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| NSULATI ON FI LM SEM CONDUCTCR DEVI CE AND PRODUCTI ON' METHOD ﬁmMMwummn
SEM CONDUCTOR DEVI CE, SUBSTRATE TREATI NG DEYI CE AND SUBSTRAT

METHOD TECHNI CAL FI ELD 5 The present invention generally rel at es *opo2e

sem conductor devices and nore particularly to the fabrication process of
ul trafine high-speed sem conductor devices having a high-K dielectric film
In the technol ogy of recent advanced high 10 speed seni conduct or deV| ces,

use of theg 5 e mn OSSIb|e vvlt he
progress in t Eé;{\é W%HQ E%Fzses
Ceneral ly, o g;ﬁ d wth
device 15 miniaturi éT 3 E%ngtrenely

mniaturized sem &% eyvjces, to reduce the thickness of the gate
insulation fil mt decrease of the gate |length achieved as a
result of the gevice m ni at mhé zat & 98nt 20n BACKGROUNS AR Were 1w gade

| engt h has been reduced to 0.1u mor |less, on the other_ hand, the thickness

of the gate insul BEPLACRRPATARsIEBLHES r 2R CRATE PAF L1 IR BEY 60 ' when a
conventional therggh, 0Xh€€ohi pPoEssySEE hotrihengat eghnsptation film In
such an extrenely thin gate insulation film however, there inevitably

ari ses a probl em seniperdacter t danerehgheviireng, highté diehearrinctieksed
tunneling current 30 causesgf h?hQrPQ{%ﬁH&Pégﬁzaéﬁ g2t e | eakage. eyl gqp_t In

view of the situation noted above
10 speed semiconductor devices, use of the gate length

],

of 0.14m or less is becoming possible with the
progress in the art of ultrafine semiconductor
fabrication processes. Generally, operational speed
of a semiconductor device is improved with device
15 miniaturization, while there is a need, in such
extremely miniaturized semiconductor devices, to
reduce the thickness of the gate insulation film
thereof with the decrease of the gate length achieved
as a result of the device miniaturization.
20
BACKGROUND ART

When the gate length has been reduced to
0.1lum or less, on the other hand, the thickness of
the gate insulation film has to be reduced to 1 - 2nm

25 or less when a conventional thermal oxide film is
used for the gate insulation film. In such an
extremely thin gate insulation film, however, there
inevitably arises a problem of increased tunneling
current, while such an increased tunneling current

30 causes the problem of large gate leakage current.

In view of the situation noted above, there
has been a proposal of using a high-dielectric

material (so-called high—-K dielectric material)

Ay
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has been a proposal of using a high-dielectric material (so-called high-K
dielectric material) - 2 having a nuch |arger specific dielectric
constant as conpared with a thermal oxide @ mand thus capabl e of
achieving a small Si 02-equival ent thickness while maintaining a | arge
physi cal thickness, for the gate 5 insulation film Such a high-K materi al
i ncl udes Ta20s, A1203, ZrQz, H Oz, ZrSi Ca, Hf Si 04, and the |ike. By using

such a hi gh-K dieh@GEhQCaW&hehi&brgE& beeeonEs cpassibkerie usasthatphysi cal
t hi ckness of about |Onmin ultra hig Eeed sem _conduct or devices. 10 havi ng
a gate length of EPMPREEH) IHLER Pe§§erTﬁ r eBydet félpaped EhREgE2BAPLENt

caused by tunneli u fuk a4, Ta205
filmhas been forggdg%éggblh% %r%@ggg ahp¥eé%€?%§§éﬁg(tﬁpéé§és a#gl%g as 15

gaseous sources. maiataypﬁoelaeianpbeptheC€WDtpnokes§snsfounuhetgdtander a

reduced pressure at a t ture bou 0C or . more., The,Tg20s film
thus forned is théﬁsg jec g #m 9 gr%a lgﬁngéwaﬁsrﬁﬁécégglu €&n

oxi di zi ng anbi ent Tapok t lra ,0XygBRO20 E&@‘Zeczssuoqt hef$idm arel ampansat.ed.
Further, the f|In1undergoes crystallization, The Ta205 filmthus
crystalllzed shomEYauFéPgeSEEBc?fP&gﬂl5I@&?ﬂPEtEbﬁsWaﬁ?rlFﬂonFFhe vi ewpoi nt

of increasing carpkbgpmés EBQbEb§¥ kB LBe QH%”EE&sE%Q&OEhlbknbésp6§ferab'e
to provide an extrenely thin base oxide f aving a thickness of | nmor

| ess, preferably ebgnt dPnimess, ubsracbihghherheghsrkmdrendocipt gaveécesi de

thin Ot herw Se, PROLPECPEEE aehEn RECRTENAR 4t PRRET A R it he T

gate insul ation fghrei deangel kadreut. c@nsthebgt hennbandg eﬁfbcanlextrenely

thin base oxide filmis egglred al so tg - 3 cover the silicon substrate
surface unlforn1ysucceSSfu y suppressed.

For example, a Taz0s film has been formed

by a CVD process while using Ta (OCzHs)s and Oz as

15 gaseous sources. In a typical example, the CVD
process is conducted under a reduced pressure at a
temperature of about 480°C or more. The Taz0s film
thus formed is then subjected to a thermal annealing
process in an oxidizing ambient and the oxygen

20 defects in the film are compensated. Further, the
film undergoes crystallization. The Ta;0s film thus
crystallized shows a large specific dielectric
constant.

From the viewpoint of increasing carrier

25 mobility in the channel region, it is preferable to
provide an extremely thin base oxide film having a
thickness of 1lnm or less, preferably 0.8nm or less,
between the high-K dielectric gate oxide film and the
silicon substrate. This base oxide film has to be

30 extremely thin. Otherwise, the effect of using the
high-K dielectric film for the gate insulation film
1s cancelled out. On the other hand, such an

extremely thin base oxide film is required also to



w t hout form ng defects such as surface states. Conventionally, rapid
thermal oxidation (RTO process of a siIicoE substrate has been used 5 when
forming a thin gate oxide film Wen such an RTO process is used for
forming a thermal oxide filmwth the desired thickness of Inmor |ess,
there is a need of decreasing the processing tenperature at the tinme of the
filmformation. However, such a thermal oxide 1o filmforned at | ow

tenperature tendscboegoRhai BidikahgeuBBBYAteObusrtacanskatasyand i s not
suitable for the base oxide filmof a high-K dielectric gate oxide film
FIG 1 shows the s¥h&havtcfesninpueefsatsf sHCh52Ri gRrépeedssaifeéonduct or

device 100 having a high-K dielegts 6984 Eaﬁghaghggmahlaki8§£§aaing to

FIG 1, the senm conductor device 100 1s constructed on a silicon substrate 1
and i ncludes a hi §RTR) dpebeetri ofgat eilmsahasitbatihltm RBsshehnays&d205,
A28 zZrz2, HO2, zZrSiQ4, H Si04,.and the Lik f.ormed.on the silic
substrate 1 via awgﬁPnQBEQénngdgh%PIﬁ?f? Eﬁ%ﬁﬁeflig‘gg e elEE rgaeﬁiois
formed on the hi ghrKcekel eet tkedgabe ostliayi anthelkfiad. oRddbnfi@ with

sem conductor device 100 of FIG 1, there is conducted nitrogen (N) doping
on the surface pafheofesh&cHasbisknasst PEm DM PEhLRSEne tBREBNE St Rale8df | at

interface i s maintai Nt ReshkkCQlL§U ngd+t basge0xi de
film2. As a resu ? gggggg%ﬁgsnF%?ogghbggggﬁg,Q%ﬁgé%ggér%xggeﬁgﬁlElZe

i ncl udes an oxyni bfi teef fidm2Aormatipaw Bbwenerl, asyehspethtrwadi ekéderic

constant of syuch a.silicon aoxynitride filmlarget n.th . ilicon
oxide, it beC(i)I(fnes(;ElﬁI-n £°r88§s¥6léo o%FEBS%étﬁﬁg 5%% g-ééu?égﬁéﬁﬁ ?hickness
of the base oxidelkirhm Ambunther, shy fheensngttbeaadyhist nbdeshikab2A i n t he

base oxide film2. As explained hefore, it _is preferahle.that 5 the base
oxide film 2 has A8TsHBFI PRAPCRALSS Lilm of a 16hek81815085:2 (2%

oxide film.
FIG.1l shows the schematic construction of a

15 high-speed semiconductor device 100 having a high-K
dielectric gate insulation film.

Referring to FIG.1l, the semiconductor
device 100 is constructed on a silicon substrate 1
and includes a high-K dielectric gate insulation film

20 such as Taz0s, Al;03, Zr0O,, HfOz, ZrSiO4, HfSiOs4, and
the like, formed on the silicon substrate 1 via a
thin base oxide film 2. Further, a gate electrode 4
is formed on the high-K dielectric gate insulation
film 3.

25 In the semiconductor device 100 of FIG.1,
there is conducted nitrogen (N) doping on the surface
part of the base oxide film 2 within the extent that
a flat interface is maintained between the silicon
substrate 1 and the base oxide film 2. As a result of

30 the nitrogen doping, the base oxide film 2 includes
an oxynitride film 2A. In view of the large specific
dielectric constant of such a silicon oxynitride film

larger than that of a silicon oxide, it becomes



possi ble in such a high-speed sem conductor device 100. However, it has
been extrenely difficult to formthe base oxide film2 with the thickness
of Inm10 or less, such as 0.8nmor |ess, "of &ven 0.3 - 0.4nm while

simul taneously maintaining uniformty and reproducibility. In the case the
filmhas the thickness of 0. 3 - 0.4nm the oxide filmhas actually a

thi ckness of only 2 - 3 atomc layers. i5 In order that the high-K

dielectric gate ipsykabhanthi kEndcbotABdoRRdEbBgRagE]1exkdent tkArdsPBEf or B
as a high-K dielectric film it is necessarz to crystallize the deposited
hi gh- K di el ectri cthel hagebgxadehéi bl 2ahncsheng proéessinadthenduct 2o

conpensati on proc gen,yvasang e ek, sush a thernal
anneal i ng processgggﬁﬁ%ggé¥oggﬁé %?g%¥Kg§%eFé§ ngwgétgl}ﬁsgration film3
causes an increase of thickhesexphathedbhs€ooeri detfiknp2efandblbetdesired

decrease of the effective thickness 2 f the gate_ insulation film
achi eved by the uggeo#afﬁeoﬁF f- kt We?egﬁfiésgg?éfﬂn§EF8 PEASF#Pm 3, is

nore or |ess cancgbkgdp@ut inSyGRhan hhgheapeelf sbhieknasastet tbgibase oxide
film2 associated with the thermal annealing 30 process suggests the

possibility of nud@8F diffusion of oxygen atons and silicon atonms and

assoctated formation of a ShbLEaLe !f8NALLI BRhAUREreRE1LNE; POBSLELI LLY OF
grow h of the base oxide film2 cause - y the penetration of oxygen
into the silicon $subat theebaSachxadpr 6blsnRovikchctbasthbEkhbesbaselomi de

film2 wth thermal ?nnealing proc sg becongs a particulah:¥ §eéi§us
problemin tht ca88 tf&Ss PHFRKABSYE - BP™t RE HEEE- oRFdEVFTI M Ps rBdlB8d to
several atom c | ayBi$eOBEih@$SankBu¥lgwneinthenshiyuahi@ornotedanove, the

inventor of the present invention has greviouslx proposed the use of
ul travi ol et - exci t A8PEABRYBeR1ITY - r &Bi EBF FEFeOZRPadiial) Nagbskrat e

processing apparatys-kAeskhgsf grmatiop ehmt henbasgigxi @¢1hi hay By using
such an ultraviol et-excitation oxygen radi al processing apparatus, it
becones possi bl e aotgerbiwyaahthhcknasst 9fognde 2i tnmdwhtbmiowlgyewsh rate

under 15 | ow fadical density, FIG 2 e SLr kQn a
conventi onal -QZ radial s%Bs?Fa (3 %E%§§E§?n89 §p§r§§%%836?£ﬁe?%F?ing to
FI G 2, the substraheu2atpoacessinng Appaedt d8 thei hakddesideprOHr|SSi ng

vessel 11 that holds _a substrate, 12 therein under a_reduced pressure
environment, wher BRREPRBSsABstr AE8NTE FLShEFETHR 51iPaget11A REGFREAEY

heater 1la. Furthep, cbheEg11 828" eNkd@EpasshewenhgrdxldBei BcthecPEOERSSI NY

by a thermal annealing process and conduct

20 compensation process of oxygen vacancy defects.
However, such a thermal annealing process applied to
the high—-K dielectric gate insulation film 3 causes
an increase of thickness in the base oxide film 2,
and the desired decrease of the effective thickness

25 of the gate insulation film, achieved by the use of
the high-K dielectric gate insulation film 3, 1is more
or less cancelled out.

Such an increase of thickness of the base

oxide film 2 associated with the thermal annealing

30 process suggests the possibility of mutual diffusion
of oxygen atoms and silicon atoms and associated
formation of a silicate transition layer, or the

possibility of growth of the base oxide film 2 caused



25 vessel 11 so as to face the substrate 12 on the stage 11A, and an
oxi di zi ng gas such as oxygen, 03, N20, NO, qr a mixture thereof is supplied
to the shower head 21B. The showerhead 11B i's fornmed of a material 30
transparent to ultraviolet radiation such as quartz, and the processing
vessel 11 is formed with a window 11C of quartz and the like, which is
transparent to the ultraviolet radiation, such that the window 11C - 6
exposes the subst bat @ hk2 penettha tdbage 1 bhygeur tiheb, taeulstinavionl et source 13
is forned outside the window 11C such that the ultraviolet source 13 is
novabl e al ong t he S§{psf&édof SURE i REGRLETCO LS 1fggEsass §if| tESnPagBstrate is

 ntroduced Nt he §10ees3i1A0 V338! chl:Aa1FbEn2a2nkN:3URSLS BLeotds and an

oxi di zing gas such as oxygen is introduced into the processing vessel 11
after evacuating phetiicudrirdy skeieus. pBRpbdem iat ithg chseultheavi ol et 10

source 13 under this state, active,radical.s s as O are f.ormed in the
oxi di zi ng gas.gThg ra ngﬁsoghhéengffegxﬁéet#gqu tfav ngdrgaiation cause

oxi dation on the expesed aubhdee laletrBeosi [lieean substrate 12, and as a

result, there is fornmed an extrenely thin 15 oxide filmof 0.5 - 0,8nm
t hi ckness on the surface of [Thd18§F PloklSusditratd or2notRdt REOYEhs P&t e

processing appar atiugehQo@f offl Enéd. piBeedt davkihlhkpanalephaiaBdsiith a
uni form thickness by causing to nove the ultraviolet source 20 13 along the

optical w ndow 11@roBes&dsé&hef uske odximdériiviimlied —fescitd thpnt Rgygen
ul traviol et-ag i 4BLLen PLE f?’sﬁﬂ§t9ékge foLabas ag%ggy?@%ggeous
a t2 <7 é

v
feature of sna?l géﬁgct density sucﬁgas surface states as’ | or by 25
Zhang et al. (Zhamfigr Ih¥. foemaalionApfl thBhpaselektide7IEC26)., BE7 ublavgnber

1997, pp.2964-2966% ﬁnd i's suitabhe for the hase oxide filmto be forned
under the high-K §P&Pefr i tgave Ot REUPALESA HHPPMP* X9 Bx pPEtARed before, the

base oxide film 3grdedesnaat Apphealtiugh- Ktdbekeskki pogatiBiensyl gitb@naf il m
has to be extrenely thin, and a thickness of about 0.8nm has been achieved
for such a base oki@B-AVRALEY 0%iiAg fA&MUVIGE A8Hi gaPvwShbsekat 8npgescessi ng

15 low radical density.

FIG.2 shows the construction of a
conventional UV-0; radial substrate processing
apparatus 10.

Referring to FIG.2, the substrate

20 processing apparatus 10 includes a processing vessel
11 that holds a substrate 12 therein under a reduced
pressure environment, wherein the substrate 12 is
held on a stage 11A having a heater 1lla. Further,
there is provided a showerhead 11B in the processing

25 vessel 11 so as to face the substrate 12 on the stage
112, and an oxidizing gas such as oxygen, 03, N20, NO,
or a mixture thereof is supplied to the shower head
21B.

The showerhead 11B is formed of a material

30 transparent to ultraviolet radiation such as quartz,
and the processing vessel 11 is formed with a window
11C of quartz and the like, which is transparent to

the ultraviolet radiation, such that the window 11C



7 _ apparatus. However, it has been difficult to reduce the thickness of
the base oxide filmfurther, and it was pa_rté'sc_ul arly difficult to formsuch
an extrenely thin oxide filmwth high-precision and with uniform5

t hi ckness. Meanwhil e, there has been an argunent that formation of a netal
oxide filmhaving a small interatom c bond val ence, and hence a "Il ow
rigidity", on a surface of a single-crystal silicon substrate, 1o which has
a large interatomaxgeyus wHeenad s thence oh "t tagd dittay" FuvaiHed | gad to
a nmechanical instability at the interface between the silicon substrate and

the metal oxide fillhrai®tHats VUAe ek HanifCamgh Suisiiide heayy

defects (see for 15 g ar: leo¥hslony @t -ooiRRl 1 PHS mdhildre 74,
pp. 2005, 1999). Further, 1n order to avoid this problem there is a

proposal to form a&ltaranditd envalfdceyexft dtheoyyimidow ddCGat the interface
between the silicon substratge and the . nmetal oxide filmby 20 introducing a
single | ayer o% nitrogen at tgﬁlsu.s {=his tST%éLrl,cofnorsrlf%Ets’l 37 ¥ lgsuclﬁlz%r?d&?f t'i de
filmfor the base thd gardddsniofy ardisgh- K dicd i@ ix Hatthd naidstdate fid mi s
t hought effective for suppressing diffusion of nmetal elenment or oxygen in
the hi gh-K di el ect3i% 5 Qadtd 317501988 S 137 5 vde i ilé)&ﬁ%&ltfse@ ate or

diffusion of siliGond @ e ddieen ksl atie 4 drheighdi gl ghectric
gate, or for suppressing the diffusiion of dopant el enent fromthe gate

el ectrode. | n orddmteyifogr mhsurste fan Byx prittiviadd nfd [the 36 treerie leds been a
proposal to oxjdi e rf of. i film. Si 1_Crowave-excited
renote pl asna?ibThizsg)ut ecel'%:)él cl)lgﬁaervﬁhg% % :é\/esact lgyedel{said;%&r?r% £ridation by
using a mcrowave O e rMesmedvdanmy the oxidilvighy degr.e@heaaadhcafl st kévuer der
of 1.33 x 10 1 - 1.33 x 10-4Pa (1 - .1Q 6 Tory.) ... However, nitridation
process conduct ed W&&Edsg)é’htg‘ﬁ é’STtrré‘rYé'l ¥ iR & \FRAEMPESRE 1P ses

the problemin thahn MAnU&RFENuT fAfcd BEUMHeY sSUGRARS sh@sitdddle Qpygen or
water in the processing vessel, provides a profound effect on the process
by way of oxidati é®d S$clR &eisgditorthecCurited ogmechan; iexd remetlive thilfy i dati on
process causes:th rQbl of nteg i f. thick s .of

oxide film AZS no'?e d%effgmlan Oéfﬂcr?\r,]}%an :Brig?lggg%ﬁ%#&teﬁitscl?(r%lesi%zl%ofsgtrr%%%xi% e
filmat the procesheofsifidrowinngublse raxtenilter.i de fil m cancel s out the effect

of using the high-K dielectric gate %n?lffl gti on film, Conventignall % ift has
been extremely 15 difficult o & ROFH 3T BXOFERSN'Y RPRAERHS H0d8%F i 1 m
with reliability and.reprodueixiide tfY 1 cany deUyidrsledt &i@aSial inaghiraved by

an ordinary sem conductor process, w thout causing increase of film
t hi ckness by oxi diiigkness by causing to move the ultraviolet source
20 13 along the optical window 11C.

