
graphs illustgaf, hﬂﬂe{pﬁﬁwﬁ%ﬂ i %e%ﬁ%lrﬁ!@poftﬂe@éé&’ﬁbﬁlonzﬂlhfbh and Fl g. 24 are
gr aphs |IIustrat| ng e res I'ts obtal ned i n Exanple bel ow. Repeat use of
reference chanakasieferemce loche appenteddigaeasin adi¢hsn and drawi ngs i s intended
to represent sane the invention.
Det ai |l ed Descri pt |F? 161?%%%%%%?2%‘%@%% rrteH;étr@gFfH?g@%‘o be under st ood
by one of ordraparylembeltidn systetrtné’lalcan bhatlhaelden ope evtredirae@i¥si on is a
descri ptlﬁf of exe enbodi ments only, and is not intended as limting
t he broad arg %%'{ %Ple present 30 invention, which broader aspects are
enbodi ed in the emgrm 1ara/ﬂov¢dlagtarmotmmmﬁtb@rrpnteefethe methethelitos i s generally
directed to a net t‘ depositing a coating having a relatively high

di el ectric cof§® t"“’q{“ Unto a substrate. For instance, the dielectric
constant of the caqag.iaig o pmisv of an RT-CVD module that can be used in

accordance with the present invention;,
15 Fig. 4 is a diagram of one embodiment of a method of the

present invention;
Fig. 5 is a diagram of another embodiment of the method of the
present invention;
Figs. 6-23 are graphs illustrating the results obtained in Example
20 1;and
Fig. 24 are graphs illustrating the results obtained in Example 2
below.
Repeat use of reference characters in the present specification
and drawings is intended to represent same or analogous features or
25 elements of the invention.
Detailed Description of Representative Embodiments
It is to be understood by one of ordinary skill in the art that the
present discussion is a description of exemplary embodiments only,
and is not intended as limiting the broader aspects of the present

30 invention, which broader aspects are embodied in the exemplary
construction.
The present invention is generally directed to a method of
depositing a coating having a relatively high dielectric constant “k” onto
a substrate. For instance, the dielectric constant of the coating formed



WD 03/ 030242 PCT/US01/29831 6 according to the present invention is
typically greater than about 4, in sone enbodi nents, greater than about
10, and iwogoms2enbodi nents, greater than about 15. For ipagtisnuegs3coati ngs
formed according to the present invntion might have a dielectric constant
bet ween about 5 to 5 about 100, and in sone enbodi nents, between about 15

to about 20. Further,. the resulting .high- I ally have a

t hi ckness | eR0f toe{B%BfeS?Baﬁ'é{ﬁ%tH&t'EF&ICEE}S?]P(?%#I @gﬁﬁggogﬁgﬁ{ f or m ng

devi ces, t hesgr@ssmbbdithent, glazgsisthias abyyti 10akhy irbedrme embabiments, t o about 20
nanoneters, and in_so e dinments, between about 1 to abouyt 10 10
nanonet ers. Adreder Fhalﬁ‘g‘%ﬁ’éggg'i E%rdm?‘ﬁhﬁ%rcé’\gﬁ Safgfm% ?Bwr&pﬁgo H}eesent
invention i spgesfimldniodliigftihede baidiberit eomasnt@rtoéergabautditel ectric layers

having a high dielectric constant. Various devjces,_ such CMOS devi ces
can be prvdudayt 18Q.cHWiIRGONS qmn@dﬁpﬁg"én?et\“’ﬁ9'éﬁb??;‘n1%@ﬂ%‘?&ﬁg&smalI EOT. In

15 one enbodi ggit fRAf h-kIRBEIMd 8dh dnefhiyarived thiekhegsti ng a nitride
stack, in parti cuel’r’e{[rrrlggeésbir”?) /%i 2 stladck f%r a %ate di_el ectric application.
In an al t er nalesy thapraboui 3@ nenonpetersyrfzas dpgtancey WHED HIMiNG 8eYiekS ed to

depositing a fi.ghs I I iNehfrBaioRl ke Eb&ft 2 sem conduct or
wafer in formmﬁggsalmé@h%?g e'gﬁq?%a."?‘F'ﬁe netal oxide or silicate coating 20
f or med accor dharpmeiershancpinesnsts einkodinenism betvesorabaut bieabpytdO convent i onal

sel f-ali gmed 81%'35' -?qgrtse pol y-Si CMOS technology, with mninmal formation of
interfaci o] & ayers that degrade device performance and reliability.
The device is fabrAsailide deseiivey inonorE@EtaiVzdlordhe piesestinverfianeak age

current. 25 In general ny,c r el iy 1 g of being
Gtilized to dBBOPEN, dipdPd o ?’l%ggﬁé%{[ﬁnnaé%%n {’)‘e'r&&g‘}]’éétrrgf}gﬂﬁgn be utilized
in the presehighidivlettd constdndr Verenptevicasoavaras ONMEIS dedagedn vapor

nventi on. |t bSREGHECHRRAB N Boo Shetli el FRIPEOT e, (Plsea i n
ot her techsi quRs e@BOdiIRIcHO the ptesedt inveritioe ipdiesded to foriagta whidesuch as
Vapor deposi t PR T BERbRRI ASH\GhtCe RECK TN SHe BT R w AR ], “one -
particul ar enhpsh ARMatRE ensotHhent, H prebatt invehtior Bicbiitoal  vapor
deposition t Odggg)s?tisnigta itwigﬁ-Kdrin%{a?g;[drdie %r giﬂgetﬂie I?;gaﬁng on a semiconductor
wafer in forming a gate dielectric. The metal oxide or silicate coating
20 formed according to the present invention is compatible with
conventional self-aligned dual-gate poly-Si CMOS technology, with
minimal formation of interfacial oxide layers that degrade device
performance and reliability. The device is fabricated having low EOT
values and reduced leakage current.
25 In general, any chamber or vessel that is capable of being
utilized to deposit a dielectric coating onto a substrate can be utilized in
the present invention. For example, conventional chemical vapor
deposition vessels can be adapted for use with the method of the
present invention. It should be understood, however, that other
30 vessels used in other techniques can also be used in the present
invention, such as vessels utilized in physical vapor deposition, plasma
enhanced chemical vapor deposition, sputtering, and the like.
Referring to Fig. 1, one particular embodiment of a system 10

that utilizes chemical vapor deposition to deposit the dielectric coating



WO 03/ 030242 PCT/ USO01/29831 7 onto a substrate is illustrated. As shown,
the system 10 includes a reactor vessel 12 adapted to receive substrates,
such as awogsmswenduct or wafer 14. As shown, the wafer 14PC3/ysosdsspbned on
a substrate holder 15 nade froma tHermal insulating material, such as 5
quartz. During processing, the substrate holder 15, in one enbodinent, can
be adapted to rotat In fer ation mechani sm
Rotating the QB eefs@l?ttﬁgeym@[“@%tﬁé B&&%@W“ W@rﬁyéfeﬂ {) (?rm' ty over the
surface of theawrelesddl 12ndiapRy to PECHNR suRIBRBCSGthcayd act and gas

uniformty between the wafer 14 10 and gases ipntroduced jnto the reactor
vessel 12. ItS@ﬁtﬁ?ﬂ@”‘ﬂ@rwﬁfﬁﬂé‘}sf‘%éﬁowﬂotﬁé\)’@rfer {14h'§tp°5' Q&S af ers, the

reactor Vessekuﬂﬁra‘t@ha{bépw r#éaeffr%ﬁn h hPrRfPsslafidhtetdb sLERbes, such as
optical parts, filns, fibers, i bbons, etc. The reactor vessel 12 is

desi gned t? haeartz. h@UWQ‘ lé"locqsﬁlﬂﬂ, t%ﬂbs’“@? hlgerd! S i @€ and under careful ly
control l'ed Coeﬁl'bgb%t égﬁeoer&%%gto rﬁf‘a‘féﬁ{e vidief M) uBifig FBpktel F OM vari ous

materials, inc Ing, for and ceranics. For instance, in
sone enbodi e ratatiort mechamgt o Rotajing dlag wa@rdérm%epr@mée bettah st ai nl ess st eel

t d
mmtarial it Ry SR KiTARe sital ot Re ke ARy T ce, ae shown
in Fig. 1, theromaaenbancesmataciand ges udiéamitybebiéanghe wrafieritd 16 wr apped
around "o PS4 TELEL Al G S RlackGIBELI12 SraRgpiial ned within hol es of

the reac Sshown, ~ an I's al so provided in
the 25 appar andmstb@:d Ihasqumrtthawardestwwesnmegpastouvesselzﬁz issalgd aced into

communi cation with.the react ves 12 for r o heat the
wafer 14 duri ﬁﬁa%t?gi QROCHY® © ﬁr ﬂ@ﬁirpgels,s C'\/%%ﬁgﬂcﬁ bé}%ﬁﬁ'ﬂfesl ﬁ%e'rsdew ces can
be utilized asbbdres, eer gy source 22. For exanple, the energy source 22 can
contain lights, | ers . g. i trogen 30 .u vi ol et radiation
heating devi ces, r%?ﬁ?&%e%eia?'ﬁ ‘3?7%%"%‘8 egithe%qur H/ V¥4 have a high
ul'traviol e | ké]m reﬁb‘é abid unddraafeflipnamirolled eaiditbns! Ateatagor devi ces,

electrical resistant heaters, conbi nation er nd the |ike.
Mor eover, theVe3Re t?&?ngﬁé‘ﬂﬂg%{mﬁ‘é‘?”wmﬁeﬁ‘ag &dqgeg)re(%ma(e intensity,

pol ari zati on, nfRAkiaRHufanRBsl/ Bor iRsths&S i© 8158 iefibodiments, the reactor

vessel 12 can be made from stainless steel or quartz. When the

reactor vessel 12 is made from a heat conductive material, it typically

20 includes a cooling system. For instance, as shown in Fig. 1, the
reactor vessel 12 includes a cooling conduit 16 wrapped around the
perimeter of the reactor vessel 12 or contained within holes of the
reactor vessel 12.

As shown, an energy source 22 is also provided in the

25 apparatus 10. In particular, the energy source 22 is placed into
communication with the reactor vessel 12 for emitting energy to heat
the wafer 14 during processing. In general, a variety of heating
devices can be utilized as the energy saurce 22. For example, the
energy source 22 can contain lights, lasers (e.g., a nitrogen laser),

30 ultraviolet radiation heating devices, arc lamps, vapor lamps such as
mercury that have a high ultraviolet light output, flash lamps, infrared
radiation devices, electrical resistant heaters, combinations thereof,
and the like. Moreover, the spectral shape and/or certain properties

(e.g., intensity, polarization, continuous and/or pulsed emission



WO 03/ 030242 PCT/USO1/29831 8 radiation) of the energy source 22 can be

varied to adapt to a particular process. For instance, the spectral shape
of the erwpgg/030ur ce 22 can be controlled as a function @CTiSre2®ad/ or as
a function of a property of the waf&r 14 or filn(s) on the wafer 14 (e.g.,
tenperature of the filn(s) 5 and/or the wafer 14, the thickness of a film

bei ng deposited. on ¢ wafer 14 any,_ ot her. .physi cal . i cal

par a?ret eP of f@ﬂ@%f’m &?‘E? eBprgytsrqgrc‘%Zecfan\{% varjed tB ﬁéjgbfﬁ&%rg@g%menbodi nent ,
}‘or exgzpl e, %r’ﬁ@eﬁ?ﬂ*cﬂ)inﬁ@hﬂtfd;?Oéiﬁpec'trak:dha@e?fawepdtarwrgj/ istblyrcﬁﬁﬁlcanpsl 24, Th$h
anps can be incandesce S uch a ngst en- hal.ogen | anps. e
en(ranr)gy sour ceP®gontigied gs Upﬁ!ﬂwg% %r@q)re%st%ﬁmgﬁogoé%pm@fertygﬁ ect (r)nr)s for
uni fornly di rggtidier 1£6€fiiBys)kei A8 veméritee. ytehiperatars tBdfiaisp the wafer
14. As shown in Fig. 1, the lanmps 24 are pl aced abgve the wafer 14. It
shoul d be 5 un@rs/at Beavaieioldevies thigkpges efifellinpRiRg 9aPeRiedl B aced at any 15

particul ar | ogadl R, oy QK&IHyBical GHERSMIGH phfirvdtbd 6f2RE fimeysr and/ or - bel ow
the wafer 14. Furth’eor, gdditior%g'l’ or |ess Ignps can be iﬁﬂgl )ljded wi thin the

system 10 if Wesyafed!4)The system 10 can al so include a wi ndow 32 positioned
between the ener gy, $QUfiGEy 8d@2ﬂ>oﬁf?ﬁeq‘f‘ﬁ5ﬁé>ha1ﬁpléh% dnergyeaRleerof 20

all owi ng energy at a preselect wavel engt 0 pass therethrough. For
exanpl e, the nclidesadurelity of lanpsoife Eredeaipsdtean kecincanrdegcent| t er by

al | ow ng rtaj Ig,n? ok d whi | e

absor bi ng*@t hgb{b\?/am%%eng h?gt)eﬂ qaLdggﬂtéalrb?Sdﬁ?ﬁ€ﬁ%Q§}’§gg{ﬁg 2, alnn sone

enbodi nent s, amg inubideccteflastonof alsekeof refstor forunformly direalindr t he
tenperature of the fer .14 i i or vessel 12
can, in one eRBGHY ,e"?'ﬁ%? ggé@qugﬁslzgﬁ%lr“?ﬂ%vg%{f% gdc'fi g‘? %gé\ﬁgg{nsi ng devi ces
27. The radi aFigom, thehahpg 24 deyplaesd ovedhe waddruidie, It $lwuldkanpl e, a plurality

of optical fibers, |lenses l.i i pes,, etc, F e, in the
illustrated e%cgﬁfﬁ%ﬁ't ,°‘”{?¥8ﬂéb§*rqh%f)a§5) % ¢ E‘@M?Fr?@é"&g’\éﬁq%@ i ncl ude 1ight

pi pes 28 tuhaéI p@rtianiamocstmmﬁuBO I'r(B&bmpI’e,anﬁs mapbegﬂlii&@amivlecan\dmﬁspondi ngl

t enperature detectors : ne enhodi nment or exampl.e e optica
fibers 28 arePeiRYihe YafeEd 4 d:n Lﬂ%@éi%’g}%‘f’ﬂ@%?gséﬂ'gpaﬁaﬁg?ﬁ@dhé#ﬁdtted by the
wafer 14 at awitiaihé Sytah MEVessredt h. The anount of sensed radiation is

t hen »
The system 10 can also include a window 32 positioned

between the energy source 22 and the wafer 14 that is capable of

20 allowing energy at a preselected wavelength to pass therethrough. For
example, the window 32 can, in some embodiments, act as a filter by
allowing certain wavelengths of light to pass therethrough, while
absorbing other wavelength(s). in addition, the window 32, in some
embodiments, may not act as a filter.