Because of the oxide film is formed by the
ultraviolet-activated oxidation process, the oxide
film has an advantageous feature of small defect
density such as surface states as is reported by

25 Zhang et al. (Zhang, J-Y., et al. Appl. Phys. Lett.
71(20), 17 November 1997, pp.2964-2966) and is
suitable for the base oxide film to be formed under
the high-K dielectric gate insulation film.

As explained before, the base oxide film

30 underneath the high-K dielectric gate insulation film
has to be extremely thin, and a thickness of about
0.8nm has been achieved for such a base oxide film by

using the UV-0; radical substrate processing



20 DI SCLOSURE OF THE | NVENTI ON Accordingly, it is a general object of the
present invention to provide a novel and us%ful substrate processi ng net hod
and apparatus wherein the 25 foregoing probl’ens are elim nated. Another and
nore specific object of the present invention is to provide a substrate
processi ng net hod capable of formng an extrenely thin insulation filmon a
substrate, a sem conductor 30 device using such an insulation film and

fabrication procegppafratueh aowewegonduchas oevncasrAreuher tebpesticef the
present invention is to provide substrate processing nethod and appar at us
- 9 capabl e of f@hﬁiﬁ@l&hnéﬁﬁr@ﬁewyethaﬁeoﬁxaéefﬁu&m fypitagr.y apdviitg a
t hi ckness of 2 - 4 _atam ¢.l ory: | n a f i

substrate with reﬁﬁgb'g??icgﬁgEﬁgr?ﬁgﬁiggégbfg EPE&ogﬁfﬁgagnggkggﬁﬁﬁyride
filmby causing nithindatiide ifdltheiaki teégh-pmerhissohoamddwiAhouheérfoah ect

of the present inv%ntkon is to provide a substrate processing apparatus
capabl e of forti ng & 8%fenely thin oxynitride film 1o typically having a

thickness of 2 - 4 atomic | seahwh@Nel eshedddnbur bbeh aapabbemehtf ehaicng an
oxynitride filmhaving a higher nitrogen concentration and a desired

thi ckness by causfRETAItEPPdRET anmefathexilfet FAlroRFHILPEI deSFRLA 5 Anot her
obj ect of the preiﬁ%gfhgxﬁ@E'Ban Sv%@eHE%Y'Q%dah%hﬁ%tsr“&X99r§§98%thgf

processing systemincluding a substrate processing apparatus capa
form ng an extrenehyat bumfexede ff bl miogler-criydéafli siltigphncabbygtitateng a

t hi ckness of 2 - 4£g1§rhless, aon 20.t@ers rface. of a s&licon sgbﬁtrate W th
reliability and fUftREr "88pablret8F APEFFRTRY En8O8Y & 1FPFM 8PnPERCEe fil m
thus formed with mephegucirhiglidiyyandweulld lekdakbl bt wecAnatiban obj ect of
the present invention is_25 to provide a substrate processing . nethod
capabl e of form ngrahaBitiénery thPnigkgRieFrdbetRRPrON S SLEFEBR substrate

directly with excghbgrt-akgl hali khkymardir eRi@dueiibinl i kya ARQkhencabj ect of
the present invention is 30 to provide a nethod of nitriding an insulation
film mechanical instability may cause defects (see for
15 example G. Lucovisky, et al., Appl. Phys. Lett. 74,
pp.2005, 1999). Further, in order to avoid this
problem, there is a proposal to form a transitional
layer of oxynitride at the interface between the
silicon substrate and the metal oxide film by
20 introducing a single layer of nitrogen atoms. Further,
formation of such an oxynitride film for the base
oxide film of a high-K dielectric gate insulation
film is thought effective for suppressing diffusion
of metal element or oxygen in the high-K dielectric
25 gate insulation film to the silicon substrate or
diffusion of silicon from the silicon substrate to
the high-K dielectric gate, or for suppressing the
diffusion of dopant element from the gate electrode.
In order to form such an oxynitride film,
30 there has been a proposal to oxidize the surface of
an oxide film by using microwave-excited remote
plasma. This technology, which achieves the desired

nitridation by using a microwave, requires a very



cont ai ni ng therein oxygen, characterized by conprising the steps of:
formng nitrogen radicals by using high - 10 frequency plasm; and
nitriding a surface of said insulation firh#%y'supplying said nitrogen
radicals to said surface of said insulation film 5 Another object of the
present invention is to provide a nethod of fabricating a sem conduct or

devi ce, characterized by conprising the steps of: form ng an insul ation
filmon a siliconhyuynstdeatrees wiafcawm oo ther mirdg mictfr ages xadiocal-s 1y33

hi gh-frequency plasma;,,forming an_oxynitride filmby causing nitridation in
a surface of said¥ddulZdi o firntBy JOFR)yi AGVSYEF nindtddedtigdi cals to
said surface of 1% ,93id ORACHAS finddr AMdH QM Amdghnl Hieleglli C
filmon said oxynitride film Another object of the present 1nvention is to
provi de a subst r atvecquuoc eseiteg ragsasatte, probdlear dot dhiatethipy teoapoiusitng: a
nitrogen radical fqormation. unit formng nitrqgen radicals hi.gh-frequency
pl asma; and a %r05§2§ﬁﬁ6r&§§égpchoﬁéingsédéu%spﬁgpgnfgfng Qéftﬁ%s %&
insulation film 32roseisdipgoeessieng yessvaldekeiangrafpphided ffickch sai dhe
nitrogen radicals formsaid nitro%en radical faormation part and causing
nitridation of a SFCESE SF ¥AVd OFnSFLEEEIRTYi Pwchy oLdFpityPRg °SEPE TRFL r ogen
radical to said surfase efingabd itheUhatirRaltiilom p3eAsE0LALRE st @nkhe
present invention, it becomes possible to nitride the surface of an
extrenmely thin oxipdebiliemmodi uavwanged dmcreggeoddcithilickngsipy ofsithg t he

ni trogen radigélsoxiael%ilm. As noted before, such an increase of
thickness of the oxide film at the process of forming
the oxynitride film cancels out the effect of using
the high-K dielectric gate insulation film.
Conventionally, it has been extremely
15 difficult to form such an extremely thin oxynitride
film with reliability and reproducibility in a vacuum
state easily achieved by an ordinary semiconductor
process, without causing increase of film thickness
by oxidation.
20

DISCLOSURE OF THE INVENTION

Accordingly, it is a general object of the
present invention to provide a novel and useful
substrate processing method and apparatus wherein the

25 foregoing problems are eliminated.

Another and more specific object of the
present invention 1s to provide a substrate
processing method capable of forming an extremely
thin insulation film on a substrate, a semiconductor

30 device using such an insulation film, and fabrication
process of such a semiconductor device.

Another object of the present invention is

to provide substrate processing method and apparatus



excited by high-frequency plasma. Further, according to the present
invention, it becones possible to forman oxynitride film of high nitrogen
concentration with a desired thickness by nitriding the surface of 5 an
extrenely thin oxynitride filmby using the nitrogen radicals excited by

t he hi gh-frequency plasma. By using high-frequency plasma, it becones
possible to conduct the nitridation process at relatively high pressures,

and it becomes possigifld @ff TdinidE anyedtmEndly g GXRRNENtis such as
resi dual oxygen remaining in the processing vessel by the plasma gas by
nerel y evacuati ng ¥R GRlode ISR & ddtidnasie Hed mihg teMmithd a¥ians di ng

process to a suffigi %ﬁéés\/ | W PrESSHEYN & 6@1? es@i’iéé}?esgfﬁ)c!zﬁ?eeo‘c 115, unwant ed

oxi dati on caused by the r'esidual” oxygen and associ at pro mof | ncreased
t hi ckness of the oelnidlrildeyf idnd g theor esgfallley uprmsised.anParti cul arly,

t he present in\genti on . nagl{qees i&i trﬂ dact iuosnl of ar]cr{ex remely. tljcian base, oxi de
film 20 formed und@ 5 HitH K i RG34 i & 3i%h o ITHE KA 9% a

result, the probl emnied tRiddlaordidd usi on of netal el ement and silicon
bet ween the silicon substrate and the high-K dielectric gate insulation
film and the associated prdBdhsst I i ©re PrEsavahdMeGHAn [idyer

are effectively sypprfassificie Widpddrdte §RURIAd dhd! i dahle cta%%ll%n

extrenely thin insulation filmsuch as oxide film'or oxynitride film
under goes i ncr ease foff ofrimimg [irc lexdsrensesl va thdgulax yofi imicker fdrdat i on of

nitrogen ato at .the 39-ti f e ni.tridatio ocess,, i t. | gssible in
t he present rﬁ\gentﬁi)g}r%ctaglr}’a?ﬁatvginﬁt P“‘hétr}%lhclkcr%%’esssor}ogt hgl iantsou a8 ?L(?B(efrisl m
after the nitridatdronepsocess,furtheiherapsaiylds dthe ddriiekness oadfyriiteride

oxynitride film to. - 12 be extrenely small, by controlling the
Chi ckness of the iTidd AAGRS A hiEGT SLHOIET GG Aioteadd @ 2 - 4

atons |ayers or | efsiARPiMIckHsRChyOfcailt8 e @Sat datMeM i3 the 5 to
provide a substrate processing apparatus characterized by conprising: a
processi ng vessel iddfiigingxynsitedess fdddce and having a stage in said

process space for hol ding aguRsthat st é_)%fprtql%eﬁg%%éﬁjtgé%’fei&itonr adi cal

source provided on said processing vesse a seco source provi ded
on sai d processi ngovesseliden af iglsts tevadiyqtel eubsatra ter grioded simgs aiyd tEm

b1 cssur e Jand & SASETACHRgh Gt AR BROTCRE) foh SPRAY o SSTRTg & esel
for evacuating saifdrigessh HRaAGRnied yd tHAGORk iHOFEIT REI e de2@ iAROL her
object of the present invention is ]
typically having a thickness of 2 - 4nm or less, on
20 the surface of a silicon substrate with reliability
and further capable of nitriding the oxide film or
nitride film thus formed with reproducibility and
with reliability.
Another object of the present invention is
25 to provide a substrate processing method capable of
forming an extremely thin oxynitride film on a
silicon substrate directly with excellent reliability
and reproducibility.
Another object of the present invention is
30 to provide a method of nitriding an insulation film
containing therein oxygen, characterized by
comprising the steps of:

forming nitrogen radicals by using high-



to provide a cluster-type substrate processing system characterized by
conprising: a substrate transfer chanber; and a plurality of processing
chanbers 25 connected to said substrate tTah®fer chanber, one of said
plurality of processing chanbers conprising: a processing vessel having a
substrate | oad/ unl oad part connected to said substrate transfer 3o chanber
at a first end and a first radical source at a second end opposite to said

first end, said preegsenly Yasseldahiining therein a process space; a stage
provided in said process Space - 13 rotatably between said first end and
sai d second end, said stageni¢irddigat Besdghagesoifsspade insubetpoocédded; a

first process gas,inlet ovi ded.in i pr pace twee id first
end and said stagg? E&P&R&%Pgtggﬁgcéggkggsniﬁgéﬁéﬁ%grg ug?§8 auPF§§F
process gas into s& dapdocasalapdoa; falsmecond process as inlet introducing

a second process gas to said first radical %og ce; 10 a second radica

source provi ded on said prof88SPRy PEIEELE 8 et BrESEIFalBVERTIOR HSt

process gas betweep $bdifier St mRtPGESS r0Fabirikak iaRdasdefisbad@ctdrfirst
evacuation port provided in said i5 process space at a part closer to said

first end wth redg¥écetochargcseadéedabyeconpravandathensiers pfovi ded in
gta;d process space at a par tfo‘ilngﬁgr ahoiggituga%?tgﬂn?i?ﬁdow thshgsReRt to said

ge; 20 a first punp connected to sai irst evacuation porf so as to
evacuat e sai d procedbstspaeesurface;

10 forming nitrogen radicals by high-frequency
plasma;

forming an oxynitride film by causing
nitridation in a surface of said insulation film by
supplying said nitrogen radicals to said surface of

15 said oxynitride film; and

forming a high—-K dielectric film on said
oxynitride film.

Another object of the present invention is
to provide a substrate processing apparatus,

20 characterized by comprising:

a nitrogen radical formation unit forming
nitrogen radicals by high-frequency plasma; and

a processing vessel holding a substrate
formed with said insulation film,

25 said processing vessel being supplied with
sald nitrogen radicals form said nitrogen radical
formation part and causing nitridation of a surface
of said insulation film by supplying said nitrogen
radical to said surface of said insulation film.

30 According to the present invention, it
becomes possible to nitride the surface of an
extremely thin oxide film with excellent

reproducibility by using the nitrogen radicals



to a first process pressure; a second punp connected to said second
evacuation port so as to evacuate said prgcggs_space 25 to a second process
pressure | ower than said first process pressure; said second punp being

di sposed in the vicinity of said second end of said processing vessel.
According to the present invention, it 30 beconmes possible to conduct

ul traviol et-excited radical oxidation process of a silicon substrate to
forman oxide fil raxaricdeal gdihdajh-firtegusaldyom lJarsaces Fuft heuch aarcoaxiidey fil m
formed by the ultraviagl et - 14  excited radical oxidation process b

usi ng radical s exdi® éd"DPIFSFY AT Trendt &S50 a PosFlend© tegm

radi cal nitridatigp R:Qe8STilde GANHT LG iGNt YUY dodddit Faadidgal

oxi dation process. 5 A'though the pressure suitabl’e for ultravioletexcited
radi cal oxi dati on wirtdc és slesid ech & hgredaasse byintighlislifngr thadisealf agiet oifdat i on
process conducted i i,gh-fr Y. ¥ emot |l asma _are.very nuch

di fferent, thegprealserﬁl%(sélr%gﬁ&%qﬁ Iogc%ls{ﬁlnco%l(%n uclt‘;h %8’ t%ﬁelsneCI ?Cvr\}c')e processes
in the comopn procassioyeny assklcdly @xaMitdidn@pyt whee\hdetatfirerupaicdys on t he
processing vessel. Particularly, the Qresent i nvention enables nitridation

of an extrenely tR?Hese Bxidfe % SRS SR de PHESMR -a i QFSR™EiSel ectri ¢

gate insulation 13dddiB1eand asnAuc@SWhe ntife iRaRlcemyb sadtuak diffusion
of metal element and silicon between the silicon substrate and the high-K
diel ectric gate i FQHadtiverd ¥f iigho P regsvEEiSon a3 titapsiconegalPosgydle to

associated with s g tual, diffysi IS Ao UEEaSS Y SSURRY d by
. . u . urlty 'gas G35 IS 23U RS 3% ’
formng the hi gh-%q‘lg:éect ic gate S’ggﬁ ati on i1 mon the base oXi %e film
Further, the presexygemnerinadm iewgakine s heapyrocesstinge viess edf by ¢heast er -t ype
substrate processi g%fss stemwhile u in% t he %ubstr t e processi ng apparatus,
25 by arrangi ng t & 9%8n&Ys BESTd Ye YHETEA IR D dis BT PRE BP0 YESS g
vessel such that at!whkopElieeungl oFulhe Wiiteh disign@eeseaky thoa real i zing
hi gh degree vacuumin the processing vessel, is |located at the
sufficiently low pressure. Thereby, the problem of
15 unwanted oxidation caused by the residual oxygen and
associated problem of increased thickness of the
oxynitride film are successfully suppressed.
Particularly, the present invention enables
nitridation of an extremely thin base oxide film
20 formed under a high-K dielectric gate insulation f£ilm,
and as a result, the problem of mutual diffusion of
metal element and silicon between the silicon
substrate and the high-K dielectric gate insulation
film, and the associated problem of formation of a
25 transitional layer are effectively suppressed.

While it is generally unavoidable that an
extremely thin insulation film such as oxide film or
oxynitride film undergoes increase of film thickness
as a result of incorporation of nitrogen atoms at the

30 time of the nitridation process, it is possible in
the present invention to maintain the thickness of

the insulation film after the nitridation process, in

other words the thickness of the oxynitride film, to



outer end part of the processing vessel. Thereby, the 30 substrate
processi ng apparatus can be connected to a i bstrate transfer unit at an
i nner end part thereof. Another object of t present invention is to
provi de a sem conductor device, characterized by - 15 conprising: a
silicon substrate; and an insulation film provided on said silicon
substrate, 5 said insulation filmhaving a thickness of 2 - 4 atomc

| ayers. Anot her objeektakrehe pmaaentb&nwen&&@nlhagtaharmhhdenass of

sem conduct or device, .characterized b nprising: 10 a silicon substrate;
and an |nsulat|ontPPIﬁP5P&9Fd€& &hlda 8f§FF|58ﬁ g&$§ﬂF§FéOHSBFHC?H§UFSt|on
filmbeing fornedaby nitibdisngagRraxidebiskm formed on said silicon 15
substrate with a thickness of 1°- 4 atonic |ayers. Another object of the
present invention is to pro@p@éharnébhéétobfpﬁb@e@§ﬁﬁgné sobsniape, is

characterized by gggggb%lg% ggg OXI a%f kggg%ggl%n éig% filmon a surface

of a silicon subs atlo process OX|8at|on process
bei ng conduct ed mnhhramygeﬂzéadbgabSmbavsmgga partial pressure in the range
of 133 - 133 x 10-4nPa. Anot her objec¢t of the_present invention is 25 to
provide a nethod of fabrlcaﬁlH§°&e§§ﬁP€oﬁﬁﬁéﬁérd&é&P&Bg 8hBFSEEEPi zed by

conprising the stepscef anbohAvAgg2abasagexide shijhmeBcassuschbaee ebra
silicon substrate,
holding a substrate to be processed;

10 a first radical source provided on said
processing vessel;

a second radical source provided on said
processing vessel;
a first evacuation path provided on said

15 processing vessel for evacuating sald process space
to a first process pressure; and

a second evacuation path provided on said
processing vessel for evacuating said process space
to a second process pressure.

20 Another object of the present invention is
to provide a cluster-type substrate processing system,
characterized by comprising:

a substrate transfer chamber; and
a plurality of processing chambers
25 connected to said substrate transfer chamber,
one of said plurality of processing
chambers comprising:
a processing vessel having a substrate
load/unload part connected to said substrate transfer

300 chamber at a first end and a first radical source at
a second end opposite to said first end, said
processing vessel defining therein a process space;

a stage provided in said process space



formng a high-K dielectric filmon said 30 base oxide film and formng a
gate electrode layer on said high-K dielectric film said step of form ng
said base oxide film - 16 conprising an %%iaizing step conducted by
oxygen radicals having a partial pressure in the range of 133 - 133 x 10
4nmPa . According to the present invention, it 5 becones possible to form an
extrenely thin oxide filmsuitable for a base oxide filmused between a

silicon substrat e rard taphiyohehwdicl 8alik & iGate enfs undt isaR df iskdowdt Bna

uni form thickness and wth excellent reproducibility by utilizing the
phenomenon fil m 16agfowtRagehay dingi theagpiars silstisateadiocke oxi dation
process of a silig%%c%%g%htate surface in the case the oxide filmhas grown
to a thickness of - atdmic layers. Another object of the present
invention is 15 to provide a fétrisadpobcpisecegssi iplatsphstided, in said

characterized by conprising the steps of: .supplyin n as to,a surface
of a silicon SE%SPFgE Fsaﬁ%aFSrPF%ﬁggﬁ Bﬁﬁﬁi&BF§§ gpanﬁgﬁ géﬁg §GPPGce 20
of said silicon sybstr&iesky pevekbisNgasaid 18O gas radulinht ayieket

radi ati on. According to the present invention, it becomes possible to form
an oxynitride fil PrOCESSt IGpS0ANEOsSPLE0RTOGESEr &PACSuUr f ace by exciting an
NO 25 anbient with ultraviolet Egghabggge EhQEGQKieEtiH%QBHE§iE83 ible to
suppress the occurrence of oxi-dati on y cﬁ005|ng t he wavel ength“of the

ul travi ol et radi atsiecondo plreclkessgegrst ian sd48nhilrstt metlierdeedumgel92nm for

le to 17 Ther eby, 30 itride filmhaving.a high nit
Concentrati onihovel i 1 of medSSSIN ARCGSm CPLAES HEAVERGHe O OBFHy of

filmgrowh at therbicdemstihigckaesslokoabeutto activate said first
process gas between said first process gas inlet and
said stage;

a first evacuation port provided in said

15 process space at a part closer to said first end with
respect to said stage;

a second evacuation port provided in said
process space at a part closer to said second end
with respect to said stage;

20 a first pump connected to said first
evacuation port so as to evacuate said process space
to a first process pressure;

a second pump connected to éaid second
evacuation port so as to evacuate said process space

25 to a second process pressure lower than said first
process pressure;

sald second pump being disposed in the
vicinity of said second end of said processing vessel.

According to the present invention, it

30 becomes possible to conduct ultraviolet-excited
radical oxidation process of a silicon substrate to
form an oxide film and a radical nitridation process

of such an oxide film, formed by the ultraviolet-



0.5nm corresponding to two atom c | ayers. Thus, the - 17 oxynitride film
can be fornmed stably and with excellent reproducibility to this film

t hi ckness. Ot her objects and further features of the present invention wll
becone apparent fromthe 5 follow ng detail ed description when read in
conjunction wth the attached draw ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS
FIG1 is a diagram showi ng the construction io of a sem conductor device

havi ng a hi gh-K dieglcggled ¢agiaicali Bxildattiion pirodeskl By2 uising FHa@gkamsshow ng
t he construction of a conventional UV-Oz radical substrate processing
apparatus; 15 FI GexGidesd WvadighSH6MUSEHChe 8O St PA&EMdn 6MCA &hBStrate

processing appara %§n3%§gkﬁhnﬂék9iﬁakhbitBQ%QQQE”EQtcgkdhg%eﬁrese”t

i nvention; FIGS. 4 are diagrans show ng an oxidation process of a
substrat e conduct ednlhyinloas2y $obsheatreadicede oxiidg tappapabuessf. FI G 3
respectively ip a_side viewand in a plan.yiew FEIG S.is _a.diagram show ng
an oxi dati on p?oc@§§%89g§ §GESPF§FEUESnSH&¥8§W%yf8§iH&tfﬁglgﬁﬁgfrate
processi ng appar akyei®kdFir@d3calSokliGatios prdicagsaanaxphai pragsuke
procedure of measuring the filmthickness by an XPS anal ysis as used in the
present inventionSUiit@bte foznspRdradi Agtarretdrai RERGSFRe CRPELEEEFe LTS

measuring the filmsbRiCknesZnby ARuERSY32eaB2LY P15 sRS HSRD Ryt RECRr esent
invention; FIG 8 is a diagram schematiCally show ng the phenofrenon of del ay

of oxide fil m grovithfebsaitvedhehpmebeniti AgvantdrndeliicWwm bbp rhedsglstrate

- 18 10 these two processes in the common processing vessel
by providing two evacuation paths on the processing
vessel. Particularly, the present invention enables
nitridation of an extremely thin base oxide to be
formed underneath a high-K dielectric gate insulation

15 film, and as a result, the problem of mutual
diffusion of metal element and silicon between the
silicon substrate and the high-K dielectric gate
insulation film or formation of transitional layer
associated with such mutual diffusion, is

20 successfully suppressed by forming the high-K
dielectric gate insulation film on the base oxide
film. Further, the present invention enables easy
construction of a cluster-type substrate processing
system while using the substrate processing apparatus,

25 Dby arranging the first and second evacuation paths in
the processing vessel such that a turbo molecular
pump, which is necessary for realizing high degree
vacuum in the processing vessel, is located at the
outer end part of the processing vessel. Thereby, the

30 substrate processing apparatus can be connected to a
substrate transfer unit at an inner end part thereof.

Another object of the present invention is

to provide a semiconductor device, characterized by



processi ng apparatus of FIG 3; FIGS.9A and 9B are di agrans show ng the
oxide filmformation process on a surface OL a silicon substrate; 5 FIG 10
is a diagram showi ng the | eakage current ch Tacteristics of an oxide film
obtained in the first enbodi ment of the present invention; FIGS. 11A and 11B
are diagrans explaining the cause of the | eakage current characteristics of
10 FIG 10; FIGS.12A - 12C are diagrans showi ng the process of oxide film
formation taki ng pbageiisAnghe substrate processing apparatus of FIG 3;

FIG 13 is a diagram showi ng the_15 construction of a renote plasma source
used in the substrate procedsShdigppasabasréterl &rd; FI GS.14A is a di agram

conparing the characteristi gﬁ ¢hsBraktennt ¢iRhapMBvaRdabLar Qﬁ@ﬁesﬁh%%’
whil e FIGS. 14B and 14C are diagrans 20 respectively show ng the

construction of assbamdare,r enote-plasma source and a mcrowave pl asma
source; FIG 15_is another diagran1cog§%ning t har acteri sti

f RE
renote plasma and nicromavesﬁ gsﬁﬁFu #P&S?ig% gﬁHngBaaF 18ﬁ§8$§n8f

showi ng the nitridati anapbacessageran oxide fil mconducted by the substrate
processi ng apparatus of FIG. 3 respectively in a side view and a _plan view,
FI GS. 17A and 17B are di agr afBOEBRBaPPA§CEheI3GhPePEERERENILPVBBLEHEEBNLS

nitrogen concentrapi gRogRdefl bl BLhRLEKABES oOHR caX HRakhLmLRiLERAEY DY
using the RF renote plasma and an oxide filmnitrided by using the
m crowave plasnma; compriginglG 18 is a di agram schematically show ng the XPS

anal ysis used;in the present ngggghoghbgkgglg;igng di agram show ng t he

an insulation film provided on said silicon
substrate,
said insulation film being formed by
nitriding an oxide film formed on said silicon
15 substrate with a thickness of 1 - 4 atomic layers.
Another object of the present invention is
to provide a method of processing a substrate,
characterized by comprising the step of forming an
oxide film on a surface of a silicon substrate by an
20 oxidation process,
said oxidation process being conducted with
oxygen radicals having a partial pressure in the
range of 133 - 133 x 10 'mpPa.
Another cobject of the present invention is
25 to provide a method of fabricating a semiconductor
device, characterized by comprising the steps of:
forming a base oxide film on a surface of a
silicon substrate;
forming a high-K dielectric film on said
30 base oxide film; and
forming a gate electrode layer on said
high-K dielectric film,

said step of forming said base oxide film



rel ati onship between the nitridation tine and the 5 nitrogen concentration
in an oxide filmfor the case the oxide fil gbig nitrided by the renote
plasma; FIG 20 is a diagram show ng the relationship between the duration
of nitridation and the distribution of nitrogen in an oxide film to FIG 21
is a diagram show ng the wafer-bywafer filmthickness variation of an
oxynitride filmformed by a nitridation process of an oxide film FIG 22 is
a di agram show ng doig riiRGmRASE @x ifdilzDrighisteRe s nefu ot O Xydexkiden
associated with the 15 nitridation process according to the first

embodi nent of t he GESEAS NAYARG GnPaEItES 12 PASHFR 23 B Natd edita§98m® fshowi ng
in plane uniform tys50f. t1heg Qi {hy-dagion process realized in the substrate
processi ng apparatus of FIG 3; 20 FIG 24 is a di agram showi ng the

rel ati onship between the i n&csagdligly ftid rhhehipdiesens dmyemnttd omi,t idgen

concentration of the filmfar .the case an -Qz .oxide filmor a - NO
oxynitride fil %)1 i té)efﬁgiegcpg&stlt@qaen%ﬁF%ﬁr rilgvat‘alx&r:feﬂ‘re geécil;lnzgxli‘lré@LJ\Zéglirns a
fl omchart show ng saritRblri tioirdat bakeploxders faflmmsdd Bz tendede af islimicon

FI GS. 26A - 26C are di agrans showi ng the chem cal shift appearing in an XPS

spectrum of an Si FPeiHete aRd endighvE SulGrtR i dedet Arevliathors 30

formed on an oxyniginkd&ifih @ ehlidicned taGeRRT Ahe Wi n idksle18mhedi ment  of
the present invention; FIG 27 is a diagram showi ng the increase of film

t hi ckness occurri mgpneduigd bdxyirkivt byda tiilliming t2@ phisnameadnbyfitthme fir st
enbodi nent of .t he nt,_i.nvent b r nd after f or mat.i.qn . t he
hi gh K di el Ll A BedVSguity %@%egrrgs |no&c%%afta?§§ﬁ§mg%dd§t§%fn
substrat e processpngcraishod acedldicon tsabstyatcenduerfbedi mantthef chlse present
i nvention; FIGS. 29A and ,29B are di agrans respectively showing the film

t hi ckness and t he 1% P&‘g}éﬁ é&&&‘eg’lalsaﬂr(?t‘i’“i %Ot Re HHERPESS &% %X;Tni"‘tri de film
lo formed by the preeRss 1@kellsGS. 28A and 28B; FI GS. 30A and 30B are

fl owcharts show ng the .
Another object of the present invention is

15 to provide a method of processing a substrate,
characterized by comprising the steps of:

supplying an NO gas to a surface of a
silicon substrate; and

forming an oxynitride film on said surface

20 of said silicon substrate by exciting said NO gas
with ultraviolet radiation.

According to the present invention, it
becomes possible to form an oxynitride film directly
on a silicon substrate surface by exciting an NO

25 ambient with ultraviolet radiation. Thereby, it
becomes possible to suppress the occurrence of
oxidation by choosing the wavelength of the
ultraviolet radiation to be longer than 145nm but not
exceeding 192nm, for example to 172nm. Thereby, an

30 oxynitride film having a high nitrogen concentration
level is formed. Such an oxynitride film shows a
delay of film growth at the film thickness of about

0.5nm corresponding to two atomic layers. Thus, the



substrate processing nethod according to a conparative exanple of the
second enbodi nent of the present invention; 15 FIGS. 31A and 31B are

di agranms respectively show ng the film thickhess and the ni t rogen
concentration in the filmfor an oxynitride filmforned by the process of

FI GS. 30A and 30B; FIG 32 is a flowhart show ng a substrate 20 processing
nmet hod according to a third enbodi nent of the present invention; FIGS. 33A
and 33B are di agr agynihewdag fihe ichinckeess rakd Beadiyniahe e thi | m f or med
according to the substrate processing . nethod of the third 25 enbodi nent and
t he thi ckness of @H@e&%ﬁﬁﬁtFﬁﬁéoﬁppﬁgﬁéﬂﬁﬂdtQCGGﬂéiﬁ@l@otélééﬁﬁéﬁative
exanpl e; FIG 34 is a di agr ag:sewond 2 +ROLEAL irdl thULY ¢ @k u3RsNDemphecul e
for various excitation states thereof; 30 FIG 35 is a flowhart show ng the
RF nitridation preocessngf iaveutNOnowiidd bielcomeFp@Gpagens 4rdmadghem showi ng
the distribution qf .nitroge i n nitride film, .- 21 obtained
by the processgof%ﬁﬁgfgéggFﬁeggggédangggf%ééﬁgndVgSPa§§agh6ﬁing an exanpl e
of distribution sicahgudctibhr @deh ahenaticachedodyawtihigde film 5 FIG 38 is
a di agram expl aining the probl em when a cluster-type substrate processing
systemis constructed by using the substrate processing apparatus of FIG 3;
FI GS. 39A and 39B arer# agkenspshow bg fhe baagengkruction of a cluster-type
substrate processing apparatus according to a fifth enbodi ment of the
present invention; FIGS. 40AFdRd140B ar digpagrasboyhod fieogipdatirgation
processi ng of substr : ugi h trate pr i ng
syst em of FIGf§9;%EIésg%%ﬁsgﬁgﬁg%gga?évégggfgggn hgwﬁggin%tbﬁggﬁg%gié
processi ng of a sgbser dheutandoat €dllmy using the substrate processing
system of FI G 39;

FIG.2 is a diagram showing the construction
of a conventional UV-0; radical substrate processing
apparatus;

15 FIG.3 is a diagram showing the construction
of a substrate processing apparatus according to a
first embodiment of the present invention;

FIGS.4A and 4B are diagrams showing an
oxidation process of a substrate conducted by the

20 substrate processing apparatus of FIG.3 respectively
in a side view and in a plan view;

FIG.5 is a diagram showing an oxidation
process of a substrate conducted by using the
substrate processing apparatus of FIG.3;

25 FIG.6 is a diagram explaining the procedure
of measuring the film thickness by an XPS analysis as
used in the present invention;

FIG.7 is another diagram explaining the
procedure of measuring the film thickness by an XPS

30 analysis as used in the present invention;

FIG.8 is a diagram schematically showing
the phenomenon of delay of oxide film growth observed

when forming an oxide film by the substrate



FIG 42 is a diagram showi ng the 20 construction of a sem conductor device
according to a sixth enbodi nent of the preSﬁgt invention;, FIG43 is a
flowchart showi ng the substrate processing t hod according to the sixth
enbodi ment; FIG 44 is a diagramexplaining the 25 thickness distribution of
an initial oxide filmused in the sixth enbodi nent of the present

i nvention; FIGS.45A - 45C are di agrans showi ng the thickness distribution

of an oxynitride fgdoBdseritRd appaaiadiudg ofo FIiwe 3si Xt h enbodi nent of the
present 30 invention; FIGS.46A - 46D are diagranms explaining the kinetics
of the oxynitride film forndtiGSn 9fr 686s 9Baddsr Giidged st BEo¥iLRgh téfbodi nent

of the present A2, IFMGNHQha @SR es A OR & & flb el disagrans
expl aining the kinetics of the oxynitride filmformtion process according
to the sixth enbodiidsmions spfostthr@atigriesent i nventi on; FI GS. 48A and 48B are
di agranms showi pg the nitrog dqpi ng nmechani sm of an _oxide filmin the
oxynitride fil r%\ formation p?ggéq %cgr &lﬁgrtagl tsﬁléawslﬂgt t gn‘&(?&ikr?gﬁt of the

present inventi oncur@entGCohddA caRd 1438 car @ fliadgoxIBleS FAWMN@bithe ned in
distribution of nitrogen atons in an oxynitride filmfornmed according to

the sixth enbodi néfie 3 'Site SPPOSERCTItN PéntihEn PrEGER e A et ioRe

distribution of oxygen atomprard 19a ahemisls e G3.50AmNd, 508 a1 f urt her
di agrams showi ng the distribution of nitrogen atons in an oxynitri ge film
formed accordi ng tthet ltausiex ol ditigodiegiurig eofcutrite ngr eheure citierdsttiios ©dget her

with the di strli)butEiI%r! 1%f. oxygen atons and Si atons;

FIGS.12A - 12C are diagrams showing the
process of oxide film formation taking place in the
substrate processing apparatus of FIG.3;

FIG.13 is a diagram showing the

15 construction of a remote plasma source used in the
substrate processing apparatus of FIG.3;

FIGS.14A is a diagram comparing the
characteristics of RF remote plasma and microwave
plasma, while FIGS.14B and 14C are diagrams

20 respectively showing the construction of a standard
remote-plasma scurce and a microwave plasma source;

FIG.15 is another diagram comparing the
characteristics of RF remote plasma and microwave
plasma;

25 FIGS.16A and 16B are diagrams showing the
nitridation process of an oxide film conducted by the
substrate processing apparatus of FIG.3 respectively
in a side view and a plan view;

FIGS.17A and 17B are diagrams comparing the

30 relationship between nitrogen concentration and film
thickness for an oxide film nitrided by using the RF
remote plasma and an oxide film nitrided by using the

microwave plasma;



20 FIG 51 is a diagramshow ng the construction of a substrate processing
apparatus according to a seventh enbodi nent_ of the present invention;

FI GS. 52A - 52C are diagrans showi ng the 25 %ﬁiékness di stribution of an
oxide filmfornmed by using the substrate processing apparatus of FIG 51;
FIG 53 is a diagram show ng the relationship between the processing tine
and filmthickness for an oxide filmformed by the substrate 30 processing

apparatus of FIG 51; FIGS. 544G 134Esaredibgicher séhaghiea3hgWisAgwiRg
t hi ckness distribution of an_oxide filmformed by the substrate processing
apparatus of FIG %he XPS gpalypds §58d- 155Ehgr pregereinyrA§EaRs showi ng

the thickness distribution gf-anqoxi,dg fisLm Lorapd, byt hgsubstrate
processi ng appar at us of FIG.gff EIEE.SGAlg aSGEEareﬁgigg?ans showi ng the 5
t hi ckness di stri bukeileniohsanpokedeekenl whacodrtdiidg tiiona tdmepandt ithe exanpl e;

FI G 57 i fl hart show t h d f det 1, Qi th ti
scanni ng regi oh | R CRGISHOEPNSP BRGCETsT Ry AppiraEuS 1aP FPE S1% FOSRI G 5

is a flowchart shewengxtife prosedyr aiglidetiebl mhag rehetephiladhndri ve
energy of optical source in_the substrate processing apparatus of FIG 51;
FIG 59 is a di agram showi ngFfRe2951i80AstiagERBN SHPYARGe P €onduct or devi ce

according to an eLgfith;BRRAYLMBRL RN REPHESERE chN¥eNhi @R aELPoR0ahl 2
di agram showi ng the construction of a cluster-type substrate processing
system used i n t héhei gisteanbodivenvf 20tEPGe61insaa dkadeamifim; det er mi ni ng

(e Phocess cpaucty on usedehg e ot By SERSH! TR0k L P RRrRnd 70 o e
wafer film thickness variation of an oxynitride f£ilm
formed by a nitridation process of an oxide film;

FIG.22 is a diagram showing the increase of
film thickness of an oxide film associated with the

15 nitridation process according to the first embodiment
of the present invention;

FIGS.23A and 23B are diagrams showing in-
plane uniformity of the nitridation process realized
in the substrate processing apparatus of FIG.3;

20 FIG.24 is a diagram showing the
relationship between the increase of film thickness
and the nitrogen concentration of the film for the
case an UV-0; oxide film or an UV~NO oxynitride film
is subjected to an RF nitridation process;

25 FIG.25 is a flowchart showing an RF
nitridation process of an UV-0; oxide film;

FIGS.26A - 26C are diagrams showing the
chemical shift appearing in an XPS spectrum of an
Sizp orbital at the time a high-K dielectric film is

30 formed on an oxynitride film obtained according to
the first embodiment of the present invention;

FIG.27 is a diagram showing the increase of

film thickness occurring in the oxynitride film



silicon substrate for the case the oxide filmis 25 subjected to a UV-NO
processi ng according to a ninth enbodi nent oé the present invention;

FI GS. 63A and 63B are di agrans show ng the tfP ckness distribution of an
oxynitride filmfor the case the oxynitride filmis forned on a surface of
a 30 silicon substrate directly by the UV-NO processing; FlIGS. 64A and 64B
are di agrans showi ng the kinetics of oxynitride filmformation on a silicon

substrate surface JpyatihedU¥yNOHR! 6853 ReREERIHNG Ff the2brels@ntthe ninth
enbodi ment of the present invention; FIGS.65A and 65B are further diagrans

showi ng the ki net iiegeptionyReifpirge ahd mittermiticod ogmazion péorheubdohat e
surface by the UV-NQ.nj,t.ridi.ng r.ocessi ng according to the ninth

enbodi nent of thngﬁggéﬁfkgﬁgeg?%%h; FI GS. 66A and 66B are further diagrans
showi ng the kinetics of oxymIGS.A8Af ankh 28BMatrieof lowchagitlsi chowinbstr at e

surface by the UV- nitriding 1o processing accordi.ng to the ninth

enbodi ment of ?heSN8§§§ﬁFeiH%gﬁFFSﬁPng@?é?%i?Cgoﬁgéﬁgaﬁpsﬁoﬁﬁﬁﬁngn exanpl e
of an optical soueaB®odimcntb3h and 88Bsane dngendTenshowi ng the 15

t hi ckness distribution of an oxynitride film obtained according to a

substrate processing proces§I&€c@Pdi Agd ¢98 past HiagpedisnErerertiNelyr esent
I nvention; FlGS-G%ﬁo%@ﬁﬁG%ﬁea% i%ﬂ&%ﬂ%ﬁ%goﬂkﬁgtﬂ% Ngkgégeﬁypply sequence