25 In order to monitor the temperature of the wafer 14 during a
heating cycle, the reactor vessel 12 can, in one embodiment, includes
a plurality of radiation sensing devices 27. The radiation sensing
devices 27 can include, for example, a plurality of optical fibers, lenses,
light pipes, etc. For example, in the illustrated embodiment, the

30 radiation sensing devices include light pipes 28 that are in
communication with a plurality of corresponding temperature detectors
30. In one embodiment, for example, the optical fibers 28 are
configured to receive thermal energy being emitted by the wafer 14 ata

particular wavelength. The amount of sensed radiation is then



WO 03/030242 PCT/US01/29831 9 communicated to tenperature detectors 30,
whi ch generate a usable voltage signal for determning the tenperature of
t he waf erwohaw3wan be cal cul ated based, in part, on Pl an®kT&Sha83i n one
enbodi ment, each optical fiber 28 i% conbination with a tenperature
detector 30 5 conprises a pyr orret er. In another enbodinent, the optical
fibers 28 are route

sin nul in sensi ng
devi ce. Besi REYNYLP 8‘5 f%@in}ﬁe}r gﬁgﬁ%s %de&fhé%‘s 6gQ)etr%e aaéée(r%%erat ure sensing
devi ces may ahﬁtag@glgblélefﬁr détetri‘ilﬁlr@/tﬁé@émpébratulreobhhesmfer thahezeTibé on. hFor
i nstance, one or rmre t her mocou e 10 i ncor porat to the system
for monitori rgplgYaieq Basrsh it bR %S?Hgggb\%‘f’e ‘1’293‘?’558&%? Ie@CFocatl on or at
a plurality odpticactel 28 c&h@inaﬁ&tﬁﬁvﬁ@ﬁqmb@@maaetwmlmced in direct

contact with the wafer 14 or can be placed adjacent BE %ir 14 from
whi ch t he & erGRenRiiser @ RYERMeler Inanaihrsienmeagimeny, g LRlcaldPsrs ¢ossel 12 al so

I ncl udes attoﬁ'?%ut@@?o é%ln‘g Kt r%@ltn[)l@f(m(t; 'ré‘dnét%%n@%g%ﬂér nore gases into

t he vessel ormth ectric coating on the wafer 14. For exanple, as
shown, the inlet BPsisign usingiradiaonsansiRateierswPiner SRR MIBPI y 70 via a

line 72 and :ssé?\?ﬁg%hégmegn% al¥d gs%séd [Hathé%xétefn Ry prlisBgt two or nore

separate gas react’i ve vessel I'n one enbodi ment, a
showerhead c ainvéggioporerdnstence, onels meyadngrmospudies May$Heer si ng gases over the

waf er . ' elﬁgérB{)raYeedslftﬁtJ th%?sgst%hf%{WtUﬂ?gsth@tteﬁwﬁétsattur@'ﬁtﬁl—yt let 20 for

evacuatln gas rom ter"a certain period of tine. It
shoul d al so beafendéeass sindle lobatton @il atlaqiigralityof ipcatiens. nih& 18 and outl et 20

oL o b5 LR 3R AUREORLEt AR PBRE ko et 2 ane
react or vessebe plated adjhceld tlee gafer Ma‘tonewhmhdbdntempexa@m eavbéve purchased
from VAT, whi %s%k%es the chamber fromthe handling side. A vacuum
within the ch be achi eved 30 using a nechani cal rough punp. The
pressure pmn be comerehdtodvénsent2 wabwecluddsgh lesat oneran dflet tf®rt han 10-3 Torr
(|::>aC-r|]-/ l&go(i);)tzglsg‘%dmg%/ﬁrt‘ghgneugl? mm%f ge?séstfrr\tg rqe[)veescslél Bl s di\e/\gcgi?é/ 030242
coating on the wafer 14. For example, as shown, the inlet 18 can be in
communication with a gas supply 70 via a line 72 and a gas supply 80
via a line 74 for providing two or more separate gases to the reactive
20 vessel 12. In one embodiment, a showerhead can be connected to the
gas inlet for dispersing gases over the wafer. The reactor vessel 12
also includes at least one outlet 20 for evacuating gases from the
vessel 12 after a certain period of time. It should also be understood
that, although only one inlet 18 and outlet 20 are illustrated, the vessel
25 12 may contain any number of inlets and outlets for supplying the
vessel with gases.
In one embodiment, the reactor vessel can include a gate valve,
such as a gate valve purchased from VAT, which isolates the chamber
from the handling side. A vacuum within the chamber can be achieved
30 using a mechanical rough pump. The pressure can be controlled by a
valve. High vacuums of less than 10 Torr can be obtained by the use

of a turbomolecular pump.



Formation O A Nitride Stack Referring to Fig. 2, one enbodi nent of the
nmet hod of the present invention for formng a dielectric coating of
nitride owotohe3azaf er 14 using the chem cal vapor depositiPOR/ESYE2MA Shown
in Fig. I will now be 5 described idOhore detail. It should be understood,
however, that other systems and ot her deposition techniques can al so be
used in the |geth invention. For exanple, one suitable
chem cal vape Et may be described in U S. Patent No.
6,136, 725 to R@%ﬁmgﬂbﬁé 2 owblembddknemmmmmetmd ditiregpresent its entirety by

10 reference thereto f 0ses In| r 14 is heated to
a certain oxNﬂée'Ef@ﬁ'cfQH%f’BWg 3{@ E?'&tCBPBnQJQ rHE-dF téﬁ&'lagia, 1 L{#Q:ge 22. Wile
the wafer 14 fyg ch@%éﬁl%ﬁtﬁ‘@e@bsﬁ@ﬁsﬁ&&h%ﬁdmxm #r). depibAOWiben tenperature, an
oxide gas is supplied to the reactor vessel 12 via the |g?t§t 18 for a

certain 15 defRESTiPEGH Mprrdeialti %ah%@bgtunge@g?qdahﬂwgyed whe For exanpl e,

as shown in @s@eméan@eﬁ.e%eﬂswmﬂébmqw% Asdbbessdpphbed to the gas
inlet 18 from'a gas supply 70 via line 72. The oxide gas flow rate can

vary, but is mymo@aqflﬂye U@ﬁ@@s’féw%@m Fgnexarapigeene %@P eRtitatet ers per
mnute to ab &%eé&%ﬁéﬁtérﬁ ﬁé’@éscﬁb@&ﬂrﬁu MR R, 10 one 20

enbodi nment , I's supplied for an average of about 10 seconds.
A thic kness o!B 186426 ¢0 h@m’l@_ﬁbrwbdﬂl isgecarperatembereinis its aptetr s or | ess

(e.qg., (fngl%tférgﬁée R{erétﬁ?ér)all Fxé@slr Jsety of oxide gases can be utilized in

t he present inven any oxide gas that is capable of
form ng a base odemalI)BtH\eaweferhéw h@tad t@ﬁ&&ﬂ&ielwldﬁl@ﬁoml@mectr| c const ant

on the waf er anpgeg%ggeu%*@ﬁggenge eﬁbﬁ@é?ée(}&hnbw@ tPnyg j&or exanple, sone

sui tabl e oxid also contaln nltrogen such as
ni trogen oxi dmair{&itkd ahinbroesisedexide dgpdfon hemperaiumxadexl(dﬂ@)s and the

| i ke. Thus, when tpli n|tr c as, such as

nent i oned abo\?é”p{’\?}%‘l @dﬁ %‘369?% g ée}ﬁ}%Hﬁ'FP ﬂ?rg")r(dr?e nlgs general |y an

oxynitridesstg s\ltfo(ﬁ tinfepérngl amt@eceeramﬂmmal &or SkaDfdlg, advbr eover, the

particul ar oxi I on tenperature can v d.on the substrate

utilized, t hes‘?BZ’I”H@ dﬁs{eé’nﬁﬂr m@%&x'dﬁﬁé‘ﬁﬁﬁ C?fhge%ti%@\eaz‘a%%%? Jacteristics of

the deposi t edingQasifign algRE sUPSy F0GE lirld B2 Wh3%i08 924 RowEateldafl/ 29831 11
vary, but is typically between about 50 standard cubic centimeters per

minute to about 10 standard liters per minute. Moreover, in one
20 embodiment, the oxide gas is supplied for an average of about 10
seconds. A thickness of the formed layer can be from about 15
Angstroms or less (e.g., 10 Angstroms or less).
A variety of oxide gases can be utilized in the present invention.
In particular, any oxide gas that is capable of forming a base oxide
25 layer having a relatively high dielectric constant on the wafer can be
utilized in the present invention. For example, some suitable oxide
gases include gases that also contain nitrogen, such as nitrogen oxide
(NO), nitrous oxide (N20), nitric oxide (NO-), and the like. Thus, when
utilizing a nitrogen-containing oxide gas, such as mentioned above, the
30 base oxide layer that is formed is generally an oxynitride structure
having the generic formula, SiOxNy.
Moreover, the particular oxide deposition temperature can vary
based on the substrate utilized, the oxide gases utilized, and/or the

desired characteristics of the deposited coating. For instance, the



oxi de deposition tenperature is typically relatively |Iow so that the

t hi ckness of the base oxide layer is mnimzed (6 to 9 Anstrons), thereby
i ncr easi ngotod@3atel ectric constant of the resulting film PERrUSOE2®ADI €,
when depositing the base oxide Iayer11onto a silicon wafer, the 5
tenperature of the wafer is typically nmaintained at |ess than about 1100C,

i n sonme enbodi nent,s b tween 60 C t.o, about enbodi nents | ess
t han about 75 eplﬁp%sd) 8%’8@H@H?Eyp'cﬁﬁnééhveg’blgdtsoééaﬁﬁ?o about 750C, and
in one errbodiﬂhi&ikhessabl‘ﬁbé baé’@ﬂﬁdelléyeets\/rﬂm;mltzé@(eEﬁ@;Aostroms)sel pressure
during oxynltrld 10 deposition is typically, bet Torr to about
760 Torr. tﬂ"ﬁfﬁ’@r‘rﬁ‘ﬁﬂ?%@ﬂf@e% ?Eﬁ'PﬁéEStaa%Qféhe Fgpy ng glﬁrcontent present
within the baé@namedﬁhérau@psosﬂa@ thé Badd bxade tdygr omerae@mntmer tHeel ectric
constant of the layer, ther eby enhang %% the el ectrical characteristics of

the resul t¥ ngtempgrere ofith ﬂéﬁ@f%é\‘éwplﬂ? giiped ALIEss Haph9tler to i ncrease

the nitrogen £Qyg€Nin sdni€eMbBaRiENS Ktwb&® 6009CIRt At 156@e, §houl d be
decreased. Thus, in order to increase nitrogen content the pressure

shoul d be | essora&gmbodinerys less gaan ahaut 50°F, |"za§@ﬂ9|¢m4p09t§nenr%rr and nore
particularly ﬁ&%eﬁ%ﬁ?u@&)dg@% -abbmﬁ‘tjé@"é @rmﬂ‘i‘in'éf‘é?ﬁb&ﬁméﬁleaﬂ&ﬁsem

invention, a nitri ayer 1s osited on the base Oxide layer. In
general , any W°C- IM@WQVW, the r@éc’mﬂml pressHreeing guetridsuch as cheni cal

vapor _dep Ity sntﬁ)ﬂ'?s R@gggi béfvfepeq doBut P'§oR & 568t 7'6'@"‘!?@“ on. For instance,

one suitable chem cal eposition technique nma e described in U S.
Patent No. 6,177,861 embﬂdimelm d@crlbed/\hbm the mlﬁa@erpcnrdem herein inits

ent ety by ZaeLeliRnrhd PRESLA BloaLh AURSREI LS RNET . | 0 one

enbodi nment , hem ca vapor can be utilized to
deposi t the ndlellec’dm cohaiyaetofdheda}tehéhavabysenhﬁmin@bharqbéw,lcedme or nore nitride

precursor gas |ied t .he acto | a the inlet 18
for a certai n&] ?%y%ﬁ%ﬂ%oﬁa“@?g ge\ég?'t%ﬁﬁg%’?%mﬁggﬁ\&m%ﬁq%ke enbodi nment ,

as shown 15 36rdei @ indrease thenmitrogerecantent the prregsaise ofsthe wajtlkatied to the gas
inlet 18 from,one shown e he ot her
precursor gasSiFRS h%@g%@ ‘E%P‘?%eghg%tj%énp eé¥ Tgrq%SSrﬂ't%PI‘F@P%SES suppl y (not
shown). The nelpréskirdElecwd Hellediaban | CWToR] RatiQasryiesythapgd are typical ly
bet ween about 50 standard cub)c centi rs per mnute to about 10

t
st andard WO 0%9HREABOBERGHiRHANIga3Hhan 5 Torr.