. 1
according to an elevent o enbodi ment of the present invention; FIGS. 70A
and 70B are di agr asncehawangonheént hhekféds dbramnoxyyntitirdeef ifidmf or ned by

concant rati on t ner SPRe0 BYrFAS. PLACSSF1 Pl ot AdfaRb ishating the o
fabrication process of a semircgndoat ahddeviscaraccobaichgri@ ahbwehbt Rhe
enbodi nent of the present _ ,
substrate processing method according to a
comparative example of the second embodiment of the
present invention;

15 FIGS.31A and 31B are diagrams respectively
showing the film thickness and the nitrogen
concentration in the film for an oxynitride film
formed by the process of FIGS.30A and 30B;

FIG.32 is a flowchart showing a substrate

20 processing method according to a third embodiment of
the present invention;

FIGS.33A and 33B are diagrams showing the
thickness of the oxynitride film formed according to
the substrate processing method of the third

25 embodiment and the thickness of the oxynitride film
formed according to a comparative example;

FIG.34 is a diagram showing a potential
curve of an NO molecule for various excitation states
thereof;

30 FIG.35 is a flowchart showing the RF
nitridation process of a UV-NO oxide film;

FIG.36 is a diagram showing the

distribution of nitrogen atoms in an oxynitride film



invention; FIG 72 is a diagramshowing a preferred 30 condition of RF- Na
processing according to the first enbodi nenf_ of the present invention;

FIG 73 is a diagram showi ng the rel ati onshi lpetween the process condition
and film - 25 thickness distribution in the sixth enbodi nent of the
present invention; FIGS.74A and 74B are di agrans respectively show ng an
XPS spectrumof a silicon oxide filmand 5 the rel ationship between the

chem cal shift of obhaiXRE BReeheUmrareésishe ff iFirm. t38i;ckness; and FIG 75 is a
di agram show ng the result of neasurenent of filmthickness variation

conducted by an inproved el FilgSoRedy ¢neh 3dB S¥gnidiecdems Sshkordigedn10 on a
waf er of 200nm di [ Dy = r.ac I B E l.MPLLENENTI NG
%g%hE&§CéFNg%fF¥ﬁygﬁgog &33tR90 %%Er%@@ﬁ a@gms 15 Mﬁ

THE | NVENTI ON [ FI shows the general” construction of a
15 substrate procesynigrappeardflms 20 according to a first enbodi nent of the
present inventjion for fornig& tgg thin hase oxide film,2 on.the silicon
substrate 1 of°FIG 1 toget h&rGui*fh 1thé ﬁFPPi&ép#FHHﬁ?ﬂ.tﬁngFPkﬁﬁmto
FIG 3, the substrahenla pnesesT-rgpappRabatts t20 pirdckydesqga spis@eassisng

vessel 21 accommodating therein a stage 22 equi pped with a heater 22A such

that the stage 22CPESHEVEBLEE P¥r USdREl Fhe SHPSH L2 thr BEESSSHAETt i on and a

substrate Ioad/unl3?grgQ%gtbanIEhg.stage 22 is rotated by a 25 drive

mechani sm 22C, ang he processi ng vessel 21 defines a process space 21B

therein together with the sfad§gé -222A @nd BABerrsudiiageaots shewpngcadsi ng

vessel 21 is i verengkth an_inner and the
2 S

i nner |iner 5388 EgglfﬁeOne?akhggkgéﬁggﬁ%n%F%%%E% e?hg%gﬁﬁgﬁpgte to
be processed to thgphevtusobctoxdibiyatons/ cafthr ehdssimehtir bifethet here is
Prgglded a nagnetb%ezggk %%V%%tag%;connectlng part of the stage 22 and the
FIGS.40A and 40B are diagrams showing
oxidation processing of a substrate conducted by
15 using the substrate processing system of FIG.39;
FIGS.41A and 41B are diagrams showing
nitriding processing of a substrate conducted by
using the substrate processing system of FIG.39;
FIG.42 is a diagram showing the
20 construction of a semiconductor device according to a
sixth embodiment of the present invention;
FIG.43 is a flowchart showing the substrate
processing method according to the sixth embodiment;
FIG.44 is a diagram explaining the
25 thickness distribution of an initial oxide film used
in the sixth embodiment of the present invention;
FIGS.45A - 45C are diagrams showing the
thickness distribution of an oxynitride film formed
according to the sixth embodiment of the present
30 invention;
FIGS.46A - 46D are diagrams explaining the
kinetics of the oxynitride film formation process

according to the sixth embodiment of the present



drive nmechani sm 22C such that the nmagnetic seal 28 separates a magnetic
seal chanber 22B held in a vacuun1environnea% fromthe drive nechani sm 22C
formed in the atomi c environnent. Because t 5 magnetic seal 28 is a
liquid, the stage 22 is held so as to be able to rotate freely. In the
illustrated state, the stage 22 is held at the process position and there
is formed a | oad/ unl oad chanber 21C underneath the stage 22 for |10 | oading
and unl oadi ng the jswRsiciathe. The processing vessel 21 is connected to a
substrate transfer unit 27 via a gate valve 27A, and thus, the substrate W
is transported to the stageFéﬁsfﬁgﬁlrhé7§uB§@réPétPﬁénéﬂégréﬁﬁt 27 via the
gate valve 27A in t age 22 S I r o the

| oad/ unl oad chanbg%%%féﬁaégrﬁﬁgr?gkﬁgaggoggsggg gu%@?}ggg%wﬁgéh&ransferred
to the substrate tfoamaftdonupiroc2?sf aorotrkdengt dge th2. simthhemboldsmeate
processi ng app ratgs %Q of 20 FI G 3, Ehere is formed an evacuation port 21A
near the gate al 9& % oPrFﬁgnﬁrﬁggggiﬁﬁnVessel 21, and a turbo nol ecul ar
punp 23B is connected to theregaegat bad REBt a2bAdibgrahe “abwend3Anand an
APC (automatic pressure controller) 24B. The turbo 25 nol ecular punp 23B is
further connect edt&rISENHCPANEORRERSESE @y 2puRyifica falFalRe tR8C, and
space 21B can be =1t 3e3F i Al Q- - 105 a ni.cal b ter punp
t he pressure~insi§§9Fﬁ§}5980gégmagggagggféepﬁgéggSo?g%$%§1?813olgg§10 6
Torr) by driving shethuembog8dmepliteod| &heppmes23B andenlteodry punp 24. It
shoul d be not that the ev ti r,t A_is connected also to, the punp
24 directly v?g a val ve 24A%§§g'§§RAE dzﬁé% an gﬁﬁg?apﬁe5§93%38r5h8f -
27 the process spaeeriputéeduced hattbgeheuebmef ih. 33Paxin3dkPae( @10k - 10
Torr) by the punp 24 when the valve 24A is opened, The processing vessel 21
is provided with £°5mﬁpo€859r&é§gsGBpF?FnSlﬁ%?z?@b?meﬁPttﬁé §P8e opposite
to the evacuationppeckn2lAnaeh@ssnt Regeuhetr atienMhandiaRre¥%9¢BnIas i s
supplied to the process gas supplying nozzle 21D. The oxygen gas thus
supplied to the prs¥ess gasmsupplyPfagafeRrslie 21D is caused to io flowin

t he process space 21B al ong f t S e LS evacuat ed
fromthe evacggtion port Zlgﬁgshgg%dgﬁgtgbgc??&a?g§%hggpggé§ggmaas t hus
supplied fromthesppredesgstygasdsuppliibungonozfl ei2ibgehSathmssihstnat e
processi ng apparatus 20 of FI.G. 3 i.s _prqvided w.th an travi ol et optical
our ce. 25 haut no. BXIBAEES R oM SSRRGA. PRECHHOLEs Py seasarho1 |
correspondence toehBedifRgh@nockoeategdrbstneenntBatRbACES§c8A8rSWRBhY ARG
nozzl e 21D and the substrate W

distribution of oxygen atoms and Si atoms;

20 FIG.51 is a diagram showing the
construction ¢of a substrate processing apparatus
according to a seventh embodiment of the present
invention;

FIGS.52A - 52C are diagrams showing the

25 thickness distribution of an oxide film formed by

using the substrate processing apparatus of FIG.51;
FIG.53 is a diagram showing the

relationship between the processing time and film

thickness for an oxide film formed by the substrate

30 processing apparatus of FIG.51;

FIGS.54A - 54E are further diagrams showing
the thickness distribution of an oxide film formed by

the substrate processing apparatus of FIG.51;



20 Thus, by driving the ultraviolet source 25, the oxygen gas introduced in
to the process space 21B fromthe process ggg suppl ying nozzle 21D is
activated, there are fornmed oxygen radi cal s“and the oxygen radicals thus
formed are caused to flow along 25 the surface of the substrate W As a
result, it becomes possible to forma radical oxide filmon the surface of
the substrate Wwith a thickness of Inmor less, particularly with the

t hi ckness of about 0.4nm whirgl . %@mre8§@Edar@0fh&¢hbhl@Ka@&&m@fs%OWl%g
atomc 30 layers . Further, the processing vessel 21 is provided with a

renot e pIasna souﬁ@@ Ihigknens siigeribetdon ofpadi ceids fhdmedacusd &Y port
21A with = - fo T S U s L mswsmotfr genshadical s are
formed by supplylng a nitrogen gas to I asma sourcé 26 toget her
with an inert gas such as AFI&Sd SR a@ﬁlﬁaBlﬂgetuaagmhmsgehogasgthhs
supplied 5 wth pl The ni en. rad |.s thus, fqorned _are cause

fl ow al ong t he’ suF%&ggn St figS % F&P@ ﬁ& 85&? s%ﬁi F&&Pl@ﬁ Rl
substrate surfacea Bympatrheduel egagxygen into the remote plasm source 26
in place of nitrogen, 1t is _also _possible to oxidize 1o the substrate
surface. In the substrate pFé€esdi A§ ApfarHChiarto sBPVERG Shet pepseryre
provi ded a purge S gl u h I h 21C with
a nitrogen gas. F%?tﬁeF%%mﬁé?SB?Eh%r%%Fggﬁhagﬁﬁggghﬁrﬁ%%gfg ?Eb%hg pur gi ng
t he magnetic sealsubambemeZQBoweBhlagnappegemugagfaﬁdGaﬁlevaluatlon l'ine
22c of the quge gas. In no Gdgga @ﬁo ﬁ |net§20 .S C nnected
to a turbo nolecul ar punp 2 vglve Pﬁéngur 6 RﬁPSE Har punp
29B i s connected b@ 2etkleipuny 2ﬁeVb@tamwmlmel%QCenEu@@heE,ophecavacuation
line 22c is connected directly to the p 24 via a valve 29D. Wth this,

it becones p055|bPQ“FGenaPnFQFnsPﬁétﬁﬁﬁﬁe O EESA"EnaRParas®8 & vari ous
pressures. The | ogggushgad chanber 21C is evacuated by 25 the punp 24 via
the valve 24C or by the turbo nol ecul ar punp 23B via the val ve 23D.

Further, in order to avoid Edftafi A&t Rodipareme spevdags thpace 21B, the
Ioad/unload chanber I r ur n e space
21B, and the Eggngtlc ggcgégﬁ gﬁa%bgﬁhg?ggdecﬁaﬁddgyaggf3%?%5 ﬁ%wgﬁ
pressure than theahoadgtithoadboHambet 3fCthy areeedtctinkgndibherenti al
evacuati on process. Fbreina%;g the ul traviol et radical - 29 oxidation

process and the remote pl asf&Cr88i ¢8I 2nftrPEaM SHOBr88es8econduct ed
subsequently to tB@né%@h@%hoﬁXb@abl@muE&@Qe%§p@nshB@t%HEEaEQersEmﬁ
substrate Wby using the substrate processing 5 apparatus 20 of FIG3 w |
be expl ai ned. ULTRRVEtEMERSRADLCALheXPDARE gql@EPtPRCCESSING FI GS. 4A and
4B are di agragg show ng theF&édEQahsoé'Q%Eb@gmp%QQGEEtQEmﬁﬁﬁnéuQﬁ%rate W by
using lo the substrate processing apparatus 20 G 3 respecCtively in a
side view and a pbapcesechRdﬂetupnguseanGLnAe amgbxygmhogamens suppl i ed
to the process space 12B fr h r S as su zl e 21 and t he
oxygen gas thus 15 supplledggggégagug 8 %29 Egoéf §ﬁ§lpﬁe dur f ace
of the substrate %hlmkaebbedevaeuaﬁtmanpOEtaBleléBCf23D fbumba snal ecul ar
punp 23B and the pu using t he turbo nol ecul ar punp.23B and the APC
e

23D, the base press&FEOPnsPﬁétﬁﬁﬁ §8rshhEeC3%8 F9928xsg? FblPhéSIevel of 1

x 10-3 - 10-6;d0r kupwBkeRal 2ongedednboprbBesexhgakieBraingheosubathahe by
oxygen radicals. Sinmultaneously to this, the ulfraviolet Source 25,

preferably the on@mbﬁé@mpﬁﬁdeéeshQSPHPF?aV|épéﬁnﬁaﬁnatlon of 172nm
wavel ength, is activated, anggxgggnaﬁadbgglgrgrglggggﬁg gﬂ &Qggoéx en gas

flow thus fornmed. The oxygen radicals thus forne Use oxi dat i
substrat e surfacethsckheysadéstaiubetiito bfoanabmmglthedeofatmngosubberate
30 W Thus, as a resul strate W

f the. oxi i f h
ul travi ol et -act i vit&d %9598%Y5é§?%§?§%??%?éﬁrgarP88h8PeFnsPFggcésgﬂv?cz

processing), s vesylibbhA exbgerbtbkmibhavtflyaby the UV-NO processing;
FIGS.64A and 64B are diagrams showing the
kinetics of oxynitride film formation on a silicon

substrate surface hy the UV-NO processing according



- 30 thickness of Inmor less, particularly the thickness of about 0.4nm
corresponding to the thickness of 2 3 atoa}g | ayers, is formed on a
surface of a silicon substrate stably and” h”excel l ent reproducibility. 5
FI G 4B shows the construction of FIG4A in a plan view Referring to

FIG 4B, it can be seen that the ultraviolet source 25 is a tubular |ight
source extending in the direction crossing the direction of 1o the oxygen

gas flow. Further to ttheamnikehseabodiaientth® ff Whizo prelsecit! anhvieurp o238
evacuates the process space 21B via the evacuation port 21A. Further, it
shoul d be noted that the evddG&t-i®6R gach b Fesitgndgdhier Ai@daBmsy a dott ed

| ine and extendin e Loy f | h i : . np 24,
is closed by cIos%ﬁ%h?%gt&éﬁvgqgfkgcks%ggﬁaggﬁggggefggéff#@rgggﬁggi%% of
FI G 4B, the turboansliddgloar spspr23B issrfeoe ted the HV-VO0r angerdeingso as to
extend laterally fromthe 20 _processing vessel .. ereby,..the turb

nol ecul ar punpg23§r35855§§PUPF§° @&P&S Oh% §uB§P}§t§m%%gﬁ§F§F Bﬁigh§7.
FIG 5 shows the relralsiatshiinpehetivaen the filmthickness and oxidation tinme
for the case a 25 silicon oxide filmis forned on a surface of a silicon
substrate in the process of FECEsOSA 3Rd £BBo¢rEsitngthse sdBsteate

processing appar atgysARq0fnEl BideRY o3l BRyhie rIuRs i ake fhemmeiahubs at
450C and changing the ultraviolet radiati on"power and the 30 oxygen gas
flow rate or oxygenspgddrcioal spbessate varifegs py Ithet ¥ -8Qpeditméntingf FI G 5,

|t should be noted thal.any natiyeax de fhlmon bhe siligon substrat e
surface is refbved prior tg £176° radical 230X qareon process. Fn sone
cases, the substr gtressurf daeensiphanari zed by renoving residual carbon from

the substrate surface by usin% ni_itrogen radicals_excited by ultravial et
radi ation, followed by a hi §AC5°/edfefafdPETaRNERCHAGIpAEcEXEMPIRdAEt ed at
about 950C in an An apRiierl. sARre¥Gi ner |anp having a wavel ength of 172nm

is used for the ultravi ol et source 24B.
FIGS.68A and 68B are diagrams showing the

15 thickness distribution of an oxynitride film obtained
according to a substrate processing process according
to a tenth embodiment of the present invention;

FIGS.69A and 69B are diagrams showing an NO
gas supply sequence according to an eleventh

20 embodiment of the present invention;

FIGS.70A and 70B are diagrams showing the
thickness of an oxynitride film formed by using the
NO gas supplying sequence of FIGS.69A and 69B and a
nitrogen concentration therein;

25 FIGS.71A - 71E are diagrams showing the
fabrication process of a semiconductor device
according to a twelfth embodiment of the present
invention;

FIG.72 is a diagram showing a preferred

30 condition of RF-N; processing according to the first
embodiment of the present invention;

FIG.73 is a diagram showing the

relationship between the process condition and film



Referring to FIG S, the data of Series 1 10 represents the relationship

bet ween the oxidation tinme and oxide fiIn1tP%ckness for the case the
ultraviolet radiation power is set to 5% of ref erence power (50nWcne) at
the wi ndow surface of the ultraviolet radiation source 24B and t he process
15 pressure is set to 665nmPa (5 mforr) and further the oxygen gas flow rate
is set to 30SCCM On the other hand, the data of Series 2 represents the
rel ationshi p bet ween ckhesexidatiraputiisn and el dexfinl Bnbbiagkeass ofornkhe
case the ultraviolet radiation 20 power is set to zero, the process
pressure is set t®TEISPE CLVESEPNEnd the oxygen gas flowrate is set to
3SLM The data of Series 3 e t h el,at.i anshi e h

oxi dation tinme and oxide 25%$?Fﬁﬁgﬁi%Eﬁegé%fg?%t%gg ggggtkggggf%égféyet

radi ati on power i shostingoaneX®S sbecprogess pr esdurcen sxsde ttald. 66Ba (20
mlorr) and the_oxygen s, ftlowrate is set to 150S il.e the data of
Series 4 repre%en%getﬁg%PEFSPFBﬁ?hEﬁtggfﬁeéhetﬁgeE%Fagt%gﬁfgiﬁg 5&8 oxi de
30 filmthicknessxbgr sphet¢ameahle thket Favmokal ckadisat;i @adpower is set to
100% of the reference power, the process pressure is set to 2.66Pa (20
mforr) and further the oxyg&ACGgds fFod FAPErRE §BPVEHIILDSCLRBULL- 032 The
data of Series S kgALEsenbh+l B Fehal kARShhsacLueen By axhdation bime and
oxide filmthickness for the case the ultraviolet radiation power is set to
20% of the referenveippweredt hé15pproessy pressupdyngtsétiet 6i2m6EPamed0
mlorr) and the oxygen gas flo e isg.set.to 150 g{m@{__'le t he data of
Series 6 reprg%en g thaESFaP%%%§h98 é?%ggﬁrtkg gx?d FY@ PrRe°8Ra"dxi de
filmthickness for the case the ultraviolet radiation power is set to 20%
of 1o the reference powe the process pressure is set to about 67Pa (0.5
Torr) and further BERE MQDESEOB,IMPLENENIING, JHEINVENEIER) M Further, the
data of Series 7 nepRreserMiobhgEkehati onship between the oxidation tinme and
oxide 15 filmthickness for the case the ultraviolet radiation power is set
to 20% of the reference powEEG.Bhehprecébs prassalecpssssuctdoBssPaa(5s
Torr) and the,oxy I [ ‘| L I : tg of Series
8 represents %ﬁe ggpgg?%ﬁ%hggbﬁg%§ég§ ?ﬁéa%gtégizgt%gﬁgﬁgégsagg %xide film
t hi ckness for thefdase ehbodlitneati ofethragiraseon powentisnsébrt 6obidaty t he
reference power, e Qcess pressyre_i.s set to,2.66Pa. (20 nilorr nd_t he
oxygen gas fIOM/rgps E 18ePf ?ééé@CﬁFEQSSIﬁntﬁéeeinF%ﬁEnFugﬁt%F%FS} t he
thi ckness of the gxideclil foystabtavied byeaBxxyRSranakysism bA.vi ew of the
fact that there is no standard process of obtaining the thickness of such
an extrenely thin oxide fil ReR8¥ragJatri Fhft Bi ckR8ssupessatBan Inm 30 In
viewof the sifuabkgReggisg aBpueathic2bNyABLANCE! o! BeoPLESERL L BYEALI ON

obtained a fil mthickness an oxide filmby first obtaining a S12p3~z

XPS spectrum showdli acEb@nddbgingpkhiengint 8 ahage- 233equbppedeniXPSa

spectrum of Size orhital own i n, Fl a_backgrgound correction and

separ at i on CorreCBFS%efogﬁk such tﬁagi@he sQage 59 is movagfe
vertically between a process position and a substrate

r
D

load/unload position. The stage 22 is rotated by a
25 drive mechanism 22C, and the processing vessel 21
defines a process space 21B therein together with the
stage 22. The inner surface of the processing vessel
21 is covered with an inner liner 21G of a quartz
glass, and the inner liner 21G suppresses the metal
300 contamination of the substrate to be processed to the
level of 1 x 10YY%toms/cm® or less.
Further, there is provided a magnetic seal

28 at the connecting part of the stage 22 and the



separating the 3/2 spin state and the 1/2 spin state, and then obtaining
the filmthickness d fromthe 5 Sl pp3~2 XPS spectrum thus obtai ned by using
Equation (1) and associ ated coefficients be?émraccording to the teachi ng of
Lu et al (Z H Lu, et al., Appl. Phys. Lett. 71(1997), pp.2764), d=~sina ~
In[I"+/ (~3lo+)+lj (1) 10 ~.=2.96 a=0.75 In Eq. (1), it should be noted that
a represents the detection angle of the XPS spectrumof FIG6 and is set to

30 in the illustrahadeex@iBlagisko 2bdr heh that itheEmaghktierkeagntg an
integral spectrumintensity (I|1++lz++l3++l 4+) of the oxide film and
corresponds to theepeaktelsseér vednietiché cedechpmbegi 33Bohel@2in 204eV of
FIG7. O the o her fiandeol s ortesponds taqthe, LAl caral sagebbal peak 20
intensity correspon&ing t'0o fhe ‘energy region around G6¢é . Whéfein this
spectral peak is caumed by the aitbmieneawhsohaleat . Rekeanisegthe FI G S again,

it will be noted that the oxide filmthickness increases gradually 25 from
the initial th?ckﬁ@§§e5ﬂccﬁﬁﬁaﬁ@ﬁ e 2ot @8t on thems thge ﬁeléagéXFhéo

ul traviol et radi atisORopewerp1aNEcheREa thher@eygen radi cal density formed by
the ultraviolet radiation, is set small (Series 1, 2, 3, and 8). In the

case of Series 4, 5, 6 and 7n ithewhildWs3gaitie giteitgvi shet stadrallodspower
Is set to 20%or phne qf the gg%%%%@cﬁogg b .%RdﬁQﬁﬁ?%h§r @%Qﬁ gl§ can be
&' aft er the

seen that there appears a sl owdown of “oxi m gro Sstart of
t he growm h and whéwmatli@anload34haobede 2flCl mnkasneeabhedeasthigekr@ssoaf about

0.4nm as represented j.n FIG 8. The gro of the oxide filmis restarted
only after a &%rt;PﬁdﬁpﬁeaﬁgsuBlQBQngw%EFhéungﬁGSﬁn ELStBFoge?ﬁéng
relationship of Fh@sBedr 28 HBaBSnhbatetihebeal Sudspeagkbitrbhy el L5kl ng an
extrenely thin oxide filmof the thickness of about 0.4nm stably in the

oxi dation process?df Va3sp| FesR ¥ab¥er &8 sarfatBusruithReplbekEaLCH LRat
the sl owdown Stat%r%ﬂgggQE?ﬁ 10 tRe §QgﬁgtEﬁef§§mr%ﬂﬁe§93%?gﬁkg FIG S

i ndi cates that the oxi m t hus forne as a uniformt ness. Thus,
according to the presefieri nuemt Rdnyviet the pessi bhéveo2dr Amanhexstdetei | m

hi cknegs. I C5, OX"aNdSOBIEc REmREPCRPRY GBHCErS Ehe HanReFoshoRrde 111 m
formation on suchcaambkirconcsubstrake, khet bedeedsavi BEBstirhtehaukd be
noted that the structure formed on a (100) silicon substrate is 20 very
nuch sinplified. transferred to the substrate transfer unit 27 from
the stage 22.
In the substrate processing apparatus 2Q of
20 FIG.3, there is formed an evacuation port 21A near
the gate valve 27 of the processing vessel 21, and a
turbo molecular pump 23B is connected to the
evacuation port 21A via the valve 23A and an APC
(automatic pressure controller) 24B. The turbo
25 molecular pump 23B is further connected to a pump 24
formed of a dry pump and a mechanical booster pump
via a valve 23C, and the pressure -inside the process
space 21B can be reduced to the level of 1.33 x 107}
-~ 1.33 x 107*Pa (107 - 107° Torr) by driving the turbo
30 molecular pump 23B and the dry pump 24.
It should be noted that the evacuation port
21A is connected alsc to the pump 24 directly via a

valve 242 and an APC 24B, and thus, the pressure of



Referring to FIG9A, it can be seen that two oxygen atons are bonded to a
single silicon atomat the surface of the silicon substrate, and thus,
there is fornmed a single oxygen atom c Ia?e?? Tn this 25 representative
state, each silicon atomon the substrate surface are coordinated by two
silicon atons inside the substrate and two oxygen atons at the substrate
surface, and there is forned a sub oxide. 30 In the state of FIG 9B, on the

ot her hand, each siHd ¢ cals@Msplaceha supReruBest tearheofleiiee sifl 1GERPa -
substrate is coordinated with four oxygen atons and takes the stable state
of Si4+ It is -1-35kP3el(i0ePddt R ToRird by (the PeaPor 4t WEesxitdst i on

proceeds fast in t f. E and sl ows down when the state of
S 2,25 S

FI G 9B has appeare icknéss of the oxide filmfor the state of
FIG 9B is about 5 0.4nm whiThe plrcsesaling ivesiselg@dd iagpeensatedmiittht he

ide fil t hi ck b d f th | owd te i FIGS5. | t he XPS
Spectrum of Fl & 7 PEOCeSRoGPG SEPRIYAES RRE 2fe AWaR bl SBSET OBHORH tehe

energy range 10 oftcl@he el@4eMtioh poetcala bheods adaef isuBsthiatkngss is 0.1
or 0.2nm corresponds to the sub-oxide of FILG 9A. On_the other hand, the

peak appearing in3K $reRENGFTr Jige 1FoPUPRE 1685 &0t RECORTAEERi GRess has
exceeded 0.3nmis sﬂlg)?)‘i?@hgaiol%ez'l'%g 2Gaused by Jidh aad Jcﬁu'sng!uﬁﬁfl'i'éﬂ khe

formati on of an oxide film exceeding the thickness of 1 atom Cc’| ayer.

FI G 74A shows a r &heXp3osgest gam clupglyiinigc v zeliede 1Di lim toused ¢ a
silicon substrate and a_chenical shift _caus in,the XPS spectrum while 20
F1 G 748 showsf he TR8MaroNER B EBSEREe RS ZPE AP ek BUCE oG Pie
silicon oxide fil mhel Bublshenteomwdanthe sf iehvBichitelin€ssmobhai redchytiba XPS
anal ysis and the chem cal shift of FIG 74A. Referring to FIGS. 74A and 74B,
it can be 25 seenPOFit 2lhRe magni tude of the chem cal shift increases with

increasing XPS filmthicknesgs, oMkle thbt acanvakao the peerekBaakhenghem cal
shift reaches the value of 4eV, which is inherent to a silicon oxide film
when the XPS fil mstppdkeds $rivals theapege36 oRé vabpéd ybagwaes zde3daPand

0.4nm Furthegs it pis ke tRab HReLs 1 ABPERLA ALY 3b! 8% kRt Re ghem cal

provided with an ultraviolet optical source 25 having
a quartz window 25A on the processing vessel 21 in
correspondence to the region located between the
process gas supplying nozzle 21D and the substrate W.

20 Thus, by driving the ultraviolet source 25, the
oxygen gas introduced in to the process space 21B
from the process gas supplying nozzle 21D is
activated, there are formed oxygen radicals and the
oxygen radicals thus formed are caused to flow along

25 the surface of the substrate W. As a result, it
becomes possible to form a radical oxide film on the
surface of the substrate W with a thickness of 1lnm or
less, particularly with the thickness of about 0.4nm,
which corresponds to the thickness of 2 - 3 atomic

30 layers.

Further, the processing vessel 21 1is

provided with a remote plasma source 26 at the side

thereof opposite to the evacuation port 21A with



shift at the point when the XPS fil mthickness has reached the val ue

bet ween 0. 3nm and 0.4nm As - 36 explainﬁ before, the thickness of such
an extrenely thin oxide filmmy change whef®the measurenment apparatus is
changed or when the value of the constants ~. and (3 used in the equation

(1) noted 5 before is changed. In view of this, it is also possible to
define the 0.4nmthickness expl ained heretofore in the present invention as

bei ng the m ni numglspadawtof ith tshibglrese Gt.henfus, Mntikirokees s aidi cahisch the
sl owdown of filmgrowh is observed) 10 that provides the chem cal shift of
about 4eV for the 288 dorrmedmbYS§iRra YdPewdoRrt t6OIER @é sf itiomtieowemode t he

oxi dat] on process PAYETEl ned e B Pt anca o b1 CRIA a4 28 Rarher
thif phenoinon m@u1dgﬁebg?afmieataMSOFm@ aﬁ¢ﬂﬁ?e@egbﬁgmh?§[muppﬁgﬁancEss
as long as i S ca of form ng.extrene hi_n oxide ns Wi ig
preci si on. By %onﬁ? i 1 aFW@'o;géa%ﬁ%ﬁoﬁfgc G h&hufofkfgﬁptﬁéestate of
FI G 9B, the thickressed tbh&lew deohg mhst dukrFake bFCHESEudgairateFWG 10
shows the rel ationship between a thernal-oxi de equival ent thickness Teq and

| eakage current |§nForadsegnratédadiricdr &hien sHbistRage25uZLscex Bl m
having a i ckness 0k o A1MARYAR-OLGE A8 LhBial g16apIedoaRcan g o

filmformed by the UV-Oz oxi"dation process of FIGS. 4 reference
shoul d be nmade to iRl GlatB ©d béterpeainéd HLst @lpobpogsiibdet e subdtrzat e

processi ng appar atus qf Flg:%. .t should be noted that the | eakage
current charag?erﬁgfiggbggrﬁF Brgﬁgeﬁeasured in the state a voltage of

Vfb-0.8V is applied across the takesubedeatiel mraaesshagsiabbaeatagbgr afe,

wherein Vibis a FIb.%? there is provided a purge gas line 21lc for

purging the load/unload chamber 21C with a nitrogen

gas. Further, there is provided a purge line 22b for

15 purging the magnetic seal chamber 22B with a nitrogen
gas and an evaluation line 22c of the purge gas.

In more detail, the evacuation line 22c¢ is
connected to a turbo molecular pump 29B via a valve
297, and the turbo molecular pump 29B is connected to

20 the pump 24 via a valve 29C. Further, the evacuation
line 22c is connected directly to the pump 24 via a
valve 29D. With this, it becomes possible to maintain
the magnetic seal chamber 22B at various pressures.

The load/unload chamber 21C is evacuated by

25 the pump 24 via the valve 24C or by the turbo
molecular pump 23B via the valve 23D. Further, in
order to avoid contamination in the process space 21B,
the load/unload chamber 21C is held at a lower
pressure than the process space 21B, and the magnetic

30 seal chamber 21B is held at a further lower pressure
than the load/unload chamber 21C by a conducting
differential evacuation process.

Hereinafter, the ultraviolet radical



fl at-band voltage used for the reference. For the sake of conparison
FI G 10 al so shows the | eakage current characteristics of a thernmal oxide
film Further, the illustrated equival ent"th?ckness is for 5 the structure
including both the oxide filmand the ZrSiOx film Referring to FIG 10, it
can be seen that the | eakage current density exceeds the | eakage current
density of the thernmal oxide filmin the case 10 the oxide filmis omtted
and hence the fil mudiliagkRess Bfelshe 04 4o idefoits GIMsmEUREREa1it can be
seen that the thermal -oxide filmequival ent thickness Teq al so takes a
| arge val ue of aboudttdidamionComocgsy condhicded subseavenddan tohahet he i s
t her mal - oxi de equi val.ent I, rt decr en,t he
t hi ckness of the 5%% %ﬁ i%%ﬁ%éqﬁﬁﬁr %gggggrgﬁl%ﬁﬁlf&r%%%%ngglﬁhguch a
state, the oxide fsiulb@itira tiente byosed netrheen uble raitlel pavcedlihyat e and t he
ZrSiOx film and thus, there should 29 be _caused an increase of physical
t hi ckness. The5ob§@P9§6tHéc§8a§§ EFGt%ewé&ﬁiP§I@ﬁplﬁﬁpéﬁness Teq i s
therefore contrary to this increase of physical thickness. This observation
suggests the situation that, in the case the ZrSiOx filmis fornmed directly
25 on the siliconUdfRAVAHET RABIEAGC OXIDADIONNUVeOd] f PRACHBIHSERG Zr i nt o
the silicon substrate or Si &R0 ,th r i fil pr. nted. in FI G 11A,
| eading to formation of a tﬁfgﬁ'fﬁtgPéagg gfegqégiﬁggnsﬁégléglﬁggn
substrate and t he radSic@ bixlinatBpni precpssi bd 3bet Babexirdeef Wl byolis@ngnm
t hi ckness as repr%ﬁenteg in FIG 11B, it is belieyed éBat thg formati on of
such an interflce P&y EPPPET L PEPTELY 1BTpAPRELEE  Snd 't RE B&6raase of the
equi val ent film thiegkBessvesyaghi avedde vid® add a pesul LieWth this, the
| eakage current is reduced wth increasing thickness of the oxide film It
shoul d be noted that FIGS. 1RREGKELIRIBLONEWS - 4PscRBNRKYTCEr §8§- 46cti on of
t he speci nen thus 5¢an h t I I kde film
42 is formed on asggpgggﬁ g%b???agggﬁ%ggnﬁbgu%r%?%KE?PWgFgg BQOQégg

gas supplying nozzle 21D and the oxygen gas thus

15 supplied is evacuated, after flowing along the
surface of the substrate W, via the evacuation port
21A, APC 23D, turbo molecular pump 23B and the pump
24, By using the turbo molecular pump 23B and the APC
23D, the base pressure in the process space 21B is

20 set to the level of 1 x 107 - 107° Torr, which is
needed for the oxidation of the substrate by oxygen
radicals.

Simultaneously to this, the ultraviolet
source 25, preferably the one that produces

25 ultraviolet radiation of 172nm wavelength, is
activated, and oxygen radicals are formed in the
oxygen gas flow thus formed. The oxygen radicals thus
formed cause oxidation of the substrate surface as
they are caused to flow along the rotating substrate

30 W. Thus, as a result of the oxidation of the
substrate W by the ultraviolet—activated oxygen
radicals {referred to hereinafter as UV-0O;

processing), a very thin oxide film having a



is formed on the oxide film42. Wien the thickness of the oxide film has
exceeded 0.4nm on the other hand, the value of the 1o thermal-oxide
equi val ent thickness starts to increase aga?% In this region in which the
t hi ckness of the oxide filmhas exceeded 0.4nm it can be seen that the
val ue of the | eakage current is decreased with increase of the thickness,
suggesting that the 15 increase of the equivalent thickness is caused as a

result of increasen@bxhBespbysieal othiekpespaetitheaexiydenti kR cXhuss it
can be seen that the oxide filmthickness of about 0.4nm in which there is
caused 20 sl owdowAfoRPERIEDE - APIMNFYESRERCRS 1BBsEPYERS] RhEFENSSScOEr ésponds

to the m ni num of 5t i thickpessqobnt BesSy r e
oxi de film and hiahgﬁ %?glggkg?% fFFnl angd %atgt 2 gggghégoﬁeg ESFQ
el ement such as Zsubatcatbes$abﬂgoandubsthabecé5lbatetépcbduehylbhogked by

the stabl ide film sh G th b that  th
ei oot “of bl ocking the. mot aF B AReAFORP FOSi GROPE THGE LeRNGRCEAC 18 1h

significantly eveg gn thewt hi ckness of the oxide filmis increased
further. 30 It should be noted that the value of the |eakage current for
the case of using the oxi deREEPEFéRIt ke FoFe§BingtocannPenFERAeEB]S

smal l er than the EE@kﬂggrSUEBQQE QEuﬂthQBWEE 9X£qsuiakﬂnhaxtngoarce 39

correspondi ng thi ckness by the order . Thus, by using an 1 nsulation
fil mhaving such axsendcngrenf@hetdergateonnsubasnog thendofeatMds of

transi stor, i# beg nes 055|ble % mnEm

h I k
a result of sfowd 9ﬁ8 SX|de |In1gro§f% ¢ ate ?c%n%gsgé?%nkﬂﬁ

expl ained with reE&EBBCﬁolécEl€t5mepFEGB8evhb&éee§CﬁHéSpaoﬁbgﬁdﬁwﬂce
21B via the evacuation port 21A. Further, it should
be noted that the evacuation path, designated in
FIG.4B by a dotted line and extending directly from
15 the evacuation port 21A to the pump 24, is closed by
closing the wvalve 24A.

As can be seen from the plan view of FIG.4B,
the turbo molecular pump 23B is provided in an
arrangement so as to extend laterally from the

20 processing vessel. Thereby, the turbo molecular pump
23B successfully avoids the substrate transfer unit
27.