In this embodiment of the present invention, a nitride layer is

20 deposited on the base oxide layer. In general, any well-known nitride
deposition techniques, such as chemical vapor deposition, can be
utilized in the present invention. For instance, one suitable chemical
vapor deposition technique may be described in U.S. Patent No.
6,177,363 to Roy, et al., which is incorporated herein in its entirety by

25 reference thereto for all purposes. Moreover, in one embodiment, the
chemical vapor deposition of Fig. 1 can be utilized to deposit the nitride
layer onto the wafer. For example, one or more nitride precursor gases
may be supplied to the reactor vessel 12 via the inlet 18 for a certain
time period and at a certain flow rate. In one embodiment, as shown in

30 Fig. 1, one nitride precursor gas is supplied to the gas inlet 18 from one
gas supply (not shown) via line 74, while the other precursor gas is
supplied to the gas inlet 18 from another gas supply (not shown). The
nitride precursor gas flow rates can vary, but are typically between
about 50 standard cubic centimeters per minute to about 10 standard



liters per mnute. Mreover, in one enbodinent, the nitride precursor
gases are supplied until a thickness of about 20 Angstroms is reached
(typi cal I'wo23/032245econds). In general any of a variety offCgASOpREUrsOrs
that are capable of 5 formng a nltrZ de layer can be utilized in the
present inventi on For exanpl e, one nitride gas precursor can contain

silicon (e.g i H Si I precursor can
contain nit roBtgrr? pe( En E)“%e %edvee{ ,Cm)on%.ﬁi‘nlﬁ dd'%t @)?Z‘%PQ%F% Al gas
precur sor andgasditdle sgadiep ULy thickneasof alsmt 20 Anpbieornsid maehed a wafer to

forma nitrid |.ayer 0 having the fornula, Si3N4. During the nitride
deposi tion tiﬁ\éo?)%'%%objost%(g S@f 14 is maintained at a certain

tenperature by theneggé@y aﬁywa@aaatydfges pféb@im&ﬂha’t Bee dfurialbledrﬁf deposition
tenperature can be l'ess than about di mrents bet ween

600C t o abdut Wma“'ﬁ'd%a)@ﬁ&a@#ﬁdﬂ'i“%@n@" th?Prqsrﬁgt 'B\éﬁ'oﬂ @bver ed t hat
mai nt ai ni ng tQ)?amﬁléWrﬁﬁ’lﬁé%ab%ﬁécdr&ﬂrbaﬁ%maﬂéﬁ@n(‘{érg Isiwgr the roughness

of the resulti n& ayer. Mreover, the reactor vessel pressure during
2§

supply of th&Hz Sth’e%bd‘(ﬂ'@@@ﬁﬁé@s PECCUISST €@ FONIRIBIUIrRIRE about 760
Torr, and in &”RH? ’f‘ﬁurht %r éx%ﬁg:rllé E@g@%ﬁb‘?ré&%o}'%ﬂ aMN@d; After the

nitride coatl gis 0 one or nore additional
anneal i ng gasgas pr@cunscwml@a@t@ et supiges 0&@me&itto forpmerpifiidenipdelogen, and

reduce t hg, de I For exanple, as shown in Fig. 1, after
t he desi rg%l nﬁ%ﬁ%g%c{g%@g?ﬂg n t| me period, the nitride gases can be

renoved from the rRarigdhe ndtdetendsitiandinegperiad, dre wafep 04 issi ng a punp (not
i) e FOARECH LRI ATLOD I ond oot ) £B8), 11T e
period and atezample}tae mltrﬁdimdepca;itmnttemparaterasvantkiedesmﬁhtan@@en’t content of the
but i 5 typ, caPPg CoariuLtin bRl S el BB o B B B ¢ DS M
to about 19 SbﬁéldmbddllnehEH&Meemdlstto@/ereonhaﬁ magintdiéngiifter i dat i on anneal i ng
B e v b SRR 2 1 T
t enperature ofesulifig| eMoiébv@a,ﬂh@Gedoﬁﬁ'Sle‘sﬁatpréﬁsotﬁ duriQ@ipplychfi N some
enbodi nent s V\D 03/ 83%ﬁ42 PCT/ USO1/ 2983“[
the nitride precursor gases is typically |ess than about 760 Torr, and in
some embodiments, less than about 100 Torr.
20 After the nitride coating is formed, it is then exposed to one or
more additional annealing gases to increase the nitrogen content,
remove hydrogen, and reduce the defects of the layer. For example,
as shown in Fig. 1, after the desired nitride deposition time period, the
nitride gases can be removed from the reactor vessel 12 via an outlet
25 20 using a pump (not shown). A nitrogen-containing annealing gas
(e.g., NH3) may then be supplied to the reactor vessel 12 via the inlet
18 for a certain time period and at a certain flow rate to increase the
nitrogen content of the nitride layer. The nitrogen-containing annealing
gas flow rate can vary, but is typically between about 50 standard cubic
30 centimeters per minute to about 10 standard liters per minute.
During the nitridation annealing time period, the wafer 14 is
heated by the energy source 22 to a certain nitridation temperature.
For example, in some embodiments, the nitridation temperature of the
wafer 14 can be less than about 1100°C and in some embodiments



bet ween 600C to about 1100C. The present inventors have discovered that

| onering the tenperature of the nitridation annealing can |ower the
surface rwoghees2 In this regard, in order to reduce roRghNSeE2988he
tenperature should be |l ess than abodt3 900C, and 5 particularly |less than
about 850C. In order to nmaxim ze nitrogen content, on the other hand, the

t enperature shaqul d in,a.ra om abqu about 925C, and
particularly %?qwﬁe?gﬁgeélﬁﬁﬁogpgﬁ)&;b fﬂe Chi ek 'ﬁ‘ﬁa@&f%g%\?or vessel pressure
during suppl ydisdoviehed that lonegeg theoBirperdatng (ﬁnlﬁmalﬁndayogaaneeﬂmgypl cally

bet ween about 1 Torr to 10 about 760 IT% g % q (g%udl nment, about 500
Torr. Once an$RRHICWE™ (S YIERR "PONPEEF P |Séca%ar 'Hé)r P Fayer can then

be anneal ed Wohbhﬁé‘ssom&@rr?éﬁéttﬁr@ shellve (Bysitegemolit 900°Chand ayer . For
exanpl e, as shown in the desired nitridation annealing tine

period, tHe nparfigigary '@éﬁmﬁ“rﬁbﬁﬁtmgal I Ry e Bexpnige UrogERoved from 15 t he
reactor vessel, ﬁ@ntvbﬁtl%rbtﬁé%tﬂa% B TR FeRABIAIRO SBRYOLS An - oxi de

anneal i ng gas o etc may then be sup &led to the reactor
vessel 12 vi affeme 0Ht%¥5 @801389”169 @t%{?%p@fﬂﬁlﬁa'ﬂ)\éﬁ% mpesetfe of certain flow

rate. The OX'%?OL@@B%'?He%ﬁtofrbeﬂeﬁg%%sﬁ%md%b%u Bilorisfe typically betueen

about 50 stan cubic centineters m nut about 10 standard
liters per m mitrogen-Domtainincanmealiicigassis figricallydetwenn Pt ddorttRe wafer 14 is

hear o, P { "hdRYEEN BOURE ) &fe drioduifiht, 2bBuictifort. ermer at ure. For

exanpl e, "1n Some enbo e oxXl anneal 1 ng tenperature of the wafer
14 is less than abnuee arbale witidthemitsdationegsso thenritiide layer see thed00C 25 t o

e R e T e Y
i ncrease or nexdmplecassiiowsgerigc dnbfert the ldesieednifridation eengalingttioree  shoul d be
oor my Do P STt aalReg R SBEREROmETRA L 205000k o
Torr to a®utthéGadior vessantl via annatien2idsing atpungbot sth). Forr. | f desired,
order To pr odgtee ANGFANEEEF L0 Db N Ri HaY TERY R Or b Boted
char act eri sti gsctdrVe8sdiap vieothe it 1@ fof Beeagipapnd pefod¥ddlay/2030242
PCT/ USO01/ 29831 14
certain flow rate. The oxide annealing gas flow rate can vary, butis
typically between about 50 standard cubic centimeters per minute to
20 about 10 standard liters per minute.
During the oxide annealing time period, the wafer 14 is heated
by the energy source 22 to a certain oxide temperature. For example,
in some embodiments, the oxide annealing temperature of the wafer 14
is less than about 1100°C and in some embodiments between 600°C
25 to about 1100°C. In order to decrease roughness, the oxide annealing
temperature should be higher, such as greater than 750°C. In order to
increase or maximize nitrogen content, however, the temperature
should be lower, particularly less than about 700°C. The reactor vessel
pressure during supply of the oxide annealing gas is typically between
30 about 1 Torr to about 760 Torr, and in one embodiment, about 500
Torr.
If desired, various parameters of the method described above
may also be controlled in order to produce a dielectric coating having

certain preselected characteristics. In order to control the deposition



and annealing conditions, a variety of nechanisns can be utilized. For
exanpl e, in one enbodi nent of the present invention, as shown in Fig. 1,

t he syst ewDnb0/08@m2 i ncl ude a systemcontroller 50 that is eapatshe29B81
receiving input signals from varioud4conponents of the system 10 or 5 from
an operator and, based on these signals, controlling a particular

paraneter of the system 10..The_controller 50 or o rrg(p"rable | ogi c
cormput er (PLA %’U{eﬁh%(’%’?‘g'%qseﬂy@%{[}ﬁPt?e&%?'?rﬁgﬁggﬁfqmﬁ’%%ogessor , al t hough
any ot her condxaaigi&rin stié ealbodinhent of thetpresdrit hiyehtien, ssysttoam i Giglescr i bed
above, is generally acceptahle. Alternatel h 10. wired circuitry,

rel ays, softwartles t%m,"%([:)‘iﬂﬁ‘l 'BCnge§L?%%@ﬂ‘iﬁ’%f&"?rgéodpﬁg'sﬁ_aeaglﬁr?& used as the
control | er 50eckigihgenamRlidghals fordNericERm gorRhts dfiike sysieranmocent rol | er 50
receives voltage signals fromthe tenperature detectors 30 that represent

the radi atd ofTERBOMAPETalR) #f. HareT ep these sfamnals coRfIlIiNg2 PaEiGIRbns. Based on

the signals recenued of {HeesyaRM 10! ITRE cBRtrdier 50@BAHILBY SdgFam@ableul ate the
tenperature of the wafer I4 at different |ocations. I n addition, the

syst em cont r dpgiecoBputesdPEGEbvCh As Endilen-Bragipy Conyellags i n communi cat i on
with a lanp pﬂ’@ﬁéss‘b?,@ﬁh%h%ﬁ"an?%%he# Bonthiier s@fdbfM3e eBRkotiid@econt rol ler 50
et the 20 wafer 14

can determn e tenperature’ of , and, based on this
i nformation, system 80 deberibesmbeveds generaihnccapirtiey Aleinatelehrtd-ed by t he

ener gy S°+6Cﬁgl?e?ndgci@gmtaoﬁggﬂﬁware, B@h%ﬁnhhﬂ%&’sdd&ﬁﬁﬁéﬁﬁ%@ﬂ@di ustments can

be made regar rons wthin the reactor vessel 12 for
processi ng t handuadesrasithe oantrollan S50aref ul |y controlled linmts. 25 For

i nstance, as descrd % be utilized in
conjunction with tﬁﬁzgg%'ﬁg%ra %éégg@é%@@?ﬁ?f g%%gsg%'ﬁ%t{)ﬁgaleg%gr gy source 22 to
adj ust the t empeived voltagel dignats from the teopEratues detectops 30 thad pr edet er m ned
deposition or_annealjng tepperature. The t y al so be

aut omat i cal | yreafﬂsﬁg{ %8(‘:"3&5'?@” gmBP%tgé’F'ngosagéog%@?{tlﬁ%yag?ﬂgnneal ing tinme