FIG.5 shows the relationship between the

film thickness and oxidation time for the case a

25 silicon oxide film is formed on a surface of a
silicon substrate in the process of FIGS.4A and 4B by
using the substrate processing apparatus 20 of FIG.3
by setting the substrate temperature at 450°C and
changing the ultravioclet radiation power and the

30 oxygen gas flow rate or oxygen partial pressure
variously. In the experiment of FIG.5, it should be
noted that any native oxide film on the silicon

substrate surface is removed prior to the radical



of filmthickness at the tinme of oxide filmgrowh at the thickness of
about 0.4nm as represented in 1o FIG 12B ev§£ in the case there exists a
change of filmthickness or undulation int Tnitial oxide film42 forned
on the silicon substrate 41. Thus, by continuing the oxide filmgrowth
during the slowdown period, it becones possible to obtain an extrenely 15
flat oxide film42 of uniformfilmthickness as represented in FIG 12C. As

expl ai ned bef ore, okheke ioh Peogeardard FoaRUCaResyetdhed sabskiramet hi ckness
for such an extrenely thin oxide filmat the noment. Thus, a 2o different

val ue may be obt aiSNéd &C6r 1h&1PNRMIERFC ReSEMON 1R ToRI g8 AT of
FI G 12C when a di fehefent, Magring eMLRed des o8 %@.-in'd?‘?ﬁ %gelaeeauiggq%i ! fr;]e

reason expl ained before, it Is determned th t he sl omdown of oxi

growt h occurs at ehkei2edt biyckicsavab lewo radamitd onay dod 1oWeds pyi & hdghhought
that the prefe ab%e t hi ckness of the oxide filn142djs a?pu tpp tomc

| ayers. It shotl d BEPREEEE EnEP RIS T BFEFESIPe CPRCERTESs 3t P38Es al so the
case in which theogofleididmn A2 amisiewes mn r&g e of 1 SnAtdd tnggaa | ayers in
a part thereof such that the thickness of two atomc |ayers is naintained
for the entirety #PVeRenGEdeLs il/dnmeisTHESd ifoTi $heonditaaddotRAt t he
preferabl e thickneggs@f bhg oxide film42 is inthe - 40 range of 2 - 3
atom c |layers. REMOTE PLASMA RADI CAL NI TRI DATI ON ( RF- NZ) PROCESSI NG FI G 13
shows the construction of aRedgpréng plafdt . .Soutdbe Zetased Sertthe dubstrate

[ FILG,. 3 [ 3 he r I
Cour oo 261 nelidos SRoBreRE 2bA, FETEat Py T aPed “Br =R TenGRLEA R Ch 5 gas

circul ati ng passagem26ands oikdadeorfiea thdekhesswifblr ahgasasel ehe26b and a
gas outlet 26¢ connunicatin% therewith. Further, there is formed a ferrite
I

core 26B on a par Bl&FVREIEF0ERASBALIORUPPHEF, 18hEFRE L8 5%09¢d€d a

fluorocarbon resi pegaakinBa 26de2N (E0RW/BRES SHI{REERiRiol NSuBASc Sof
circul ati ng passage 26a, gas inlet 26b and the gas outlet 26c, and pl asna

26C is forned in the gasreviedest ragipidsngeonsachy4Buppryithg mrocess

hi gh-f requency. ( [ 0 r Leul.ar he [ und the
ferrite core %%BBE%Sgsp?ﬁ #%eggécggagggﬁbgf(?hgkgf%%ngﬁ§6kfwﬁﬁ?gogé%

radi cal s and al soorytyeoggasi ddswaretkoigedeitntbh80g§asMci Paulthki nghpassage

26a, wherein the nitrog igns thus_fornmed,have a strong.tendency of
pr oceedi ng straigﬁ?ngnd%EFegﬁiﬁiﬁ%l&?§&eﬁsztﬁgyr§P8n§§ gp?culated al ong t he
circul ati ng passagel3dgaocagtiphpeg@aseauthet o26aaejioat $inkt hagebxiadi cal s Nz*

primarily. In the construction of FIG 13, charged particles such as,
nitrogen ions arefélMnithackaess £RE EBRsERGEt 6/ Ui trRBLP3ehy IpRéRFdPRg an

;gg {ther 2680 at phier92s 3Q+O0WLl krdbcchl LPE-8LA rebalirbhesi gaclkhter

133Pa (1 Torr) and the oxygen gas flow rate is set to
3SLM.
The data of Series 3 represents the

relationship between the oxidation time and oxide

25 film thickness for the case the ultraviolet radiation
power is set to zero, the process pressure 1is set to
2.66Pa (20 mTorr) and the oxygen gas flow rate is set
to 150SCCM, while the data of Series 4 represents the
relationship between the oxidation time and oxide

30 film thickness for the case the ultraviolet radiation
power is set to 100% of the reference power, the
process pressure is set to 2.66Pa (20 mTorr) and

further the oxygen gas flow rate is set to 150SCCM.



connected to the ground. Thereby, only the nitrogen radicals are supplied
to the process space 21B. Even in the case %ge ion filter 26e is not
grounded, the - 41 ion filter 26e functions as a diffusion plate and it
beconmes possible to elimnate charged particles such as nitrogen ions
sufficiently. In the case of conducting a process that requires a | arge
anmount of 5 Nz radicals, it is possible to elimnate the ion filter 26e so

as to prevent annihilation ahet Bathzofadie¢aks Gauspde¥ntel khei on at the
ion filter 26e. FI G 14A shows the rel ati onship between the nunber of ions
and the el ectron &RfeA§yONSHARIPEFYERE FBeréﬁéﬁétﬁpésﬁ&m§oéP€e°ZGd6f FI G 13

in conparison “‘t@&Hﬁet%%%%n%%s“%b?gtﬂesE%@@aEﬂephé%gﬁvﬁgﬁé%er%ﬂ?@%

FI G 14B and a standard m crowave plasna source shown in FI G 14C Re%errlng
to FIG 14A, ioni zabwem dof §5tn¢prégénOﬁnt@eukeﬁemgnbacpbWEaLedhen t he case
the plasma is gxcited by a_m crowave Que n nesy t here_ _are
formed a very Tar 5°§ﬁ8§nPrSFSHFFr65e%e ﬁs 4 %6?39%8 Pﬁg)pﬁggnﬁﬁ
excited by a hi ghokygeuegay ERby aamerlefséaokbtleosbems whilehehd0 ot her
hand, the nunber of the nitrogen _ions formed by the _plasma is reduced
significantly. |ndgke Ods&esfeisPngePRESRPGR- theqtenayipnsbiR, PekUrEN s a

tendency that thepkaggnq 6@abal REmkehakl ¥&hYel 2598 RhOBRAELAN L i ABS
having | arge 25 electron energy and that such ions may cause damagi ng in

the substrate. |Incese tbasudtgecevénlet FrGiaZiosnppherotheseliatd, 20keof

nitrogen | ons iaving Laecshangel eadenty oL, araceeding pEal gt ar ¢,

effectively annih as ci'rcu i 'ng passage a, “an oIt
beconmes possi bl e tbount 6Gaucd Ot BeThZr)y adndalfsarsekectheebyyhphoghbeflow
processi ng vessel. As noted abov FL GS. 14B and 14C show t he construction

of a standard hlgﬁaF?edﬁeﬁ€§ ﬁPagnﬁSLM'

Further, the data of Series 7 represents
the relationship between the oxidation time and oxide

15 film thickness for the case the ultraviolet radiation
power is set to 20% of the reference power, the
process pressure is set to 665Pa (5 Torr) and the
oxygen gas flow rate is set to 2SLM, while the data
of Series 8 represents the relationship between the

20 oxidation time and oxide film thickness for the case
the ultraviolet radiation power is set to 5% of the
reference power, the process pressure is set to
2.66Pa (20 mTorr) and the oxygen gas flow rate is set
to 150SCCM.

25 In the experiment of FIG.5, the thickness
of the oxide film is obtained by an XPS analysis, in
view of the fact that there is no standard process of
obtaining the thickness of such an extremely thin
oxide film having a film thickness less than 1lnm.

30 In view of the situation noted above, the
inventor of the present invention obtained a film
thickness d of an oxide film by first obtaining a

3/2

Sigp XPS spectrum shown in FIG.7 by applying, to an



- 42 source and a standard m crowave plasma source, respectively.
Referring to FIG 14B, a process gas is intrgguced into a plasma chanber 426
covered with a 5 quartz liner 426d froma gas inlet 426b provi ded above,
and plasma 426C is excited in the plasma chanber 426D by exciting the

pl asma gas by a high frequency power. The nitrogen ions and the nitrogen
radicals io forned with the plasma 426 are then introduced into a

processi ng chambebbeeviedestrelpwci-hampb®s 3R ,5 WHsiesa BNchdlAsITR mid rd dation
is conducted in the plasma chanber. In the plasma source of such a
construction, howdv®RCKIEOUSAdICPETEGILL oo aNEmseRrRE 1At COgERCiténs, fo3
which tend to pro raig l.et:el n i e.a:tr 6C is
provi ded. The san%gggfégﬁﬁgnQﬁglgzgg g%%i%t?ﬁg g@?eEEE ?22 ﬁ?&%o%gggéblasna
source of Fl G 14Can@nithedi bbéréndeg shehdti la whdcéwase ids fusadther exciting
20 the plasma._Thys, s/4 Js.difficult to renove the nitraogen _jons,, which
tend to proceed s#rlé? ght)é,p's% FERGHET SIS P HRGE iBY (e U2thodh i s
provi ded. Thus, byi1ysikna tReotadicedl coeuraeishewnbien okl Gct3drdang @8

di stribution shown in FIG 14A by a 25 dotted line is obtained, and it
becones possi bl e tHecERAGELNENOLdEHI etefdt dZpl HsnkUni €Ffi dat i oAPPLoecessi ng

wth nininun]annughygt igg@u b@(ggg7gqs§pp596gbgsna processing i s conducted
by using a m crowave, a high vacuum 30 enyi ronnent of 1.33 x 10 3 - 1.33 X
10-6 Pa (10-1 - 10Torr) is deddeth anhilhéIi Y ¢#& Oasld t he pl asndlprocessing
i s conducted Py using a hig@rlﬁeg ency plasma, it is possible to conduct
the process at a - 43 relattively high pressure of 13.3Pa - 1.33kPa (0.1
10 Torr) . Next, consideratifprowr$! be made on the plasma excitation
frequency and process pressure )
In Egq. (1), it should be noted that «
represents the detection angle of the XPS spectrum of
FIG.6 and is set to 30° in the illustrated example.
15 Further, I* in Eq.(l) represents an integral

spectrum intensity (IM™+1%+13*+1*) of the oxide film

and corresponds to the peak observed in the energy

region of 102 - 104eV of FIG.7. On the other hand,

IO+

corresponds to the integral spectral peak

20 intensity corresponding to the energy region around
100ev, wherein this spectral peak is caused by the
silicon substrate.

Referring to FIG.5 again, it will be noted

that the oxide film thickness increases gradually

25 from the initial thickness of Onm with the oxidation
time for the case the ultraviolet radiation power,
and hence the oxygen radical density formed by the
ultraviolet radiation, is set small (Series 1, 2, 3,
and 8). In the case of Series 4, 5, 6 and 7, in which

30 the ultraviolet radiation power is set to 20% or more
of the reference power, on the other hand, it c¢an be

seen that there appears a slowdown of oxide film

growth after the start of the growth and when the



5 suitable for the renote plasm processing. FIG 72 shows the relationship
bet ween the plasnma excitation frequency and ahe pressure interval in which
ignition of plasnma is possible. Referring_t% FTG 72, it can be seen that 1o
the pressure range allow ng plasnma ignition changes with the plasna
excitation frequency. In the case the plasma excitation frequency of

400kHz, the plasma ignition takes place in the pressure range of 1.33Pa -
1.33kPa (0.001 - 3&i%er rhiln Rakheeccased he thliakme sk5 ogxaibbati On shmeguency
is 2.45GHz, the plasma ignition takes place in the pressure range of
13.3mPa 1. 33kPa EEPresrdted i, GIGTErr Fhengrerttordi ddrarréAewtiiinpd smade
on the preferable pressueg. YHEN ARG PLOCRSS RHEITHEE HhS ke 384 9y, the
nitrogen radicals intro uceg i N the processing vessel woul Eause “di f f usi on
and there woul d appearnslawdownuisithg¢em nitridati on processing in which only
the marginal part of the sufhstrate, which.is |located close to the radica
source, undergdes 25 nitridgiﬁoﬁéﬁg&éﬁnﬁﬂlPhgfcggé'ghgrs b@FF&Fe%RF%s
rotated in the sukskfat espropessiipglappao®t E3ra@ngl ahl 6x3refbuy, thAanor der

to achieve a uniformnitridation processing in the substrate processing
apparatus 20 of FP&igepfidsi r§ the rodskeessdirdarPaytsuied s&aBLYFEE 13,

there is a need thak bagdBEQWhogrbE%sga@kcgl%i@qeoaesﬁaek&gkbegu&@a%%pe

extent. For this, It is necessary to control the process pressure in the
processi ng vessel Fartherhe thepfessutbagf theQslowdogn sTete €dn¥3Rgpsas

shown by a |i Adn ELG 72. s e re i.s ta_high.in.the
processi ng veggelf?%,Sgﬁbt%%mg?ﬁgrgggﬁgfgﬁﬁéan?%rgggﬁgréﬁgég ge%o&batbe
anni hil ated by catidiengxddll fslanthtiBusprinedShias neaessatry thiernkssl. the

process pressure in the processingoveﬁsel 21 to the value of 3 Torr (399Pa)
[

or less as represéhtéd BYCRTAHRE O BE RS e VeRbhsiderdt ~6n will be

made on the prefepghkeppasBarexm hat bRAGEr eduRNEYvihg thengagReke bhe
pl asma excitation frequency becones | ess than 4kHz shown by a line C, there

i s caused accel er abroi 8f 4nBnenapdsthécenapubesratpr vbtenphaerAi gh ener gy
i ons cause danagi o substrate. In the case the plasma excitation
frequency excggds@%§kggkgg'15 represented in FIG 72 by a line D, on the

ot her hand, it becones diffF&abt 9Roaocdné@Bcschermapliasihiypdepésssnghei t h

| arge flow rate. Thus, it _is_preferable to set the plasma excitation
frequency not excBBHPRS 5 BEMEE. T50™ ROSURRAPY, OFt SPEhpRefsiABPR to set
the process pressdupsapdteherhr egeeacyratihge,hatcbaduaneneohokk® tRat
defined by the lines A- Din the case a radical nitridation processing is

to be conducted byheh&tsusstrst ECpMEeessi fig (aPPar 8L4ECOD SRPELEBRAZE2ESWhI | e

using the radg&alVgggrﬁgchSQRpfhggggz In the present invention, a
frequency of about 400kHz is used as a representative frequency, while this

representation neans that tRefforégoi hg Fafig8Ai siknchoded. seant hbatange of
40kHz - 4Miz, subsfantiglly 39-h0€,38"BoREAIMBLPLOSERS 09,31 E6R! LEsd:
at the surface of the silicon substrate, and thus,
there is formed a single oxygen atomic layer. In this
25 representative state, each silicon atom on the
substrate surface are coordinated by two silicon
atoms inside the substrate and two oxygen atoms at
the substrate surface, and there is formed a sub-
oxide.
30 In the state of FIG.9B, on the other hand,
each silicon atom at the uppermost part of the
sllicon substrate is coordinated with four oxygen

atoms and takes the stable state of Si''. It is



Tabl e 1 bel ow conpares the ionization energy conversion efficiency,
pressure range capable of causing electric %scharge, pl asma power - 45
consunption and process gas flow rate between The case of exciting plasm
by a m crowave and the case of exciting plasma by a high-frequency (RF)
power. 5 Table 1 ionizationpressurepl asmaprocessenergyrangepower gas

fl owconver si oncausi ngconsunpti onrat eeffi ci encyel ectri cdi schar

an crowavel. 00x10peQ i bRedl tha®0@WE s- Os| Takr HAAS6eMri=a%84a@Q%H0 ~0.1-1 -
| OkWD. 1 -100Torrl OSLM Referring to Table 1, it can be seen that the

i oni zati on ener gy PEOREEFSI §ASEf incithficptRrser eduddd P apBuslewR down in the
case of the RF 10wﬁé&é%ﬁg BEQ?@ao%SFE%WBQr%QSWEEPF%gﬁgFC%hEOtb@%kﬁ@%ge.Of

about 1 x 10 z for t case of the m crowave ex asnma. Further, it
can be seen that oblietpeesside fange foaushrgstheéeebécFaiGe 98I Seshabgeti s about

0.1 - 100 Torr (1%. Pa - ﬁg 3k£§€ for . the.case 15 8{ the RF- Xci%gd | asmma,
while in the case of e RittFoRbve- &R¢ifedSprasH8°% AITFFRSRGr ¥1FANGES s
about 0.1 niorr - oilleT@film(tBidRaessl3bdkPard Asgoehat edowdblnt Bitsiet he

pl asma power consunption is increased in the case of the RF-excited plasma
as conpared with 28 FAE-8ase of the nicrowave-excited plasma and that the

process gas fiow rate for the eAsexel LpecREuR! 33TBrRr 9cess! afoheaomes much

| arger than the process gas ow rate for the case of the m crowave asna.
In the substrate pertedsshay dppawabkspehk28bERGV8d iin $heukdebgynotedet hat

the nitridati pr.ac i ng.qf, _t.he oxi fLlmis _caonducted. not, by nitrogen
i ons but by tgg nP?rggzn ré ﬁ8g|§°ﬁz$ggTﬁS§? FﬁeiSxﬁgéfg%éﬁléhﬁégPeFﬁe
nunber of the excited.l or46.2nmt cogepsponssi $oStippr eabesxadessdl | as
possible. This is_alsq preferable n the viewoint of mnimzing dapages
caused in the subggpagéx PR FE@ Qﬁbgfraﬁﬁdpra 8s§Pﬁ8 2pparatny gP FPE?S,

the nunber 5 of theee¥q radgBi FHegeRer adiseakpel sx3AB! knaBdnksshhghly
suitable for nitriding the éxtrenely thin base oxide filmformed underneath

t he hi gh-K di el ecericeegateOi-A50 461 Shopphin @it Reihe chulekAeby &f4onppd2 - 3
atom ¢ layerslskb&ﬁh@@gkgﬁg %thfgrﬁgkﬁgqagkogn oxide film exceeding
the thickness of 1 atomic layer.
FIG.74A shows a raw XPS spectrum of a
silicon oxide film formed on a silicon substrate and
a chemical shift caused in the XPS spectrum, while
20 FIG.74B shows the relationship between the XPS film
thickness of the silicon oxide film, in other words
the film thickness obtained by the XPS analysis and
the chemical shift of FIG.74A.
Referring to FIGS.74A and 74B, it can be
25 seen that the magnitude of the chemical shift
increases with increasing XPS film thickness, while
it can also be seen that the chemical shift reaches
the value of 4eV, which 1s inherent to a silicon
oxide film, when the XPS film thickness has reached
30 the value between 0.3nm and 0.4nm. Further, it is
noted that there appears saturation in the chemical
shift at the point when the XPS film thickness has

reached the value between 0.3nm and 0.4nm. As



10 processing of oxide filmconducted by the nitrogen radicals exited by
the high-frequency plasnma is called RF-NZ pg&fessing. As expl ai ned before,
it is possible to introduce the process gaswith large flowrate in the 15
substrate processing apparatus 20 of FIG 3 by using the renpote plasna

radi cal source 26 of FIG 13. Thus, in such an RF-NZ processing, it becones
possible to conduct a uniformnitridation processing such that a uniform
ni trogen concentrakbolidiedt bekdireOnthe 26 ickakiszed roButhe agubgtkahely
surface. In the case the process gas flowrate is increased, on the other
hand, the region khéheoxrhdenifidmdaayofheaRes WheacEhesmeppuredens t he area
near the central i he .s e th o] C e 25 . plasma source
26 and the evacua??gﬁrg%P% ;fAEg?BE?ELg% g%ﬁﬁrggg'&élkﬁeogaggeof using a
smal | process gascbhewanase A BEs,B bysedninothe nggtheipnockssngasdf | ow

rate, which represents the total of the Ar gas flow rate and.the nitrogen
gas flom;rate,?itﬁfgoﬁsséﬁbF a§8€3o i&jﬁéFW?ﬁZ &&ﬂgksﬁgnlﬁfaﬁﬁB relgiong

where the nitridapoesibeactbonettakes tpeace 4nm thecineest eap1hewaud t he
evacuation port 21A. Thus, by optim zing the foregoi ng extension and
rotating the subsheaeéofipre ingthej prggesiked N¥68SLB e afobrApLoFESt he

uniformty of the it e PAseAt Fab o K9 K sybgtr gt e sypkh n the
construction of FPG-%&QﬂtQ%E glsg EossigPe thggstﬁg %dnﬁgpnghg?ﬁgﬁggAr gas
to the nitrogen gas Shpcbvittessflhedewheoff &filpr gkorghngst bbskirvetl) me of the

nitrogen radicals. Thus, there is also a possibility that the adm xi of
the Ar gas is%@onFPFEUPFﬁﬁl SStﬁgeiﬁ§F868%§théfttﬁé FE9BFa%8Vu PFoFﬁgty in
the RF Nz processbrgdef fiha.present invention. 1o In the nitridation

processi ng that uses the m crowave Elasna, on the other hand, there is also
a possibility that an in-pl HERuRI POPHAPY cBipaKaRre ft-éMt HEOH D pRENEDE

uni formty achi eved;Bxnkle b6emot enpl a8MenBLEKdaki ABLPHRERSS T AGikeatbai ned
in the event the i5 nitridation processing can be achi eved under the
condi tion of |argéhga¥ViPowadieal R:GRIadBrORNRrAGBs S heXpheneddi i