peri od. M5 eogeidtionsh@agdegonithé signals recaiveaatiengpntreligelisur e can al so be

aried using the control]er 50 for one or nore, cycl h d i bed
\z;boi/e. EIJ'hia go IgYie rtog@’cegtle g]estsmﬁgr%lér&?fm?‘ﬂﬁftef)?ir%t%?égles%ﬁcoﬁtsrofsg: Ihe(ra

conponent s of jotdtRonsy it 8adiéh, thebydtemtcangslier Sogas sdwwird [y, B&anan be WO
03/ 030242 PCT/ USQ1/ 29831 15 , L
also be in communication with a lamp power controller 25. In this
arrangement, the controller 50 can determine the temperature of the
20 wafer 14, and, based on this information, control the amount of thermal
energy being emitted by the energy source 22. In this manner,
relatively instantaneous adjustments can be made regarding the
conditions within the reactor vessel 12 for processing the wafer 14
within carefully controlled limits.
25 For instance, as described above, the system controller 50 can
be utilized in conjunction with the temperature detectors 30 and the
energy source 22 to adjust the temperature within the reactor vessel 12
to a predetermined deposition or annealing temperature. The
temperature may also be automatically adjusted after a preset
30 deposition or annealing time period. Moreover, the deposition or
annealing temperature can also be varied using the controller 50 for
one or more cycles, such as described above.
The controller 50 can also be used to automatically control other

components of the system 10. For instance, the controller 50 can be



used to control the flow rate of gases entering the reactor vessel 12
through the gas inlet 18. As shown, the systemcontroller 50 can be in
comuni cawpooa/0sd2th val ves 76 and 78 (e.g., sol enoid val ve®LTiusn1/29831
controlling the flow rate of gases ftomthe gas supplies 70 and 80, 5
respectively. For exanple, in sonme enbodinents, the controller 50 can be

configured to receive, t rature neasure f erature
detectors 30. uq&;pﬁtg,comq@ﬁﬁgﬁg\g,r?tgm%%%@gp’%ﬁﬂé ﬁ‘el r'EsaSE?P]ieg% SeeEjﬁE%rEri ng a
particul ar retgdughnthegas thletalss. desshioving dherbysiem cohieolles pStcambednt rol | er 50
can cause the valves (6 and/or 73.to opened 10, t vi de one or nore
gases to the F@HE‘PP\?@“%‘@’E’&V”"@S 2@ aﬁdt}gr(‘é@etsgfeﬁp‘qe\@?\fq%é\%rr ate. The system
control | er cagorilillngithd hewrhtews gabes froh thégagasetiedFoemd®@o, var i ous i nput

signals fromthe system 10 or from a progra r. After formng the nitride
stack (Si 3n4/ rsepsiivaly. dosexamalg. Kperree em%gdm%ﬁ%ﬁ%ﬁo @Hebégnused in various

devi ces as deggd hdeshRPRIE retsitle BsmpéYRiare ARaGIMRTERtd orhtRIST stors. In one
enbodi ment, after formng the stack, polysilicon deposition and POCL5

dopi ng can t atespsiraitee deteetore30. ThUPNhEMRGasRE tepRerFHUiedh i npl ant can be
erfornmed usi : . ; | nsi st or
P %ch%@g@@\% @ﬁgﬁgu@v[)@d&naﬂ BEAE, as\WRBBribELEh VR, Hred

structures, t cri bed stack 'has shown excell ent |eakage
current of 4esystevcani@ler §O cawragse the \Givasg$tansvey. 78Heree@nededf Hi gh- K Gate

Di el ectri %3@ ' %ge $2 offfi s enbodi ment of the
pr esent i?\@en | Org{,.lﬂg% ?Efgh@é%%% ortﬁ?g%aé%b [ eFec_tar?c | ayer s cont ai ni ng
met al oxi des predetsirinedtflow. rahellymsysterdicentsaller can pdiyet the dlopgete i oned on a
sem conduct or Lol e oxi.de- si | i a gate
cont act  mat or PLite Bend ya i B0e i SEsBle ot lhe BEREL 5- PR 0. 22
invention is pardgramheerly well suited for use in small-scale devices. 30

The present inventprs_have real.iz t hat.. fhe.d ) bet ween t he
silicon MOS channe‘?ﬁeérﬁ%frq"?%[q% @#ﬁ'dédsﬁcé(ﬂgé?[\lf‘flgééﬁgtsaggﬁggrg[féaﬁ%bg{vehost critical
features 1®r #elstask cap eouseddh atiousdeldcdshascdasedised &dVe, sfich 4&£ss t han 1 nm
In the past, enti i de rnﬁd bet ween the silicon

surface and t ﬁ?@cggrgliéﬁ?ﬁ‘figér %u@l?%%rrﬁ%éaq?'ﬂfﬁ'gtr SR PEING I 42
PCT/ US01/ 29834tack,Golysilicon deposition and POCLs5 doping can take place.
Further, in PMOS wafers, boron ion implant can be performed using
BHj; followed by an anneal. When used in transistor structures, the
20 above-described stack has shown excellent leakage current of 4e-
3A/cm?@-1.5V EOT of 14.6 angstroms.

Formation Of High-K Gate Dielectrics Containing Metal Oxides And

Silicates.
This embodiment of the present invention is directed to forming

25 dielectric layers containing metal oxides and silicates. The gate
dielectric layer is positioned on a semiconductor wafer in between an
oxide-silicon interface and a gate contact material. The gate dielectric
formed according to the present invention is particularly well suited for
use in small-scale devices.

30 The present inventors have realized that the interface layer
between the silicon MOS channel and the high K dielectric is one of the
most critical features for achieving equivalent oxide thickness (EOT) of
less than 1 nm. In the past, conventionally a oxide layer was formed
between the silicon surface and the gate dielectric. Such oxide layers



were either fornmed intentionally or formed during annealing. For instance,
nost high-k dielectrics are poor diffusion barriers to oxygen, which wll
cause an wotoand@at al oxi de | ayer to grow during anneal i ngPCTAse1/psesence of
this interfacial oxide |ayer, howevd6, increases EOI, 5 reducing the
effectiveness of the high-k dielectric. Further, any reactions between a

hi gh-k dielectric and_a silicon substrate. during an, anpeal also increases
EOT, gener at e‘gerierﬁ“g‘ref %@egﬂ@?@&natﬂ%@]"réﬂgd gHB'PJQ g’ﬂ'ﬂ%?,"”%nﬁ% ncreases the

| eakage curr eR&tapEdthbdteagH-k Hielethiics sfeboct difndiombartibes tororggent, i nvention is
directed to a CMOS_ 10 device struct_(ge havi n E n particul ar,

mal | |
the present WhighMili eatsesndstefagial giide tayer o4 ngé'?'ﬁaﬁm&‘?a?ﬁggh-k gate

di el ectrics tHad preRbRcE OMARLIABHSCH dxiicapye Rbivevst! insRlabegEDIMed dual - gate
poly-Si CMOS, wth mnimal formation of interfacial oxide |ayers that

degrade dévi credugiag s eféertivenass of &1 kighkidiglectpey FEERST @Y i cat ed accor ding
to the 15 pr el%ﬁeﬁ%{srﬁ’eg\ﬂ{eér? hivediRRcEarf a bifssh sltRtratt duriRgan th _
significantly reduce eakage current. The present inventiron, in this
enbodi ment , aawied$ alsorinmeasss BT, denetesisterface:staies, dggeadesduri ng f or mati on

of a high-k gﬁ%ﬁ.ﬂf% ghgﬂcéé%ﬁgme[]}g,/gkéﬁfa‘?ﬁf%@g@gmkéﬁﬁposi tion annealing by

initially in-si ormn _ assi vation layer on a silicon
substrate. The ul tThis embndivess ditheipoesent iyentidrsisfdyented tbg (d@ASr ol | abl y and

briefly exposing a_.clean il rf i cont ai ni ng

anbi ent, ﬁﬁchd%vg@\ﬁ-ﬁfc WRZ‘%IV@ @rsgﬁ [atltz‘é'fi slﬁlpg?t%glgaﬁgésbge%tgﬁ?ckness of |ess
than 5 nm angveation makes possibesthe tfataricatian nfihigikfkt gate fliefesirieg thate passi vati on
| ayer, deposition of a high-k te 25 di tri g tal oxide or
a metal sili c%rteéfoni‘pf‘t'gl?r“f"g}?%H.gﬁt'oﬂ?ﬁsﬂg?%%%o#daﬁ H%%g)%@s%ﬁ?ﬁpgenti on can be
used t o deposwith einifiayforinatiet af inexfadial oxide ldyersathet degmbdendpvice whi ch t he
metal is alumnium hafni tantalum_ titaniu iLrcopium yttrium
silicon, |antRFRIM3AGE an@é%ﬂﬁ% ir].%%v ce(sl,f@f)%%"%?d a{ﬁ%r‘?'ﬂ%?? ip]ﬁe. For instance,

t he met hogs of pleBenBRvdHitioneale an BT bPBsE that e nih ivithaighificanteposi t a thin
coating of a netal oxide, such as al um num oxi de (A1203), tantal um oxide

(Ta205), titesuged Bakage e4Te™) | zirconi um oxi de (Zr02), haf ni um oxi de

(HF02), yttrium opidgrebdmGRentisn,ih &08 erboamméniavoidsdemidiodrdd4) , | ant hanum
oxi de (La205), other corresponding silicates, and the |jke, onto a WO
03/ 030242 PCTMigstrciap oride layeys during formation of a high-k gate dielectric as

well as the post-deposition annealing by initially in-situ forming an ultra
20 thin passivation layer on a silicon substrate. The ultra thin passivation

layer is formed by controllably and briefly exposing a cleaned silicon

surface to a nitrogen containing ambient, such as NHz. The layer that

is formed has a thickness of less than 5 nm, and particularly less than

1 nm. After forming the passivation layer, deposition of a high-k gate
25 dielectric, such as a metal oxide or a metal silicate, is performed.

The method of the present invention can be used to deposit a
high-k metal oxide or silicate coating in which the metal is aluminium,
hafnium, tantalum, titanium, zirconium, yttrium, silicon, lanthanum and
combinations thereof, and the like. For instance, the method of the

30 present invention can be utilized to deposit a thin coating of a metal
oxide, such as aluminum oxide (Alx0;), tantalum oxide (Taz20s),
titanium oxide (TiOy), zirconium oxide (ZrOz), hafnium oxide (HfO2),
yttrium oxide (Y203), silicon zirconium oxide (SiZrO4), lanthanum oxide

(La20s), other corresponding silicates, and the like, onto a



sem conductor wafer made fromsilicon. Tantal um oxi de, for exanple,
typically fornms a coating having a dielectric constant between about 15 to
about 30.wOm3dapaesit the relatively high-k coating, in thipSTArsboeksaent, the
5 substrate is first cleaned if desif’fed. After being cleaned, a passivation
| ayer is fornmed on the substrate froma gas containing nitrogen, such as

ammoni a. A high-k dielectric d siti.on then, occurs, opn t ssivation
| ayer. The hi gerw'&oml@f%'ﬁfﬁ"cmﬁggg’f’“} sghcgnqu'%gfailgnto 'diehﬂ)gieggmB%hneal ingin a
nitrogen or afgrRAlvHne Alcoatng Aaving g diskdtriotomsthre bbvesratydus 15 oxygen to

inprove the dielectric properties. The nmethod produces high-k gate
dielectrics V\ﬁotalJPO\';‘éW- thin EOT and very high quality. In general, any

chanber or vessel tdhatpdsh théRadhveIyHighRicoating/in hizedbbdiméanas t a
dielectric coating onto a substrate can be utilized to 15 formthe

di el ectri cB| aguhstratedis fiestginaned ifdesiietht Alerreinserpred. aRgssMaiihosi ti on
vessel s can b%xéﬂé@élﬁ%dfﬁ ﬁh\éss%b!efréta fﬁoh?e']: IﬁEé bestakind Mogdt,@Bemt i nventi on.

For exanpl e, e system ustrated in Figure 1 can be used in the manner
descri bed aboggamaianig.nAthighek gielegtricl deppsifion San oosyes @hih€an al so be used

that §ncor por pLes it NShaRlgndl AEBSSE Mer :2QuRRee kARG Of a ol ust e

tool is illus ure e enbodi it of a process for formng
t he di el ectri aniemjieg in @ oittogieniongrgenmmkienteenthiniog castiellablsi | i cate will now

be described in e r i i : f the present
i nventi on%ar 8m8H'g‘r\%ﬁ?§g¥9ee?f‘gﬁkﬁ'lé‘§HV§qﬁéﬁQ'Eu[ggéﬁﬁc SrBélerg%% Eﬁgﬁs@ S O(c))wn and as 25
di scussed abop@duéés Bigh« gatt dietectiusfvdth vesy tHirBJdand vergbighr al , any

sui t abl e cl eani process can be used. For exanple, in one enbodinent, the
surface of thgua:]%f'i con can be prepared by dipping the substrate in dilute

hydrof | uoric aci d langnstdhseyushatiber or vesisalghthie capallstof deiagi n dei oni zed
mmde froma  HIEPHICBERTIRHsReTIA FatpaR AR e v BBl Bt o e
nitride | ager fonf thé elgdskidlayex Rsriergmples comiehtioral chetrival vagaer to a nitrogen
containing anbient, such as to a ient cantaini agnoni a. The fornmed
nitride | ayer JRRRNHOD ¥5SSGIECHN ﬁiaﬁigp%ngﬂf%%e% etrﬂﬁﬁgg oﬂh% and WO 03/ 030242
PCT/ US01/ 2983E>resé§t invention. For example, the system illustrated in Figure 1 can
be used in the manner described above. Alternatively, a cluster tool
system can also be used that incorporates rapid thermal processing.
20 One example of a cluster tool is illustrated in Figure 3.
One embodiment of a process for forming the dielectric layer
containing a metal oxide or metal silicate will now be described in
greater detail. Embodiments of the process of the present invention
are shown schematically in Figures 4 and 5. As shown and as
25 discussed above, first a silicon wafer is cleaned. In general, any
suitable cleaning process can be used. For example, in one
embodiment, the surface of the silicon can be prepared by dipping the
substrate in dilute hydrofluoric acid and subsequently rinsing the
substrate in deionized water or other solution.
30 Once the wafer is cleaned, a passivation layer made from a
nitride barrier film is then applied to the substrate. The nitride layer is
formed by exposing the surface of the wafer to a nitrogen containing
ambient, such as to an ambient containing ammonia. The formed

nitride layer should be very thin, such as less than 5 nm, and



particularly less than 1 nm For instance, in one enbodi nent, the
substrate can be exposed to ammonia at a tenperature of fromabout 600Cto
about 900wofoa3dfzeom about 0.1 to about 10 seconds. Prior tPoTiusbr/zd8Ci ng
ammonia into the reaction chanber, tt8 5 base pressure should be in the
range of fromabout | to about I x 10-9 Torr, with | ower base pressures

being preferred. Amoni a partial _ pressure during the passivation |ayer
growt h can bePRcylggY leg frngk nmy Famingiice: @.Tet%‘%?ﬂdd}ﬂ?ﬁtl% Torr. After the

passivation | gy@firatsScdribeBeboset i€ amnisid at Ltehierreedtdd abbutdesi red and

t he ammonia can be 10 evacyated fromthe processing chanber. Next, a high-k
c

diel ectric | af§@R°G o abgpiRQP 6ot frem wheut Q-4 e sRoytdPseconds, order to formthe

hi gh-k diel ectric payes intddd@Rg BhfioHis ffto tie reHERIN @mbep, thbe react or vessel

for a certain deposition tine period, at a certain flowrate, and at a

certain tehpebasapressurasheudd beriethe reoge of omraost 18 akeutvar 0 but i s
typically bet WE,MWB%BBQ& ﬁ%@&%é%eﬁ?%r&eﬁ%@t 'Aﬂﬁﬁp ia 8§ﬁl’(al mnute to about

one liter per mhute. € gas precursor ‘can sup to the reactor
vessel eit her pmissure during thecpagsivation ayengtowtia carc be in #e rgagg okuch as an inert

gas (e.g. . 21 G0R Hoyfb QU0 1o/ rele BAd no PoVarAiBh Yo iWRFmagecUr sor s can

be utilized i rese I'nvention to forma coatl ng vi'ng a high

di el ectric cotmstsubbtrdtke'can bercopkedtii dedired ,andrilye gasngpizecar b®r that i s capabl e
of form ng, @ hiaq:h- coa;i gﬁgon the wafer can be utilized in the present

i nvent i on'0 FofVaMRIGHITAT NeHRCeITNG @I s "precur sors i ncl ude gases t hat
contai n al um num Néaf ahighik dieJBbta']E:UaUerllé ﬁ)ﬁnéc}ilma ttes passtvationy tayer.um )
zirconium 25 conbi hatiops .thereo and the |like. In sonme instances, the
vapor of an, B‘r‘ﬂ’ggrotp rt”%lﬁ!\ei maﬁkﬁb%%ﬁﬁc QY5 aPAS RS 18 REPRIEEC ur sor . Some
exanpl es of sticthe PEgHAGIO/eBBEIdbH & EertfAePOSHOH ¢ Beridt; latideerthint ar e not
limted to, tri-I-buty]alum nun% al um nuﬁlﬁe)thoxi de, ag um'agum

acet yl acet onali®V raigs 14 #ha gaispin MRS, TRROIFSRREYRPI W € hoxi de,

t et rabuoxysi | agevary Sbut &LlypRUMEbétAaeH aBBl cHE standid BEHIBXEAIMER} tantal um
tant al um et hoxi de, "tantal um net hoxi de,  tantal um

t et r aet hoxyacBeyNita lgrakpat oneliteaRerdningieet Ky A% RIBSUTBPR G REM i t ani um

t-but oxi de, tit by BehexdtdeyedsEl sithef abnb of 1 &riHERbAWIthS 5-
hepanedi onato) titanium tris[N N-bis(trinmethylsilyl)amde]yttrium WO

03/ 030242 PCTraIgenggs8adh asian inert gas (e.g., argon or nitrogén).
In general, a variety of gas precursors can be utilized in the

20 present invention to form a coating having a high dielectric constant "k".
In particular, any gas precursor that is capable of forming a high-k
coating on the wafer can be utilized in the present invention. For
example, some suitable gas precursors include gases that contain
aluminum, hafnium, tantalum, titanium, silicon, yttrium, zirconium,

25  combinations thereof, and the like.

In some instances, the vapor of an organo-metallic compound
can be used as the precursor. Some examples of such organo-metallic
gas precursors include, but are not limited to, tri-I-butylaluminum,
aluminum ethoxide, aluminum acetylacetonate, hafnium (IV) t-butoxide,

30 hafnium (IV) ethoxide, tetrabuoxysilane, tetraethoxysilane, pentakis
(dimethylamino) tantalum, tantalum ethoxide, tantalum methoxide,
tantalum tetraethoxyacetylacetonate, tetrakis (diethylamino) titanium,
Titanium t-butoxide, titanium ethoxide, tris (2,2,6,6-tetramethyl-3,5-

hepanedionato) titanium, tris[N,N-bis(trimethylsilyl)amide]yttrium,



tris(2, 26, 6-tetranethyl -3, 5-heptanedi onato)zi rconi um

bi t (cycl opent adi enyl ) di net hyl zirconium and the |ike. Wien utilized in
accor dancwowsisn2the present invention, an organo-netalli ®CpriSouessr, such
as described above, can formone or 195 nore netal oxide |ayers on the wafer
substrate. During deposition of the netal oxide or silicate, the

tenperature cGca e.from t.400C tQ about . The deposition can occur
for a duratitﬂﬁ&ﬁé%’?‘F%Fﬁ"é‘%@ﬂ%é'%hﬁptﬁee‘gg%‘%f’yzfﬁg'%glgconds. The parti al
pressure dur ipigeyenesiddienyl)giaretheziiconiule andrigeliad. from about 0.1 to 10
about 100 Torr. After dePosi,ti on of the ht'bgh-k d'%el ectric layer, any

remai ni ng gas pr Sdberyllizegip ‘E)@W‘%Wé’ﬂthf M ESFE NSRSy @M A post - deposi ti on
anneal is theggsRé-me4li@pecurtbe saanagesaibedaddve, dantiben sager chanber  or

t he wafer can 8e noved to an RTP nodul e. 15 The processing conditions for

the post - depd8pie BAtEhANEaIAYEIINLEE WATBhHISHBIT es of between about 400C to
about 900C for a qijidlicipoStion b BETAREU & SiRcRIAS ehQRramronds. The
a

anneal is carried out "w ﬁ n ambient of nolecular nitrogen or argon or
thei r ni xt ur ezanvive fiomrabexy 43 Cde abaUBINCydae degesitios caPCayr and 02. The

pressure in t??“ﬁaﬁgﬁéhﬁmﬁ{bgﬁ?‘ﬂg?@aEBQW@%B”@S-1T“é°pé"99”t 700 Torr. During

t he process, Sira the reaction vessel or vessels be

capabl e of neprassuraidugng degoditiaprcandwinitie rangeref font akaut §0-tog to 10"3 Torr,
to ensuredhaéb nﬁ@é)iﬁﬁn is introduced to the chanmber in order to control

t he inter1face. Sthr ugh 'this process, a layer is fornmed 25 having a very | ow
EOT and very | ow |Afakagpositiom afrihe highek dinkecticdayer, gt renginick gatan be

fabricated that have an EOT 7 ngt Qs W th a | eakage current
of 5x10- 4A/ cnPERRE0C]) b%&eg}&?{eg;ﬁ%?\ﬁihaen%%g bf??,%‘ r%(%gﬁ gﬁéﬁa tlrbl’rl]g down of
Conpl enent ar yarviziails thin dariebeni. clivdanteat c4rOMIBY intheiseaw dhegnbiencr eased t he

demand for gate, dielectrics with a higher, dielectric constant than silicon
di oxi de. Thi s°fitge @J@QW?W&Q ‘Qtllgmoéj %i n oxi de equival ent thickness
(<20A) wi{dout COFRY SrEtedsing @atiRiohe &dralge postrdepositio hendab iriahwieng

experiment s V\%%%emu%%/o?%g%ﬁe%ng o/u%J 2?8(}‘/02&9)8&1 %ut 5(90°C for a duration of
from about 0.1 to about 100 seconds. The anneal is carried out with an
ambient of molecular nitrogen or argon or their mixtures with an
oxygen containing gas, such as NO, N2O, and O,. The pressure in the
20 chamber can be from about 0.1 to about 700 Torr.
During the process, it is desirable that the reaction vessel or
vessels be capable of maintaining very high vacuums, such as from 10°
%o 107 Torr, to ensure that no oxygen is introduced to the chamber in
order to control the interface. Through this process, a layer is formed
25 having a very low EOT and very low leakage current. For instance,
gate stacks can be fabricated that have an EOT of about 7.87
anstroms with a leakage current of 5x10*A/cm’@Vg=-1V.

Examples
Example 1
30 The scaling down of Complementary Metal Oxide

Semiconductor (CMOS) devices has increased the demand for gate
dielectrics with a higher dielectric constant than silicon dioxide. This is
necessary to reach ultra thin oxide equivalent thickness (<20A) without

compromising gate leakage current. The following experiments were



conducted to study the use of the Si3N4/Si 2 stack for gate dielectric
applications. The physical properties studied were roughness, nitrogen
content, woM3fobozg: cal thickness. Electrical properties onbpcapsei/zsss and
transistors were al so studied. 5 NM@® capacitors were fabricated on p-type
epi silicon wafers using LOCOS isolation. PMOS capacitors were fabricated,

as well, to wverif he hor.on pe ratio . ilicon

di oxi de/ ni tr .c&adugjégio ‘3%’53@% ‘%ﬁﬁ%gé'«s‘&g nggcﬁqﬁ?b%gtdééggﬁﬁéo(r) - Rapid
Thermal CVD dgblisdtRhs. T'ﬁﬂd pﬂiwdaebmpbeb&stsh&ilékiswe@lmegbrhes.e:haltrpﬂm n‘gnt

invention. 10 First, the wafer was .z chamber in NO
anbi ent at 8019@%@“9(9@’@@8[1@?“%%9‘36%2pB‘Pp%WLGFSI gra,ﬁacgﬁq[?p. Sde was

deposi ted W tdhd\Whspsists W ao st@fled.0 800C for 25 to 50 seconds After the

CVvD nitride deposition, the sanples were anneal ed jn anbi ent

fol l oned By an NZMM%lcéﬁPC'B%TSWCPF‘B”%E@OP&r y%eeb%w al9% Table | shows
the process % Qétl&@cth@S)@ﬁ)%%lt&%%reTé'&lcamb&féHW@re t hen
transferred to

urnace for polysilicon de ombwon and POCL5
doping. In th@ﬂf}a’@e beforopgmBtiglipe sEpPrBsFem 1 oe silicopignidelpi8der f or ned usi ng

BH3 fol | owed S Aacp NO Oxi dat i on

11-CQVD Si N IWXm‘?@gﬁﬂng TR o IntegapRee: Rggwhb#eﬂp Temp (C) [sec]
(O (O (O 8niostesTegonaBeteadyy thod\ssigoee Qf)thglwe%iﬂth@thstant - equation

(1) calcujates th t tride: F

(1) sal ol o Ll bt fras QAR iRy EP AMLALEER MOL LT de |

03/ 030242 PCTairhlSéliﬂﬂ%BﬁC f@lﬂ]—:ﬁﬁond&l'ﬂmm i26aﬂ Oﬁﬁili@@ nitide M@ess i ncl udi ng QU

effects and cp§ﬁ|t?cﬁﬁr Ngg%n%fglﬁ(:%??d% oo f&" fg ?)C%dééboﬁ%'s'[ ant Si 02

(3.9). 5 Phys use 1n equa was eval uated with
After the CVD nitride deposition, the samples were annealed in an NHs

ambient followed by an N2O ambient at 700 to 900°C for 30 seconds.
15 Table 1 shows the process conditions for each process step. The
samples were then transferred to an LPCVD furnace for polysilicon
deposition and POCLsdoping. In the case of OMOS wafers, boron ion
implant was performed using BHs followed by an RTP anneal.
Table I: Process conditions