G 0o 00 (B NERRLgREah ASC ARG Bl il RaSHER! 4 PLRESRHAY,
Referring to Fl GSwbGAdabe 36Bervba nésot énphagnmaxiddi €almsoutmat26ni S
supplied with an A4 933209 2,05'52950 935.209n0L £2980, 1 305°8Le 2hg, [or md
thin oxide films with high precision.
By continuing the oxidation process further
20 from the state of FIG.9B, the thickness of the oxide
film starts to increase again.
FIG.10 shows the relationship between a
thermal—-oxide equivalent thickness Teq and leakage
current Ig for a laminated structure in which a
25 ZrSiOx film having a thickness of 0.4nm and an
electrode film are formed on an oxide film formed by
the UV-0; oxidation process of FIGS.4A and 4B
(reference should be made to FIG.l1l1lB to be explained
later) by using the substrate processing apparatus of
30 FIG.3. It should be noted that the leakage current
characteristics of FIG.10 are measured in the state a

voltage of Vifb-0.8V is applied across the electrode

film and the silicon substrate, wherein Vfb is a



as a result of excitation of plasma with the high 25 frequency power of
several hundred kil ohertz frequency. The ni ﬁogen radi cals thus fornmed are
caused to flow along the surface of the substrate Wand are evacuated via

t he evacuation port 21A and the punp 24. As a result, the process space 21B
is held 30 at a process pressure in the range of 1.33Pa 1.33kPa (0.01 - 10
Torr) suitable for the radical nitridation of the substrate W

Particularly, userohtt-Banpr es3uhger akga ¢br6the rekd32Bacel. @8r the0 Torr)
- 48 is preferable. The nitrogen radicals thus fornmed cause nitridation in

the surface of théakebsfr goaPArasorhey L&rdOcadsed shevwrl sheallsagaghe surface
of the substrate @ﬁr@eh% EﬂﬁrBEE%EQQE&ggaggaﬁeiﬁe?%aﬁ'@§ié§Af§§ﬂ.l6B’ It

shoul d be noted that there I's conducte rging process 1 n advance to the
nitridati on procefFarhyeopenihrgilhestabies 28Aigaded3Ctandkakssi ng fhe val ve
24A. Thereby, the _pressure in the prqocess. space,10 21B is.reduced to the
Cevel of 1.33 % 1688 stugsuge; dReRhATREtoRRA By aiifeosdBn R Raber | n

t he process spacezirsipwr gedm.lN the nitridation processing that follows, on
t he other hand, the valves 23A and 23C are closed, and thus, the turbo 15
nol ecul ar punp 23B i s not i Ref@aa&EdNEntPhEIEyAfuatitof2paPR 6fePhéENBIocess

space 21B. Thus, byou3bagabhe caybshiabeneiagesstdqappatatus,adeol FIG 3,

it becones possible to rman extrenely thin oxi filmon t surface of
t he 20 substrate Wiameéntudeheitwi pfi dhegtheemadr baddeoff ifltheioxittle febkm t hus

formed. FIG 1 shows the nitrogen concentrati,o rofile in.an oxide film
for the case zﬁé 3§Fd8xﬁgﬁnfﬁépnéa 8ﬁl§%§9IP@gnﬂgﬁﬁgthFefﬁ§ma t her mal

oxi dation 25 processcwhkBsaoffhichknessdef f21fanasi snmubFeaetadrt oiancRhR- N2
processing in the substrate processing apparatus 20 of FI G 3 by using the

RF rempote plasma BSuPe€gn25haf FFG.I§eﬁﬂagfofﬁéécgﬁémtPSHiVéﬁﬁé ented in
Table 2. Further, {Rh&xhéBsshaysate kakaki @nsRirBe value of about 1.7nm.

Contrary to this, it can be seen that the
1s thermal-oxide equivalent thickness Teq starts to
decrease when the thickness of the oxide film is
increased from Onm to 0.4nm. In such a state, the
oxide film is interposed between the silicon
substrate and the ZrSiOx film, and thus, there should
20 be caused an increase of physical thickness. The
observed decrease of the equivalent thickness Teq is
therefore contrary to this increase of physical
thickness. This observation suggests the situation
that, in the case the ZrSiOx film is formed directly
25 on the silicon substrate, there occurs extensive
diffusion of Zr into the silicon substrate or Si into
the ZrSiOx film as represented in FIG.l1llA, leading to
formation of a thick interface layer between the
silicon substrate and the ZrSiOx film. By interposing
30 the oxide film of 0.4nm thickness as represented in
FIG.11B, it is believed that the formation of such an
interface layer is effectively suppressed and the

decrease of the equivalent film thickness is achieved



30 between the nitrogen concentration profile and the oxygen concentration
profile in the sane'oxide film Table 2 -.49 ~
nitrogenArpIasnapressuretenperaturefIomﬁlbm%%“érrateratenicromavelS

SCCM 120W8. 6niror r 500CRF wave50 SCCMRSLM2KkW Torr 700C Referring to Table 2,
the RF-NZ processing is conducted in the substrate processing apparatus 20
under the pressure of 1 Torr (133Pa) while supplying 5 nitrogen with a fl ow

rate of 50SCCM andsAn Wekilia.f v@wnr ahesof tASLMeawigeecirirbngheyl d be noted
that the internal pressure of the process space 21B is reduced once to the

| evel of about 10rgdvweef yitB3ircreaszpay Bafiekeesheoéorhene&idat féfim:he
nitridation to prgge h,.t.h y 0 t r i Ak Ag .| he process
space 21B is purggg %ﬁ???gig%tﬁ%Fgéegggge%gpgfﬁﬁé,ggﬁyﬂggsfh§g% gxygen in

t he process spaceszZhBmasidi cubed-wetiiiAn of mher egeriment kusi toirsdatli on
process (RF-NZ proc ss%, mhiﬁh i% conduct ed ah.tge 15 %Egssgti of _about 1
Torr. Thereby,? t h8"8oRB8HFr &PEoRTERCFEEFddHl VBT eAD QKdRehdd™ AE 15

t her modynami ¢ act iryirkitdobnt BeshestdHakuBXygaRe 43 MAHYaSARELoat rihg ukne of
the foregoing nitridation processing. In the case of the nitridation

processing 20 cond§cfedmsy PRethrcPsdfe fplBsAR, on the other hand, the
process pressure at the tinguaf EnghEgEEkﬁ@EESQFpE8898§iH§.9§Tﬁrﬁgky the

sanme as the purging pressure, an resi oxygen maintains a |arge

t her rodynam c act excegded Ohdnpl asmathrbpéher BRBnRef éhei mglthie BEGLhEA, it
can be seen tg?t %ge concentration, of ni%rﬁgen incorg raged into the oxide
filmis limted i B ERBEa8E PReCHIEYRASP ok prERESE Sar Sc5RJURFEGSEY t he
m crowave plasma agdihhatnn@hsgbskgibhabinnivhiclathenthakkaepbac€ khet he 30
oxide film In the case of the nitridation processing - 50 that uses the
RF-excited pl asmaC%sdpnfih® PasecsFepred 0.4nm, it can be seen that

the value of the leakage current is decreased with
increase of the thickness, suggesting that the

15 increase of the equivalent thickness is caused as a
result of increase of the physical thickness of the
oxide film.

Thus, it can be seen that the oxide film

thickness of about 0.4nm, in which there is caused

20 slowdown of oxide film growth as observed in FIG.S5,
corresponds to the minimum of the equivalent
thickness of the system formed of the oxide film and
high-K dielectric film, and that the diffusion of
metal element such as Zr into the silicon substrate

25 is effectively blocked by the stable oxide film shown
in FIG.9B. Further, it can be seen that the effect of
blocking the metal element diffusion is not enhanced
significantly even when the thickness of the oxide
film is increased further.

30 It should be noted that the value of the
leakage current for the case of using the oxide film
of the foregoing 0.4nm thickness is smaller than the

leakage current of a thermal oxide film having a



present enbodiment, it can be seen that the nitrogen concentration |evel
changes linearly with depth in the oxide filmand that a concentration

| evel of near 5 200 is achieved at the surfage part of the oxide film
FI G 18 shows the principle of the neasurenent of FIG 17A conducted by the
XPS (X-ray photo spectronetry) analysis. Referring to FIG 18, an X-ray is
radiated |0 to the specinen in which the oxide film112 is fornmed on the

silicon substratecL} WsbBndiRGedak eimed’dpgnghe, o2ad detrectars riLl apd
DET2 are used to 3etect the spectrumof thé excited X-rays with variods

angl es. Ther eby, iusishgoahdibeudatednt fatlm hevdegesuoh &5sPETttsee tfora deep

detection angle of 90 degrees detects t.he exci.t X-ray that has travel ed
t hrough t he oxi de FIﬁF%% ﬁf?ﬁqﬁ&ﬁp§u§ﬁggtﬁ§f§n§$ﬁ.tfﬁéf}s%ﬁ§’X}Fay

spectrum det ect edblyoinke gekedbake BT hicdftiaiens henigaruea ilicak agfeo W e tdeep
part of the oxide film12 20 with rel ative | arge proportion. On the other

| ) :
hand, detector®DET2 set to éssﬁaFPSWl&eP§CF¥8Hd8HQIQfd§P§CP§lﬁﬁeleWay

travel ed over a | gRgu@hshanedel RntiB&n@X%isde £f bl Mkl exFAUSnelihGi1@@t ect or DET2
mai nly detects thé information about surface part of the 25 oxide film 12.

FI G 17B shows t heredegengashiopFBetween FRE .8i .t thger oonuast pasilondand

oxygen concentratign cify g axide f LLm.h LG L£8, 0k cshayld he,agt gd that
t he oxygen concentrafion is represente& gy the X-ray 48 ith en§|ty
corresponding to the ©hicknhksktabf Rebarr Ongntnoakl GepZBsentedatnbe seen t hat

t here occurs decrease o§%gen concentratign wi th. increase of nitrogen

f
concentrationtfn Fﬁ@'&ggee in_t8e CAREr LGS FoRXprEEedsFREPE Cénduct ed

by the RF-N2 processihnghtbahedsesrt haqaBratennt enpkasmaniicadncaking that
there occurs substitution of oxygen atons with the nitrogen atons in the

oxide film In théidmsé?t hersen pPri §aei 6AlisoBoRdRELES tBY 42he THER OREVe
el onasoSZPALBIEA, UEp BR8e HEARLGR ML GTaLELILLaRRH © 1
i ncreasing period, it becomes possible to obtain an extremely
15 flat oxide film 42 of uniform film thickness as
represented in FIG.12C.
As explained before, there is no standard
measuring method of film thickness for such an
extremely thin oxide film at the moment. Thus, a
20 different value may be obtained for the film
thickness of the oxide film 42 of FIG.12C when a
different measuring method is used. However, because
of the reason explained before, it is determined that
the slowdown of oxide film growth occurs at the
25 thickness of two atomic layers. Thus, it is thought
that the preferable thickness of the oxide film 42 1is
about two atomic layers. It should be noted that this
preferable thickness includes also the case in which
the oxide film 42 includes a region of 3 atomic
30 layers in a part thereof such that the thickness of
two atomic layers is maintained for the entirety of
the oxide film 42. Thus, it is concluded that tHe

preferable thickness of the oxide film 42 is in the



nitrogen concentration is observed. In FIG17B, it is 1o also noted that
there is an increase of oxygen concentration for the case in which nitrogen
is incorporated with 5 - 60 by the m crowav&d nitridati on processing. This

i ndi cates that there occurs increase of thickness of the oxide filmwth
nitridation. Such i5 an increase of the oxygen concentration associ ated
with the mcrowave nitridation processing is believed to be caused as a
result of the high,aghi ¥ty Qf30§¥gﬁQCOﬁap@E§ﬂ remai ning in the process
space, which in turn”is caused as a result of use of high vacuum 20
environment for the nitridation processing and absence of dilution of

resi dual oxygen oL )P . ] ) ) i¢§§éé5§$£§§ of
t he hi ghfrequency=fer &t At dat v A t he

rel ationship between the 25chtnedahbqe th@ecandt&hetmbhr@gea gemeest ration
inthe filmfor the case an oxide filmis formed by the substrate
processi ng appar aPtgs»e §PUFFG.§6tHS€He1?hFéﬁné§§S§FaEe POCEZRAFLRAD 7~

(0. 7nm and nltrlg?bhggtbg egndycted Burther to the oxide filmby 30 the
RF-NZ processing o GS. 16A and 16B whil e using the renpote plasma source
26. Further, FIG 20 shows tﬁefgégnegatpoﬁléflﬁhttbgememotehelsamﬁace of the
oxi de filnlcausedsasr%er ul, t ?L %he n g ggg 1c% %%galng of

FIG 19. It shoul d°B¢ note th& E <8 e case’in which
t he oxi de fiIn1iSatammadmbynawhaphdatbesn&hramuda&ngnppeeagssEag e the

t hi ckness of 5~ (0.5nm. and 7~ (0.7nm. 5 Referring to FIG 19, it can be
seen t hat thel%ltﬁ8§@ﬁdc6988ﬁP?£tW6ﬁhlﬁ gRE EPLRS %épe§§gsamﬂﬁﬁ prELeT
nitridation tine bgcaBymRtint BEtORLdenbirb@B cnWhkLethbri Stabse AQt edrhbat .
because of the small oxide thicknéss such as 0.4nm corresponding to the two
1o atomic |ayer thi ERnsssef 6Prehd6Base of PakE oXi gbef PlackolfBd by t he

UV- OZ oxi dati on processing, t S e m
havi ng a thickness of 0. 5nnrﬁggﬁgghe@ﬁgggggfnErFR?gEﬁeéggnggbggrgbg hi gher
ni trogen concentraesdn ceaathgekéd as tbepanedrwstiltfrbeexpdethel gasf or ned

at the same condi {on, \F| 6,20 shove t he.regult ;01 9ebeg hoN Phe gas

outlet 26c, and plasma 26C is formed in the gas
circulating passage 26a by supplying a high-frequency
(RF) power 400kHz perpendicular to the coil wound
around the ferrite core 26B.

20 With the excitation of the plasma 26C,
nitrogen radicals and also nitrogen ions are formed
in the gas circulating passage 26a, wherein the
nitrogen ions thus formed have a strong tendency of
proceeding straight and are annihilated as they ére

25 circulated along the circulating passage 26a and the
gas outlet 26c ejects nitrogen radicals N;* primarily.
In the construction of FIG.13, charged particles such
as nitrogen ions are eliminated in the construction
of FIG.13 by providing an ion filter 26e at the gas

30 outlet 26c in the state that the ion filter 26e 1is
connected to the ground. Thereby, only the nitrogen
radicals are supplied to the process space 21B. Even

in the case the ion filter 26e is not grounded, the



ni trogen concentration for the case the detectors DET1 and DET2 of FIG 19
are set to 30 degrees and 90 degrees respgc%gvgly. 20 As can be seen from
FI G 20, the vertical axis represents the X-ray spectral intensity fromthe
nitrogen atons segregated to the filmsurface obtained with the detection
angl e of 30 degrees divided by the X-ray spectral intensity of the 25
nitrogen atons distributed throughout the entire film The vertical axis of
FIG 20 is defined jam rHillnegen ceegnegadicns raf i0.dilffidiecase ddhanalide of
the nitrogen segregation ratiqg is 1 or nore, there is caused segregation of
nitrogen to the fid9ACHAS 8Os 1¥G eRdfce @iy ned-erichaxyed Paddn PESs & hat

the nitrogen segr %%atniig&or@bqop%c%rﬁqsﬁ%%rﬁrly@y ik d Re Lasg the oxide

filmis formed by the rocessing to thethickness of 7~, and the
nitrogen - 53 atcowBicdriecs egpepatessd dthafti mstquicashe flianges wmoare axfd a
Situation sim|ar [\{%ort eCO)égnit ide fil gn%éé ?f FEG 1 g rggl ized. After
the RF-NZ proc@ssi g Forc80°setbndg, PBR°tRe ot Rel "hRAGE En&" fii tPBgen at ons
are 5 distributed maneyalldee Wi fa Moy prievidig fannbhiliatatdielo ff idhes Nt 00, it
can be seen that the distribution of the nitrogen atons in the film becones

general |y uni f or m¥28igalds @ausea e ORR-LNE 19m0 Gds $iheg ooy f96te&cd®@s. i0 In

the experinment of FIG 21, thedN4@ SNALIHNEAM e RE NeRees3iNg are
applied in the substrate processing apparatus 20 of FIG 3 repeatedly with

respect to ten vafmemberwaiferioft waiderthgl @)l ectI®rFle@ezyys fownechdy the
waf er - t o- waf €y yarrleghtolt%n gﬁfa sgnge s];r_allul rgfg_ I&!GC lg}e%%GOfl 3t Pl(;%r %;éﬁxgatrrils%% ];v]\rlil i t hus

obt ai ned, whereinthe Tesult of i's obtaine case i ich
the UV-Oz processithg icaseorductsdthg B tshantenst pletsinen sefurfdeGshomy dm vi ng

the 20 ultraviol et _source 25 such that an oxide filmis forned to_have the
thi ckness of 0.4nM&s 1fEadided ByFarRE repBILTEMYISs PARGan SITET SREYRF- Nz
processing i s condyctrad tiact.he oxide filmthus fornmed by driving the renote
pl asma source 26 such that the oxide film25 is converted to an oxynitride
film containing nitrogen at&efewriRdabout 154l 4Ref domnilggtienFd 21, the

b s e ey T
t hi ckness i s uni f plasaad iBaexa ivaldudyol abauowdve( podry),. aRkdGaz2 ashows t he
result of exam natrie%%lv%/i,t hchre% arac]i:et %Otrgl%di QC[\,%"RF l%frgfei Iamotur;litclér}ess for the
case
nitrogen ions. In the case the plasma is excited by a
high-frequency (RF) power of 500kHz or less, on the
20 other hand, the number of the nitrogen ions formed by
the plasma is reduced significantly.
In the case of using the high-frequency
plasma, there is a tendency that the plasma contains
relatively large proportion of ions having large
25 electron energy and that such ions may cause damaging
in the substrate. In the construction of FIG.13, on
the other hand, the nitrogen ions having the strong
tendency of proceeding straight are effectively
annihilated in the gas circulating passage 26a, and
30 it becomes possible to introduce the N; radicals
selectively into the processing vessel.

As noted above, FIGS.14B and 14C show the

construction of a standard high frequency plasma



- 54 an oxide filmis fornmed on a silicon substrate in the substrate
processi ng apparatus 20 of FIG 3 with the thickness of 0.4nm by the UV-QOz
processi ng while using the ultraviol et sourt® 25 and further an RF-Nz 5
processing is applied to the oxide filmthus fornmed , while using the
renmote plasma source 26. Referring to FIG 22, it can be seen that the oxide
filmhas increased the thickness thereof fromthe initial thickness (the

thi ckness in the %@u&b@tQnQeEO%Qahﬁﬁr@FmNérBh@%%s%ﬂ@ghaoﬁogrégonltO about
0.5nmin the state nitrogen atons are introduced by the RF-Nz processing

with the concentr &€Sorcsiivaly . 7% In the case the nitrogen atons are

i ntroduced to the | evel of ~ =Nz _p i.n on_the 15
ot her hand, it can be seen ?EggEféggf?¥nF?§F§E§ésg %%%?%ggegaﬁolgbout
| .3nm In this casetrotucedbehitevedpilhamat kkanberogens aborsetihws thntar oduced

into the oxide filmforma nitri filmby causing, p ration _into the
silicon substr%tquFFanbéggfnébgg FﬁPEuathﬁelB%%&eﬁggknPrPNlé?%.22, t he
rel ationshi p bet wagavtheanit peagnacaneent kakiken tand ihi ket pigkpass is
represented also for an ideal nodel structure in which only one |ayer of

nitrogen atonms ar ENpRPeEddeél P% pHEdtLRg Skedelpsma eRSOPYnm bhboBkness by

~. Referring to FlG, s Rcbe seen that the filmthickness after
i ntroduction of tEe %ﬁ??ogeggaﬁoﬁs beconmes about 0.5nmin this ideal nodel
structure. Thereby, the incfeaseiokopke fibhm 30dt hhekneéssofien thidscabdel

case becones about. O | .and _the nitrog concentration becones,about 12~.
Using this notl ggrﬁeﬂg%éignéé? pRarbaCdA6! Baea TRt “PRESRHEPaadB e of i1 m
t hi ckness is processing chamber provided below the plasma source,

and plasma nitridation is conducted in the plasma

chamber. In the plasma source of such a construction,

however, it is difficult to remove the nitrogen ions,

15 which tend to proceed straight, completely even in

the case a trap 426c is provided.