I-NO Oxidation | 1I-CVD SiN IV-NH3 Anneal | V-N2O Anneal
Time Temp | Temp Temp
Temp (°C) [sec] | (°C) (°C) (°C)
800 25 800 700-900 700-900
20
Dielectric Constant — equation (1) calculates the dielectric
constant for the oxidized nitride:
g_actual = (xEOT)* £_SiO, (1)
25
Where:

X = Physical thickness



TEM to be 23A. EOT, including the QM effects and poly depletion effects,
as shown in Figure 6 was obtained over a 5 nonth period. Oxide equival ent
t hi cknesswaag/oanetr acted fromthe GV neasurenent on the eepasoi/zas31
structures. 10 Conparing the el ectriZdal oxide thickness to the physical

t hi ckness by using equation (1) results in a dielectric constant of 5.6,

which is 1.45 tinmes higher. than the .ther.mal. oxide dielectric constant.
Reduci ng t he ¥PIIM ‘?I%‘Ef@a?ﬂé’%‘@enﬁipm%ﬁsdgaﬁg% O@F&ﬁ?(ﬁf 85§ p(Sréroperti es of |ow

| eakage curre@gpletmngﬂfe@fgar ge to break down, and high 15 reliability.
Roughness repeatabiljty was confi r_rre&n%)n order to check for the validity
of the resul t&SiPpg@Hedeckic ensiERIQ2 thd)- r oughness repeatability for CVD at

a deposition tenperature of 750C. The resulting standard deviation for

wafer to wafer is 8% N tride filns were exam ned using, e -@ihtu anal ysi s.
The stagirfy 20 tiRhysisal thigkness, fargisedn eﬂﬁa‘ftqwémﬁ\éﬁ%'?@é&%iw ecked to

determne if kN3G ARY gdT! iﬁaﬂ(‘}lﬁg% Qlﬂfﬁeﬁ@:?é;é'ﬁ&golg%weﬁén As seen in

Figure 8, theré are no significant changes in roughness due to staging the
sanpl es. Aft eeffaxds lasphowe it Figuept wasobiaitethaves @ Eoninegripged for that step

i uence on el glabicht ol G5 chOUIBRREM 118 R Shedsihanr e O 25 When

| ooki ng at Fi one can see that t rst oxidation step does not
contri but e sigmtHe ezpatitor stroctures.fi | m roughness. The CVD step is the nain

e Lt e L T
processing  3thidkhessibledsiNDequatibat (1prestitis InawigldsricodDstant of 98, deposi ti on;
o ol 1 ng IRERRRS TS GBS T o B8 ARSI e o L0
were conpared forRéeduci@ie fin ghugtmessinaifitéihe geod eldefriosi ti on tenperat ures.
o achi ove ¢ NBOB8HES of v ieAkeds ckfFokenp by Rub' PR AP AR HRRST, "o Tage of
the silicen nidipbils. Rdughhasebbatabilitywagiedrfieneatn oreeperciteck éw. The AFM
| Tages Shc)WEdth5e \}arl]igittcr)fetﬂg résrllj tg. Hg%hg l’7 répergggrgtg 1;[huer r%ug- ||1(l,ssr esult in increased
roughness. In y
repeatability for CVD at a deposition temperature of 750°C. The
resulting standard deviation for wafer to wafer is 8%.
Nitride films were examined using ex-situ analysis. The staging
20 time of the film prior to the analysis was checked to determine if it had
any influence on the measured results. As seen in Figure 8, there are
no significant changes in roughness due to staging the samples.
After each process step, the roughness was analyzed for that
step influence on the total film's micro roughness as seen in Figure 9.
25 When looking at Figure 9, one can see that the first oxidation
step does not contribute significantly to the film roughness. The CvD
step is the main source of the film roughness.
The roughness of the CVD step was further investigated by
looking at the time dependency (Figure 10). The wafer processing
30 included NO oxidation followed by CVD nitride deposition; there were
no anneals.
CVD temperature is also an important factor in controlling the
film roughness. In Figure 11, films of the same thickness were

compared for surface roughness at different deposition temperatures.



addition, the AFMinmage reveals different grain sizes. The grains are nuch
| arger at higher tenperature. At higher tenperatures, the atons on the
surface hwoe3as2ext ended di ffusion Iength and will m grat@Crasoi/zeser ener gy
sites formng larger grains. Wth th2increased diffusion 10 length, the
physorbed atons are nore |likely to attach to an existing cluster than to
forma new one, The results are s IJ_er rati n ,enshit:% and | arger size.
Figure 12 shoh8eOgROFHQUITE NS eFsted e '8 aCBIRYRHSSEMR  deposited on

di fferent oxi gfcinesgs. The oxides were grown at different 15 pressures
whil e the CVD deposition paranmeters were held constant. Thinner oxides
reduced the nicro ABdghhiszagegyas takerrabamearly slage akthesificondtidessure is

reduced, the ﬁﬁl gﬁnv&tﬁia?ﬁ%eﬁﬁer@ﬁ%ﬁﬁ)%%urésﬂ Tl AFMhhGde Wowddedi me (6A - 9A)

the oxide is enough to exhibit different surface dangling bond
densities 8s thefinenst thehhigher temperatienendl sesultiieinzreasad EUdkEeSHelieen Si to

Si 02 has a w g I { i-HeN$hd ¥rdiss Hoh, the
i sl ands for negagﬂ?[lt'ritgéf&e lefrgﬁiggﬁggﬂf%@}tla%ﬁa?gﬁkﬁ grré smal | er and
cl oser. This wiuch largadat igheriterspeviature] ddbighei temperatoigghthesaiomsi | m r oughness

with different ' ' -Qﬂ‘ﬁ‘ | m@ xt by varying
di fferent tenﬁ@rmgga@gés]c%%ﬁﬁi%ﬂc%%ég{géhi n s@]gg%ﬁrgar??ﬁﬁan' g}&t%errperat ure wll
result in fil loweregkrpsstes frmiasiarges graisenWith tRé gureased difftisioal | y, t he

effect of ,fhe N2 nneal an the filmmcro rou . i nvesti gat ed.
It was foahd {W&?}ﬁ%ft’gﬁsﬂ%& qq?lrgsﬁﬁ nﬁ’rﬁ%@gﬁlyFoe%pw&ﬁzﬁﬁp\ga%}'ggul ted in | owner
filmmcro roduktesisan Btfomppmewiongt elhe réSOIG archweradler gmiradérmitye t ransi tion
infilmmcror hness. This tenperature is believed to be a transition
t enper at ure \Aﬁ@giaqrgﬁres'??'l mviscosity is reduced that allows the filmto

flow It is inportggurd 02 SR thBaésuiing OYDWINORILA30GN3EBSUSO1/ 29831 23
ammoni a anneal | n%s_terrper, ture i‘cf @ncrﬁ%semg@} he filmm C{(? rou?hness

i ncreases (Fi §APESIES)0N GYRPRLRIGG YMs; Hbeni eateaiorothe! IHerent i ng trend is
the opposibe. pFdsifesWiile the VD d&HdsitioRl RFathaters\MEatHdid Bbhdtantexhi bi t | ower
viscosity. The O Si-O network has a |l arger degree of 5 freedomthan the

Si - O N net wor Rhinogaiexidasresieed Pedgiceaughpessigighe CVD nitride. As
the NO pressure is reduced, the oxide thickness decreases. In this

thickness regime (6A -9A), the oxide is thin enough to exhibit different
surface dangling bond densities as a function of its thickness. The
20 interface between Si to SiO; has a width of 5A (2ML). If dangling bond
density is high, the islands formed during the early stage of film growth
are smaller and closer. This will lead to films with lower micro
roughness.
Film roughness with different NH3z annealing conditions were
25 examined next by varying different temperatures. An increase in the
ammonia anneal temperature will result in film roughness increase as
seen in Figure 13.
Finally, the effect of the N2O anneal on the film micro roughness
was
30 investigated. It was found that increasing the N2O anneal temperature
resulted in lower film micro roughness. At approximately 750°C, there
is a large transition in film micro roughness. This temperature is
believed to be a transition temperature where the film viscosity is

reduced that allows the film to flow. It is important to note that as the



the filmw Il have increased oxygen content and as a result, the nolecular
network will be less rigid. Filmfloww |l be easier and the result wll
be reduceaorgughmess. In addition, the anmonia anneal is Ppmiusar/298y1
reacting on filmsites which have a43 gh silicon to nitrogen 10 ratio. As
it reacts selectively, it is believed to increase the roughness. Figure 14

shows this viscosit ct and the resulting, abrup ecr in film
mcro roughne@¥mof Qﬁ?ﬁ%?rﬁﬁ%ﬁra uf‘?’r'ist'n(E%a“feﬁ’th?!ﬂ]|nH8°JPu§rﬁi%ﬁs Si02 is the
large | eakagﬁc@é&é@(ﬁnﬁ%ﬂﬂﬂ%d@éﬁ forame RLO RGNkl thegreulting i con
nitride/oxide 15 stac whi ch has ﬁgsaméj' el ectric copnstant, should

M

reduce direct trenthisdhe ﬁ@p%i}tebé:”ﬁ&"él eqUArEwor Wi whi | e

mei nt ai ni ng t behisiedRer GRBSSH! AMeD- SI%éiW@r‘kﬂﬁésr a Rrgerigps ofof the
oxide/nitride | a};e I ncreases nonotonically wth 1ncreasi ng ni trogen
a

concent r at$ onfre fhandhe Ai- Q:b'rﬂﬁ%?rki Slnder ap Hé'dfzi'ﬂ%"i‘rwa@%ﬁlg cterized using
20 XPS. Fi | m playshGa %ﬁﬁ% e‘?\'c%ﬂté?%@ﬁb B8Q rekyh S to yield good

correlation wth the o ute nitrogen content as determ ned by
t he XPS measumelesiias ne@\lmhwf@%hsﬁﬂgléd Filmhflayv willbepeasieyes then conpari ng

the dielectrig cousi g@he%}gmgpod@ggss i itiof! Lé[]ncﬁqo%tatpmggqpl nati on of TEM

and C-V curve, "Versus cal culate nitrogen content neasured
by XPS. The X@8narity asantiegent Emasites which haae@thl%SlllmtofﬁlﬁF@qenexperl ment was

to deter e f Figure 15
shows thgll {ﬂn&%&lf %Ia%% se?écgglgl |F|s b@lle\%]éﬁetﬁb%géééiﬁﬁ Aglrj'? e@%)ﬂ dation
pressure was Fi@urea%elubw:sﬁmmscmt&@ﬁecthm resutting ahrmMWemawntent is
decreased from14.2 to 9. E% The nitride deposition step was exam ned by
varying the t&‘eff%‘él“ﬁ" TPUBBRES at ure. Figure 16 shows the nitrogen content
and the physical THmmhdsmentamentwmersicahmeﬂthm@@bissthiertmmeate that the

[ d fi I he d iti
U0 03/ 030242 BeRReRBToTAYs 1© Ser e ae PR IR fa§§’°e‘ﬁstd2po§f’??bh' >

tenperat ung i stabKGAIRES REs aWﬁgfﬁ#r@@!ectrmcﬁﬂ@m shborde'aet@ce diNext, the ammoni a
step was exam ned. Figure 17 sho Yﬁh E ragen c W|th di fferent
ammoni a anneaf q“ﬁ@"ﬁ%‘i‘bg@?'aglﬁ‘r@ys'cg 3 ?)rh'ﬂ why 'Pﬁ'in &3 "%e seen in

Figure 18. Ascidiitance. The dielectric constant of the oxide/nitride layer
increases monotonically with increasing nitrogen concentration.
The material composition of the film was characterized using
20 XPS. Film physical thickness was also examined with XPS to yield
good correlation with the TEMs. The absolute nitrogen content as
determined by the XPS measurements is underestimated. This can be
seen when comparing the dielectric constant which is 5.4 when
measured with combination of TEM and C-V curve, versus 4.9 when
25 calculated with nitrogen content measured by XPS. The XPS
measurements are only relative.
The first experiment was to determine the effect of pressure in
the NO oxidation step. Figure 15 shows the resulting film composition
and thickness. As the oxidation pressure was increased from 1 to 100
30 Torr, the nitrogen content is decreased from 14.2 to 9.5%.
The nitride deposition step was examined by varying the
deposition temperature. Figure 16 shows the nitrogen content and the
physical thickness. The experimental results indicate that the nitrogen

content does not change significantly by changing the deposition



ammoni a tenperature is increased, the thickness increases. Next. The
nitrogen content as function of N20 anneal i ng tenperature was exam ned.
Ni t r ogen wWepB®sizen i ncreases with N20 tenperature. Atom @CIABYELISBE
produced by N20 during deconpositior24 10 in thermal systens with shorter
residence tinme. N204N2+Of+oH=38. 3 kcal /nol (2) The atom c oxygen reacts

wth the [- NH2 NH as pa NH2, .Si =NH gr oups. The
at omi ¢ oxygent§ f%{id'[@s I-ﬂ%ev[er Nfﬁzli" %BOT'E‘NWF"?R‘WH%‘* IBlnq(re%sfedt he film The
result wll bghyaidapfiekheéineleakBs. hydrogen and nitrogen content in the
filmas seen in Flﬁ re 19. Finally weexamnedfll t hi ck ess as a

function of N20 dhe ﬁg‘"ﬂ%é%‘ﬂﬁ‘%‘e%ﬂ'g%n igHrer] 4RSI Be 20 The oxi de
equi val ent thh.%géhﬁai] G At difieleRfamhiRmd AifheRling Rinfferatufdy € | eakage current
was al so neasure e results are plotted on.a master curve as seen in
Fi gure 22.5The naskherphyaicakthicknesseepnaze seerriafigusads. Asrthew process
condi tions. I g%g Sknddg ik d?@é’se@y equation 3: 25
Leakage ratio &R{Og%r;%@ gFéethre li@ﬁ ?gﬁl}énéglt rn _plt % (3) \Were:
| g_neasured = the Nm@.sTmeedtrb%kaqée@hﬂSrfémﬂoatOf&b Lﬁmlea RHn (- 30 2.5V on
NMOS capaci to e erm ned from
the GV curve{e}qp%%\;r%\kgse @g& ﬂ“tﬁ‘{dr?wa%%ﬁenct ecf?% ggté‘ lgg?’rent from
nitride cur v@mperéfuwr/ﬁoﬁﬂb @tygEﬁ)Ts plfodlaced/m' N&D@BOBQZGW}OW 29831 25
The curre SR ort chan tly DT tunneling at |ow
fields an FN'”i He ﬁ%sr Pl srﬂc’@ Pesf g%p%gf this current transport
mechani sm an exponent| al function is expected when 5 plotting | eakage
current versus EOT as seen in_equ on (4). Equation ( is the tunneling
probability for a si ngMNeOPaEP HPQ %?’rkgﬁ‘)m@( Vef f , @)
EQT) =exp[ - 2*EOT*a* (me*{ Eb- Vbeff}) 0. 51 (4) 10 Wiere: a- = a constant nme- =
El ectron tunneling mass

The atomic oxygen reacts with the [-NHz] and [-NH] as part of

15  the Si-NHy, Si=NH groups. The atomic oxygen replaces the [-NH,] and
[=NH] in the bulk of the film. The result will be a reduction of the

hydrogen and nitrogen content in the film as seen in Figure 19.

Finally we examined film thickness as a function of N2O
annealing temperature as seen in Figure 18.

20 The oxide equivalent thickness was extracted from the C-V plot.
Gate leakage current was also measured. The results are plotted on a
master curve as seen in Figure 22. The master curve is used as a
reference for new process conditions. A normalized current density is
defined by equation 3:

25
Leakage ratio = Ig_measured (EOT=x)/lg_mastr_pIt(EOT=x) (3)

Where:
lg_measured = the measured leakage current at accumulation (-
30 2.5V on NMOS capacitor) where the measured film has EOT of x as
determined from the C-V curve.
ig_mstr_plt(EOT=x) = the expected leakage current from nitride
curve in Figure 22 at EOT of x.



Eb- = Effective uniformbarrier height for Tunneling 15 To verify that the
filmhas | ow defect density and can be extrapolated by the RN tunneling
equat i on,wea BR3f2uncti on was plotted (Figure 21). The nit ePcadashi/tssexhi bits
FN tunnel i ng mechanism A |arge DOEZ®s perforned with an objective to
achieve mninmal |eakage current and EOTl. We optim zed the process to 20
achieve a filmwhich has an EOT of 14.5 A and gate | eakage current which
is close to two orders of magnitude better than oxide, as seen in Figure
22. Optim zing theTreatutrent iramspodrmedtanissn & preglomimantty Dortunmedingi stors. A
range of paraneters were exami.ned to find the dominating influence. 25 The
data was norn%tI'P‘é’éﬁ'Wr\giﬁ\l ﬁ‘g{'é‘?ﬁﬂeﬁf’@' e reéP'tr?gm'Ef ?lfrfﬁnqand conparing this
result to silirgipotirRéiRism, aaNxpoRéntiaeflinetion) Bispéseakpen/ psl 02(E) 30
Where: PSi 3Ndpeak(E) = the oxide/nitride peak nobilit tracted from
measured Rat BlottinoVealmge cHIrerf)versush @E agiseen inpgatian (%a = oxi de

uni ver sal - mobig)id theatrieiRg brddeiliyPlorlaBingkO93/ @32 PCT/ USDL/ 29831 26
Anal yzing the nobility data versus electrical field, using Matthiessen's
rule, revealed that the main source of nobility degradation is coul onb

scattering. T, does N3l gmsfi cantly wh i ncreasing NO

t enperat ure aﬁg%ifft’ Egs&)t%@g%?gggaﬂdggbr\gﬁﬁgio use NO hi@gher tenperature in
order to achieve higher <carrier nobility (see Figure 23). Summary Atonic
Force M cf@sc ré.AFI\/p was used to characterize the roughness resulting
fromthe island growth throughout the process. 10 First, the oxide was

measured and &ound=to leeconetapt snooth with a RMS of 1.4 A After the

silicon nitride deposi td . QEE ss was increased. It was found that
t hi nner the r\f%e'oxy'ni tritécyée)(%?mphlé ser#ﬁgt e‘rg the silicon nitride is deposited.

Thi nner NO OxEbe r=esul tefdciive uriiookdarrieEVi@ighi fariTawnelRgduci ng CVD t enper ature
al so decreased the silicon 15 nitride roughness. The NH3 anneal i ng
following the CVD nitride deposition increased the roughness due to the
nitrationt®f the raverify that the film has low defect density and can be

extrapolated by the RN tunneling equation, a FN function was plotted
(Figure 21). The nitride film exhibits FN tunneling mechanism.
A large DOE was performed with an objective to achieve
minimal leakage current and EOT. We optimized the process to
20 achieve a film which has an EOT of 14.5 A and gate leakage current
which is close to two orders of magnitude better than oxide, as seen in
Figure 22.
Optimizing the saturation current is a key issue for transistors. A
range of parameters were examined to find the dominating influence.
25 The data was normalized by extracting the carrier mobility, and

comparing this result to silicon dioxide:
MNormalized = MsiaN4peak(E )/ Hsio2(E)
30 Where:
Msisndpea(E) = the oxide/nitride peak mobility extracted from measured

data (C-V and Id-Vg) at electric field, E.
Wsioz(E) = oxide universal mobility at electric field E.



honogenous film Finally the N20 anneal reduced the roughness
significantly. XPS was used to estinmate the nitrogen, oxygen, and silicon
20 conterwoamB/osize2 film It was found that increasing N20 PERASOHERISBE
reduces nitrogen content while incresing NH3 tenperature increases the
nitrogen content. TEM and XPS were used to study the physical thickness of

the film The XPS was .used for. physical thickne asurenent after 25
correlation with Tﬁvﬂﬁ\ﬁﬂgg gﬁ'ﬁBE"l'&ﬁ’égﬂ. V%ﬁ%?'@ﬁﬁr'c?ﬁeggeﬁé?@ was found to
i ncrease whenpigRfiiceasn 8 8u1@raesdled that BRENALIAISOUAS of Gaghiityt or structures were

used to optim ze the EOT and the I_eakﬁ?e. W:I_i n%)rove t he EOT and | eakage
by reduci ng t filedredaion isRonlom seRtarRg: o pTiSES heCehPIENARIE s. 30 Transi stor

structures V\Géi@n%ﬁé&r@h}xﬁhé}ﬂﬁ\hb@é@mgwtdw&érraiuv@aﬁbﬁngmer@faﬁé the saturation
current. Excellent | eakage current of 4e-3A/cnR at -1.5V EOT of 14.6 A

with good Probfesitaplevipusepiemigharirmraraiuee noder RQVENIGY uct ures. WO
03/ 030242 Pﬁf:éﬁg%ﬁ%gﬁi@lgeghﬁgggj_e 2 Ap-type Si (100) substrate was used
e. e substrate

in this exanp was doped with boron to a resistivity of
0. 02 ohms-cm Spmmafigi t axi al Si | ayer was grown on the substrate with a

resistivity of 10 - ' ' otd ghsubstrate was
di pped in dilute éﬁgﬂ{lgrﬁog}%‘ “égédggé%)} @‘alﬂ;ll\hd)' \Ar}%%g%%ﬁﬁondhgmer{l}z?ed wat er. The
substrat e wasroyghaessirasnltiag fiei Belislanchgiomth thibighouhdie preegssevacuated to a

D et Fh, P ol Wikt g e o L1o Torr
| ayer. The suB#dS ef t4vlsAttérehe siipurskittideclapapitidn the rowghnes®e® usi ng Haf ni um
Tyt o TR b oy LRSS 18 poffll o, 025, L'
seconds. Devi grssifdontigidtes depasited.r anghagNOr@xidéresuliéd & thitkert o 10" 3 cn?
mer e PoL T Dol b b S b MR B A 75t on o
gate vol t age. nftidd/foRigRAess) OMe KRSarc@ing ftlllewsigatbk CVD nitride
deposition increased the roughness due to the nitration of the non-
homogenous film. Finally the N2O anneal reduced the roughness
significantly.
XPS was used to estimate the nitrogen, oxygen, and silicon
20 content of the film. It was found that increasing N2O temperature
reduces nitrogen content while increasing NHs temperature increases
the nitrogen content.
TEM and XPS were used to study the physical thickness of the
film. The XPS was used for physical thickness measurement after
25  correlation with TEM was established. Physical thickness was found to
increase when increasing annealing temperatures.
Capacitor structures were used to optimize the EOT and the
leakage. We improved the EOT and leakage by reducing the CVD
temperature and optimizing the anneals.
30 Transistor structures were used to analyzed the positive charge
and the saturation current.
Excellent leakage current of 4e-3A/cm? at — 1.5V EOT of 14.6 A

with good mobility have been demonstrated on transistor structures.



fabricated with this nethod yields EOT=7.87A wi th excel |l ent | eakage
current (J9=5x10 4A/cn2@/Q=-1 V). The present invention is not limted 20
by the sp&oioBiosn2earbodi nents descri bed herein. Many pot ent ipall/usogieski gat e
dielectrics may benefit fromthis ink&itu RTCVD nethod. These and ot her
nodi fications and vari ati ons of the present invention may be practiced by
t hose of ordipar b inthe art, without departing fromthe spirit and
scope of the Eﬁ@é@iﬁ—l nvention. In 25 addition, it should be understood

that aspects of thgpugpeé SU@IOO?BMnaI@Wwuﬁ@tymttmsmxtampdmaﬁged both in whol e
or in part. Furthernore, a%qs‘uose of ordinar the arf wll

appreci at e t h&#bstigee weg g w&h&@mf&ﬁrﬁaﬁﬁ@w Q/éaé}"'B? CBk{Npl e only, and
i's not intendggitdxal S IaWwaIaEl rdiY BRtHeOSUbE PateUlittg Fesiigivity bbeal i n such
appended clains. 30 WD 03/030242 PCT/ US01/ 29831 28 Ié/\glA@gﬂ(ipCLAl MED I'S: 1.

A method f8r @BBESM.i REor=odinadepesifienss HiersuRgtrats wasd ¥ conprising:
i) providing rsysi@ERsR! Aiid RSk ih fRbhRed WRSSE! THROARKREe Wag 0 contain the

substrate and an energét source in communication with said reactor vessel
for heating t hacedirsan RTeC¢iarehamber whichswasgithpasyaruated@iai i) fornming a film

on said Subst@ PlsBureSt 104 Thih) A% AR\l lgﬁ§sal gré&uié@o@ At hod

conprising: 1 heating the substrate ener source; b)
supplying to §'arrd Thea@benratemeeéeﬂ 9x709e8093€ to farm an @h\é"tgé%st rate i s being

P e 300 Pt BRTa R b S Bdrfe wERTRANOJsBR 0 REMY BlefifaRt | S29) one

ni trogen sal OXI as reacts wt Ubstrate to form
an oxyni tri de MGO¥¢D usmgs!ﬂafdiu]]STembs,muwxeie (CadHbc @ difitadt theablér havi ng a

t hi ckness of I Ig{e/%%rstogzﬂna%gréﬁgggg f)ﬁngt 5(Fgcc¢r?9r9c?¥)t mg aﬁ%ﬂlél“ de | ayer on said

oxynitride ccurrin erature tress than
about 750C, PfesdlireasfricBor,reg 490+ AOONC fori 1(ﬂ)eselca|y® Devicdmwith galence of a
nitridation agpe%%lrgngqng?rom § deO cm2 to 10°® cm? were patterned. Al/TiN
15 and polySi were used as gate elecirodes.
Electrical characteristics of the devices were measured as a
function of gate voltage. Figure 24 shows the HfO, gate stack
fabricated with this method yields EOT=7.87A with excellent leakage
current (Jg=5x10"A/cm®@Vy=-1V). The present invention is not limited
20 by the specific embodiments described herein. Many potential high-K
gate dielectrics may benefit from this in-situ RTCVD method.
These and other modifications and variations of the present
invention may be practiced by those of ordinary skill in the art, without
departing from the spirit and scope of the present invention. In
25 addition, it should be understood that aspects of the various
embodiments may be interchanged both in whole or in part.
Furthermore, those of ordinary skill in the art will appreciate that the
foregoing description is by way of example only, and is not intended to
limit the invention so further described in such appended claims.
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e) annealing said nitride layer in the presence of an oxide annealing gas
at a tenperature greater than about 770C. 2. A nethod as defined in claim
1, whereiwogajosh2fii | m has a 25 dielectric constant betweem®Cahmsot/2983t o about
80. 3. A nethod as defined in claimZ2B wherein said nitrogen- containing
conpound conprises NO 4. A nethod as defined in claim1, wherein said

nitride layer is __forned bﬁ supplying a first gas precursor and a second
gas precursorW I 15,0 tor vessel, said first gas precursor
conprising a conpoinda hiodcrRPHahaEHirR] a bRRstricdating bhivansultstrateand sai d

second gas precursor conprising a conpound that contains at |east one
ni trogen at oneordPrisiGiet hod as defined in claim4, wherein said first gas

precursor conprises Si ro\){@ngy%%goﬁﬁéih{sﬁaJtéé’&&%ssé’lgao@pte@ met hod as
i

defined in claim4, whéreln said second gas precursor conprises NH3. 7. A
met hod as Slef foehtain thel subsirate aweareemerghéowﬁem%ﬂr_@wl§a*¢9n 'éi?n conductor

vater that colphsfloeshd fthedfly e SRIdNA Ataldd Mashid fossbai m 1, wherei n
said oxynitri ayer s forme 9n an at nosphere having a pressure of |ess
than 50 Torran® A nethod as defined in claiml, wherein said nitride |ayer

has a thickness of |ess LiahZPrANes e Rnstide tid AinBERGRrARadel] ned | n
I'ng gas |

claiml, wherein said M T dst T on' - annea s ammohi a. 11. A net hod
as defined i naedordling 1o awlethia comprigingixi de anneal ing gas is N20. 12. A

met hod as defined in claim]l r.ein i 53] it.ride layer in
the pr esefte of said nitri dﬁﬂ‘%%%ﬁ%ﬁ%@?ggﬁstn?’%'aaég%r uctugé ‘at a
tenperature of from about 8Bps&ugplyiadtusaidEmctr vassel anmwxideqg#sf or deposi ting

e er conpr | SMRLE L1 yBset e PRBS et aa8 BEesEe R BiEHe ™S “oa d oxi de
gas conpri si ngoMBourshingt eoritales abieast erciitrogendtbin sehdhatessicconidrict or waf er
to forman oxyh  dackwi a%’aﬁé substrate to form an oxynitride layer on said
gas reacts with y y
15  substrate, said formed layer having a thickness of less than 10
angstroms;
c) depositing a nitride layer on said oxynitride
Jayer, said deposition occurring at a temperature less than about
750°C;
20 d) annealing said nitride layer in the presence of a
nitridation annealing gas; and
e) annealing said nitride layer in the presence of
an oxide annealing gas at a temperature greater than about 770°C.
2. A method as defined in claim 1, wherein said film has a
25 dielectric constant between about 4 to about 80.
3. A method as defined in claim 1, wherein said nitrogen-
containing compound comprises NO.
4. Amethod as defined in claim 1, wherein said nitride layer is
formed by supplying a first gas precursor and a second gas precursor
30 to said reactor vessel, said first gas precursor comprising @ compound
that contains at least one silicon atom and said second gas precursor
comprising a compound that contains at least one nitrogen atom.
5. A method as defined in claim 4, wherein said first gas

precursor comprises SiHy,



on said wafer, said oxynitride |l ayer being fornmed at a tenperature, at a
pressure, and for a tine sufficient to forma |ayer having a thickness of
| ess t harwawews02d) angstrons; 25 subsequently heating sai ¢#C3arsovzasduct or
wafer in the presence of a first ga&9 precursor and a second gas precursor
to forma nitride |ayer on said oxynitride layer, said first gas precursor

conprising SiH4, said second ga ecyr.so onprising a ja, said
nitride |ayer beithg Mﬁ%@dﬁ%&ﬁ@%ﬁ%{%&éﬁb@n&pgg? ?Cér?gﬁérgg%ut 750 C, said
nitride 30 | ayReyRayéadpdsdsiNigikness of |ess than about 25 angstrons;

anneal ing said nitride ?a er i

r in the presence of annonia; . and thereafter
anneal i ng sai d ni thi dé maled as gefiped b‘r‘i@@hﬁé”’?ﬁfem%sﬁqwé’tet'éﬁperat ure of at
least 770 C. ML Q3AQRGAFBGRAHMAE83Hicos0 14. A nethod as defined in

itride | ayer i

claim 13, wherein sald nitride |a ~is anneal ed in the presence of said
anmoni a at5 a t enped.at dymethodEsseiinedisaaigrh whargingsi@xvosidec. 15 A net hod
as defined in_glaj U diEbs SRR HaGhg S bsurd oplegPh sbeposi ting a
pol ysi licon |E‘§J€f‘%%ﬂ‘fb§df‘#‘ a{sﬁa?lllbS ni t hb@eal a%/rer. 16. A nmethod as defined in
claim13, furTorer conprising the step of incorporating said dielectric

coat ing i nto & cangel Loy bl ATELARAR, AS/AdEH et ligbTukd., ur'her

conprising the st I'nCor pora sal d ectric coating into a
transi stor. 1Padl8 thidkress lobtks$ dranf2ir angsroensdi el ectric coating on a

sem conduct or wafef.c ri,si.ng: i Ng... QY hid ilicain the
presence ﬁé a gas %%'o%tng'le oﬂg?%rﬂe{ﬂrﬁ%%@n&?@ rg&%rgﬁpass?@gjtg?%ﬁ | ayer on said
waf er; subsegmssilihg gaead ammosai. d wafer in the presence of a gas 15

Tetal oxi de-or o el CSTEVER SRR e bl aTer belng
f or nmed at a t gAmsliay ¢ae 9N, @r eat er than about 300G, and a_nneal i ng fsai d
conpr i si ng an i ner f2gAsTRHI cesoes Ty et ot al® P A met hod-as
defined ifscl giriaeliByeMh HepiesemdetofiRasshittation annealing gas is
conducted at a temperature of from about 875°C to about 925 °C.
13. A method for depositing a dielectric coating onto a
substrate comprising:
heating a semiconductor wafer comprising silicon in the
20 presence of an oxide gas, said oxide gas comprising NO, said oxide
gas reacting with said semiconductor wafer to form an oxynitride layer
on said wafer, said oxynitride layer being formed at a temperature, at a
pressure, and for a time sufficient to form a layer having a thickness of
less than about 10 angstroms;
25 subsequently heating said semiconductor wafer in the
presence of a first gas precursor and a second gas precursor to form a
nitride layer on said oxynitride layer, said first gas precursor comprising
SiHa, said second gas precursor comprising ammonia, said nitride layer
being formed at a temperature of less than about 750 °C, said nitride
30 layer having a thickness of less than about 25 angstroms;
annealing said nitride layer in the presence of ammonia;
and ‘
thereafter annealing said nitride layer in the presence of

N.O at a temperature of at least 770 °C.



| ayer has a thickness of |ess than about 5 nanoneters. 20. A nethod as
defined in claim 18, wherein said gas containing nitrogen that is used to
form sai dwpas®sozat i on | ayer 25 conprises anmonia. 21. A werhsdi/zas3defi ned
in claim?20, wherein said passivatiol® layer is formed in | ess than about
10 seconds at a tenperature of from about 600 to about 900C. 22. A nethod

as defined in claim 20, erein the partial_3 ressure, of said ammoni a
during fornmation oim'sft @\éﬁlﬁ)gsq 'f‘%ﬁ’mﬁ\%@'E}%:i)”é'vq‘q?%@ssafc{{aﬁ'dﬁﬂw 100 Torr.
23. A nethod msarfiebledsd thdprebands ck@aidvdhemnenia = al tdmpesdteetafiom | ayer is

formed at a tenperatyre of fromabout 400 to about 800C and WO 03/030242

PCT/ US01/ 2983§b°%§7§h@rt@iaﬁ9u"cﬁ?rq°§g formati on of said passivation |ayer,

sai d gas precursor {5 hasygirRards ddinbd fsdaine1 ffutiesrconipaRingQRe Torr. 24. A
met hod as defined in claim 18, wherein said dielectric layer is anneal ed

at a tenpe? at siep ohflepositinchd palysilicdayes oagenof saidditridglaysr. A net hod as
defined in claim 18z %ﬁ,@ﬂ%@ ﬁéﬁin%m&ﬁ?@t@ﬂtm%nﬂﬁéir@rtﬁ@ent during said
[ . N20, 02 ’

anneal i ng step conprises | \20, 2, or mxtures thereof. 26. A nethod as
defined in cl siemof Hcompasatiigsaiddiglectisrooatiag inte 8 @ePag®s. ni t r ogen, argon, or

m xtures thereof. 7 Wﬁﬁp@ : | ' (g erein said

dielectric |ayer igrr%? tlnse@s: n@r%nrngcgél Af‘g(%ﬂh%a%réﬁgé[% or their

silicates. 28stepdirebgtraiing saictickegiriorcoatisg inte aridnsistar. waf er conprising: a

sem condugt or wafeg,cC ri.si ilica; . . ' pon | ayer deposited on
i(g ﬁ&&"@nﬁ{thodr}gr f%hjnfng% dlégcf?lc'?:@gﬁﬁd/ % b

sai d sem conduct or Sard passivatron layer rmed by reacting
ammoni a w t h semiconflacter wafes aordpisimy:conduct or wafer; a dielectric |ayer

o red o 2 passi vt a0k 2B AP R, S0 2 et
in the presepsrtaibingatitrogarg@foswatpassivatpndager otSsaidwefee] ectric coating as
defined in claim 28, Wns% geiaqnuesnﬁg/ ﬁeating said wafer in the presence of a gas
15  precursor, said gas precursor forming a dielectric layer comprising a
metal oxide or a silicate on said wafer, said dielectric layer being
formed at a temperature of greater than about 300°C; and
annealing said dielectric layer in the presence of an
annealing gas, said annealing gas comprising an inert gas and an
20 oxygen containing gas.

19. A method as defined in claim 18, wherein said passivation
layer has a thickness of less than about 5 nanometers.

20. A method as defined in claim 18, wherein said gas
containing nitrogen that is used to form said passivation layer

25 comprises ammonia.

21. A method as defined in claim 20, wherein said passivation
layer is formed in less than about 10 seconds at a temperature of from
about 600 to about 900°C.

22. A method as defined in claim 20, wherein the partial

30 pressure of said ammonia during formation of said passivation layer is
less than about 100 Torr.

23. A method as defined in claim 18, wherein said dielectric

layer is formed at a temperature of from about 400 to about 800°C and



passivation | ayer has a thickness of |less than 5 nanoneters. 30. A
dielectric coating as defined in claim28, wherein said 25 dielectric |ayer
conpri seswa ogmsenl al selected fromthe group consisting @CTRSOR298Zr O2,

Al 203, Ta205, La205, or their silica8ks. 31. A dielectric coating as
defined in claim28 wherein said coating as an EOT of less than 1.2
nanonet ers. |d6| ec ric.co 28 _wherein said

30 passivati oW P'é?y% Uiag 1Y %‘PE%&:@@' pg?Slyit?gq?%%{nngﬁgﬁgﬁ% USor 33, A
di el ectric cophé Bpaitial BRIss0RMDfi IEssCthah M0@8orrwherein said dielectric layer

conprises H 02. 24. A method as defined in claim 18, wherein said dielectric
layer is annealed at a temperature of from about 400°C to about 900°C.
5 25. A method as defined in claim 18, wherein said oxygen
containing gas present during said annealing step comprises NO, N2O,
O,, or mixtures thereof.
26. A method as defined in claim 25, wherein said inert gas
comprises nitrogen, argon, or mixtures thereof.

10 27. A method as defined in claim 18, wherein said dielectric

layer comprises:
HfO,, ZrO,, Al203, Tax0s, LaxOs, or their silicates.
28. A dielectric coating on a semiconductor wafer comprising:
a semiconductor wafer comprising silica;

15 a passivation layer deposited on said semiconductor
wafer, said passivation layer formed by reacting ammonia with a
surface of said semiconductor wafer;

a dielectric layer formed on said passivation layer, said
dielectric layer comprising a metal oxide or a silicate; and

20 wherein said dielectric layer has been annealed in the
presence of an oxygen containing gas.

29. A dielectric coating as defined in claim 28, wherein said
passivation layer has a thickness of less than 5 nanometers.
30. A dielectric coating as defined in claim 28, wherein said

25 dielectric layer comprises a material selected from the group consisting
of HfO,, ZrO,, Alz03, Taz0s, LaxOs, or their silicates.

31. Adielectric coating as defined in claim 28, wherein said
coating as an EOT of less than 1.2 nanometers.
32. A dielectric coating as defined in claim 28, wherein said

30 passivation layer has a thickness of less than 1 nanometer.

33. A dielectric coating as defined in claim 28, wherein said

dielectric layer comprises HfO,.