The same situation holds also in the case
of the microwave plasma source of FIG.14C. Only
difference is that a microwave is used for exciting

20 the plasma. Thus, it is difficult to remove the
nitrogen ions, which tend to proceed straight, from
the radicals, even in the case a trap is provided.

Thus, by using the radical source shown in
FIG.13, an ion distribution shown in FIG.1l4A by a

25 dotted line is obtained, and it becomes possible to
conduct an ideal remote plasma nitridation processing
with minimum amount of ions.

In the case the plasma processing is
conducted by using a microwave, a high vacuum

30 environment of 1.33 x 10™° - 1.33 x 107® pPa (107" - 10~
¢ Torr) is needed, while in the case the plasma
processing is conducted by using a high-frequency

plasma, it is possible to conduct the process at a



- 55 preferably suppressed to the value of 0.1 - 0.2nmclose to the
foregoing value in the case the substrate processing apparatus 20 of FIG 3
is used for the nitridation of the oxide Tlf%]'ln this state, 5 it is

eval uated that the maxi nrum amount of the nitrogen atons incorporated in to
the filmwould be about 12%in the maxi rum FIGS. 23A and 23B show t he
result of neasurenent of nitrogen concentration distribution 1o and film

t hi ckness di stri bukilariok1gnnayynbirelséarkl bm figr, 3phe-casgskipa qoyni tride
filmis formed froman oxide filmfornmed on the silicon substrate Win the

substrate processilfgT@FFaratus 20 of FIG 3 to the thickness of 2nmwhile

rotating the silicon substr 15 he+dri,ve s ggchan 2 shoul d
be noted that the experinengggF’FfééE%gk gﬁgOESEl?E ggn égkeégégh%he
substrate tenperapaaemafe&ﬁ@@amﬂderfthqupmessand ofrot@3Bapweiskareot ati ng

the silicon substrat r h the id Imw th the thickness of 2nm
mhilelzg suppr ing" éﬁ kﬁ g??raﬁ © rﬁwpﬁébgﬁaggg R%%ﬁefﬁénpesbectlve f1 ow

rates of 2SLM and 50SCCM | 1Bl G223Aowkhenkr irghtthankhigpbesqeks the part
where there is caused nitrogen concentration. Further, FIG 23B shows the

thi ckness of the BAPAMEr PHEILRALAPBLEAPAEETSY PRE SBecPrRESYRSt L) tahdathe
nitrogen concentrghlQﬂlggtqbggqlgg B@ep¥5§mﬁn§5y§b§s1FF% result of FIGS.23A

and 23B shows that it is poSsible to realize a generally uniformnitrogen
di stribution over the entir@&eferfave ¢b Eﬁé 38 ,sualtstrat beWseeanthatt he case

of using the bstrate_processin p us 20 n_as

radi cal flom/?g c%hgegrgﬁﬁuFSta?gHS Eﬁé ﬁBgtP%?SnﬁVéﬁalngPnl%Fﬁgthe fl ow
rate of the Ar gawighdthbBeplasm3bextliowtiahe frebqubacki.t tageRegasseFk&e24 is
a diagram corresponding to FI G 22 expl ai ned before and shows the

rel ati onship betm@éﬁsﬂﬁeeﬁF%Féﬁéﬁ“cSﬁ@@H?Pﬁyl85 4R4kH7l mthRi BkREDSE as 5

measured by the XP n@@@hﬁshékEQrp&Q%eo&Mnthé'?%eEbh@bOQEﬁbaegbe ggpgrdi ng
to the flowhart of FIG 25 in which an oxid Imis forméd by the UV-Oz

processing (step S1}-3A#Pan (RFORZ pr d@e¥oirny i Snappki edseothherdrene film
thus formed (§§epe§gltak@oﬁl%&%éueh&y is 2.45GHz, the plasma ignition

takes place in the pressure range of 13.3mPa -
1.33kPa (0.1 mTorr - 0.01 Torr).
Here, consideration will be made on the

preferable pressure. When the process pressure 1is too

20 low, the nitrogen radicals introdﬁced in the
processing vessel would cause diffusion and there
would appear a non-uniform nitridation processing in
which only the marginal part of the substrate, which
is located close to the radical source, undergoes

25 nitridation, even in the case the substrate W is
rotated in the substrate processing apparatus 20 of
FIG.3. Thus, in order to achieve a uniform
nitridation processing in the substrate processing
apparatus 20 of FIG.3 by using the remote radical

30 source 26 of FIG.13, there is a need that the flow of
the radicals can be controlled to some extent. For
this, it 1s necessary to control the process pressure

in the processing vessel 21 to be a pressure of 0.01



1o should be noted that the initial thickness of the oxide filmprior to
the RF-Nz processing is changed variously. Referring to FIG 24, ~
represents the relationship between the XP$4iTmthickness and the 15

ni trogen concentration in the filmfor the case the oxide filmhas an
initial thickness of 0.4nm and thus corresponds to the case represented in
FIG 22 by In the experinment of FIG 24, it can be seen that the nitrogen

concentration in ghe 0xyngsphileaki kAbLAUBy28 obhai Redni Reseasesygeneral Iy
linearly with the XPS filmthickness as long as the filmthickness is in
the range up to abbetp@ogrrs Dneshuret hér thahdgh in the dragkagibliows the

case in which the_initial,oxide fil i.C S L§.23. . Agai n
it can be seen thg?sfﬁ% %%eréeﬁggoﬁké%%rggﬁgh %Eet é%gégéﬁngaaggé%Ftride
filmincreases |ineallybwi ahnihelXP&dt byckaassngwecbhlasgoadi Ehtisgeneral |y

identical with the gradient for the casi the oxide filmhas the initial
thi ckness of 30 OX#nRPCFREELY| ROt ABNERSe sHP RFPTSMiRTFHRIEG I 1R i Pused

for the base OXidErBEEBEEn?nd€§§8§tbltES RhahvKidiebecsrirgrgatgobpgyl ation
filmas shown in - 57 FIG 1, there is a possibility, in view of the
rel ati onship of FPG 2asst hat repeeeenhigdbbycauséneaR incFé&sé2ef physica

thi ckness in the oxynitrideyfLlm : LLro cQnc arjop,Ln the
filmis too 5 high. In suchNék%asggggﬁégg??%%P gﬁmﬁsgﬁgﬁghé %bgﬁpk
di el ectric gate ipnsafatabhef plasdai excanatlibedfoatipennyspihetbé thesef act

t hat i dati f the sili bstrate_1 b full db
nt 7 oduci ng nitrofBR PREONENE*DASa ORPAEt PRPSY BOCHAGS, [FASOPaBR (o

i ntroduce nitrogenxiint enbhe B¥YAI Lihdecli tAaeter iedchysapph¥tageant REnNz
processing to an oxide filmforned by an UV-Oz processing (referred to
herei nafter as Uw&rierpdandi thfrej grigefedeBsaPyerotset vhehi aReray

thickness 15 of t%nyvétg)ﬁsg?(&gﬁaé%th?hiﬁ bee! g8Bst geeO-ﬂmhénCQ%BeEhwds,

it is necessary to set e inti I ckness the UV-Oz oxide filmto be
| ess t han plasma excitation frequency exceeds 13.56MHz

15 represented in FIG.72 by a line D, on the other hand,
it becomes difficult to conduct the plasma processing
with large flow rate. Thus, it is preferable to set
the plasma excitation frequency not exceeding
13.56MHz.

20 In summary, it is preferable to set the
process pressure and the frequency in the hatched
area of FIG.72 defined by the lines A - D in the case
a radical nitridation processing is to be conducted
by the substrate processing apparatus 20 of FIG.3

25 while using the radical source 26 of FIG.13. In the
present invention, a frequency of about 400kHz is
used as a representative frequency, while this
representation means that the foregoing range is
included. In the range of 40kHz -~ 4MHz, substantially

30 the same plasma processing is realized.

Table 1 below compares the ionization
energy conversion efficiency, pressure range capable

of causing electric discharge, plasma power



0.4nmin the case an oxynitride filmintroduced with such

hi gh-concentration nitrogen is to be used for 20 the base oxide filmof the
high-di el ectric gate insulation film FIGS.46A - 26C show the spectrum of
the Si2p orbital obtained by the XPS analysis for the structure in which
the oxide film2 is formed on the 25 silicon substrate 1 with the U/-QZ
processing and a H Oz filmis formed on the oxide film2 as the high-K
dielectric film 3conbangtiof! £:360rsbeus by siherhiovbbefebhecayide film
2 alone is formed while FIG 26B shows the state in which the HHOz filmis
formed on 30 the esbdeofi eneRtingrphesnaFps 26Cichovsvehandpeberaasef the

26C shows 2 corr o9honarhG REnBHarTe A0 Fencdbr FhekEhey nTERLbota® 26c

t hose - 58 parts corresponding to the parts described previously are
designated by the sanme reference nunerals and the description thereof wll
be omtted. Re'sfe ring to FIGS 26A - 26 TP_lﬁ o seen 5 that there (s a

| ow spectral peak B of the |SFPI2ABIPRI PESSFES [cheRi-@aMashi | tPEIFYTR
state of FIG 26A in additian t%n?wégnct Fé‘Pg eak A d?°49%e Si pP8r biPY

in
while the intensfty of the sg) Ny P i ACPedsSER TR HEP T at E25F
FI G 26B, and the| 1o strengt®of-THe" rgle%k B is increaged to the
| evel conparabl e ILPr\l; h.).;vea‘:,‘gltc.lo.doy Lt ter—ti

t state CU‘_FIGZGC
in which the thef I Ng process |%_gq.gglfct ed. It glqoul jlt{ﬁ)

a
that the chem ca hift—15cort Feirg—t e ak—B— ause a
. RE—wW . J 0 1o = KW a3
result of a Si ato?nl'?\ The sEbstraLUe 1| o p@Tgh-ratjomin tlﬁe oX déd‘é Nl
M 1 e L —l llrr iy IL‘ |
causi ng a bond tth—amoxygem atonrfrommtie H Ozt beunllg Crmat—the
chem cal shift of the spectral peak for the Si2p orbital is caused 20

entirely by the surface reaﬁékggrgggtpg féﬂigof, it can be seen that

the ionization energy conversion efficiency is
reduced to about 1 x 107’ in the case of the RF-

10 excited plasma as compared with respect to the value
of about 1 x 107 for the case of the microwave-
excited plasma. Further, it can be seen that the
pressure range causing the electric discharge is
about 0.1 - 100 Torr (13.3Pa - 13.3kPa) for the case

15 of the RF-excited plasma, while in the case of the
microwave—-excited plasma, the pressure range is about
0.1 mTorr - 0.1 Torr (13.3Pa - 13.3kPa). Associated
with this, the plasma power consumption is increased
in the case of the RF-excited plasma as compared with

20 the case of the microwave-excited plasma and that the
process gas flow rate for the case of the RF-plasma
processing becomes much larger than the process gas
flow rate for the case of the microwave plasma.

In the substrate processing apparatus of

25 FIG.3, it should be noted that the nitridation
processing of the oxide film is conducted not by
nitrogen ions but by the nitrogen radicals Nz*. Thus,

it is preferable that the number of the excited



substrate 1, it is possible to evaluate the increase of the filmthickness
of the oxide film2 caused by the thermal annealing process of FIG 26C from
the area of the peak B. 25 FIG 27 shows thet®val uation of change of the
filmthi ckness of the oxide film2 before formation of an HHQa fil m and
after a thermal annealing process for the case the HOa filmis forned on
an oxide filmof various initial 30 thicknesses and further the thermal

anneal i ng processnii$regeducbad. ikNshpErddsekhashamazontal paxksnlepr esents
the initial thickness of the oxide filmcorresponding to EIG.26A before the

formation of the This5ds mlep PreArwAPLE tRetheér ViewPoaRritsofepresents the
oxi de f"”‘th'Cknﬁiﬁiﬁ&%gﬁgtagmgggénﬁ uQBBeﬁk'@er588§§§a%8ﬁr?ﬁpgﬂ Ing to
gto 7, t t a

FI G 26C. Referrin I't °can be seen tha €ré |I's cause
decrease of the fsnadktkieltm phbckressgonppbhowritng déWEIGK 3t hehki namlbeicl m

thickness in the case .the initial .thickness of the, U/V-Oz ide filmhas
exLeeded 0!4nn§ Agguﬁpﬁgefhé%ebhP§%§k8ﬁFn§agéﬁﬁ&8fl?né?@é 258 fhe film

thi ckness correspanga1losh@thbBeesypprassirenial the ertechate raast bapeat
the surface of the silicon substrate, there is a possibility that the
opti mum t hi cknesso&ftdehéid®i §ermpintpdpgnpaést sdeshighrKydiglgetrifan t he

f oregoi ng thickne fiQ WA eh1LhiskRessel $ht RRUE Rr1bebng 3
optimumin the prgéfgué gngggﬁnent o% korningea ZrS?OQQ%i?§1%roﬁ1the gr ound
of the observed skownng dewmref Hheefinbfmtkormaticbnaovdétridagiah this

t hi ckness of 4n for mnim.zing.the.interface reaction. 20 The degree of
t he interface9§ea PSﬁséﬁﬁﬁggg aéggﬁd?hgmoﬁ°P§8°F§§eB3f%BﬁenhFéﬂgﬁn
dielectric film irhaiteast exityd bhetHegheghetrsgyhsagyeptakher il anneal i ng

process, and the like. Thus, there can be a case a filmhaving a thickness
25 exceedi ng 0. 4nARMR§ILRE rle PFRREIBINGuppr essi ng t he

As explained before, it is possible to
introduce the process gas with large flow rate in the
15 substrate processing apparatus 20 of FIG.3 by using
the remote plasma radical source 26 of FIG.13. Thus,
in such an RF-N; processing, it becomes possible to
conduct a uniform nitridation processing such that a
uniform nitrogen concentration distribution is
20 realized on the substrate surface.

In the case the process gas flow rate is
increased, on the other hand, the region where the
nitridation takes place is limited to the area near
the central axis of the substrate that connects the

25 plasma source 26 and the evacuation port 21A of FIG.3,
contrary to the case of using a small process gas
flow rate. Thus, by controlling the process gas flow
rate, which represents the total of the Ar gas flow
rate and the nitrogen gas flow rate, it is possible

30 to adjust the extension of the region where the
nitridation reaction takes place in the direction
toward the evacuation port 21A. Thus, by optimizing

the foregoing extension and rotating the substrate W,



interface reaction. O course, the overall process of the high-K dielectric
gate insulation filmshould be designed so if to mnimze the interface
reaction, while the thickness of the base okxide film2 should 30 be ideally
set to 0.4nm In conclusion, it is preferable that the base oxide film has
a thickness in the range of 2 - 4 atomc |ayers and nore preferably in the
range of 2 - 3 atomc |ayers. Most - 60 preferably, the base oxide film

has a thickness ofitt vecahesi pokaybls. tbSERPNOVEMBED! YENFbrai By Go28Ahks a
flowchart for form ng an oxynitride filmon a surface of a silicon
substrate accordlﬁgtfﬁgﬁns686ﬁ8n§ﬁBBHPﬁeﬁP BFetﬁEbﬁFééEﬁtsPﬁ§éﬁ?|oﬁn

conducted by the sHBSthale-RELSEASHRTF2BPY! aLUs1202060FhGedintbl LAEl G 288
is a flowhart 1o show ng the process of formng an oxyhitride fil

according to a conbaradeELBgaQﬁlehefAFIGBSBAD Lhet hétrogpargasve exanple
of FI G 28B, aqSOX|de fl|ﬁ1£€ g d on_a %B%'Con suggtrgtg tn t he sy gstrate
processi ng apparaPﬁgvéger ifey 3%5 ?ﬁep etPatd 1 h ém?aﬁg

into the atnosphenieregehr eagesalsFurhtier, thbeesiubshlabeai foseibvinedyt o the

processi ng vessel 21 of the substrate groceSS|ng apparatus 20 and the
oxynitride filmi&hfbrhR8 admaxiBguPt bhethE RESNFZSpFBREESPHELIDRE £Re oxide

film 2o F@ferr'nghéolﬁﬁﬁoGgﬂpﬁﬁaBEV€h8X§HPb§aHE Eh§%3§§1€% Lhrshe RF-
silicon oxide filmis forned on the surface of the substratie Win the step

21 in the substrale processing abpdratRiresn bf iR Biathi | e using the
| t | et - ted digal s:for . i t
b 0cessi ng. stah expl af med boforde Raxt OFR50R, BEFCEPLDHs] EntElusds Bne, o

processing step explained before. |s nove
the processing vem$etoQ5venp1hemstepnothEIGtﬁérahdndhethuteri@rabéothe
processi ng vessel 21 is, gvacuated to a high-de re vacuum st at e.

Thereafter, the sBBSE+BELI8H WEE PBt tPRBUARE E%%FYaF%mEﬁra?ﬁ?tE%r an

RF-Nz processing dgkngntpeakE- @ﬁQE&Eﬂlﬁyté@ﬁ@@véédbyatﬁee%@h@t@£§l§§ﬁ9re i's
conducted in the step 23 and the silicon oxide filmis converted to a

silicon - 61 oayhrmaaeonupmcwsme pPoeEs3inedFiG PBB, eveRti Blerior of
the processi “%hveﬁ%‘ lééti 988@%9% cé‘nhbghaéﬁgé%dv&géfé'ﬁ‘ ghate in the

step 22, and rob em of oxygen contam nation during the RF-NZ
processing in thecenéptidn|sfniarqézeds Thevebyteunwant ed increase of the
t hi ckness of the oxynltrldeFiéénng a%adf&ﬁo 53 .gigéélcal
nitridation (RF-N2) processing conducted by the
substrate processing apparatus 20 of FIG.3
20 respectively in a side view and a plan view.
Referring to FIGS.16A and 16B, the remote
plasma radical source 26 is supplied with an Ar gas
and a nitrogen gas and nitrogen radicals are formed
as a result of excitation of plasma with the high
25 frequency power of several hundred kilohertz
frequency. The nitrogen radicals thus formed are
caused to flow along the surface of the substrate W
and are evacuated via the evacuation port 21A and the
pump 24. As a result, the process space 21B is held
30 at a process pressure in the range of 1.33Pa -
1.33kPa (0.01 - 10 Torr) suitable for the radical

nitridation of the substrate W. Particularly, use of

the pressure range of 6.65 ~ 133Pa (0.05 - 1.0 Torr)



In the step of FIG 28A, on the other hand, io the substrate Wfinished with
the UV-02 processing in a step 11, which corresponds to the step 21, is
held in the processing vessel 21 for i ncredd ng the throughput of substrate
processi ng. Thus, after conducting a purging process in a step 12, a step
13 i5 corresponding to the step 23 is conducted and the silicon oxide film
is converted to a silicon oxynitride filmas a result of the RF- N2

processing 13, whigh,ecQELespo8dsThe hiers4§6R 23428414SeRutheoRieycCi ted
nitrogen radicals. 20 FI G 29A shows the thickness of the oxynitride film

formed by the proecesseohrifrigiagionsinebBar edrbycehef XPiseapubysratei¥h t he
t hi ckness of the ypitri fj r ped t o] S B | so
obt ai ned by the >(%§ Jrerfé% uggﬁeg%%%ﬁ E?Gfgé%\ Q?ﬁgggﬁﬁo?l&%g%% ggx]ﬂslgshows
the nitridation tsaesthatbewstep 13 of FIG 28A or in the step 23 of

FIG 28B. In FIG 28A, represents the process of FIG 28A_while resents
the process of® FIG 28B. Ref &PrFR§ ?btgf'%a*?é%l PFOE%ﬁSb‘éfs%EﬁstLg 3%t here

is caused an incregge of thbgkaess pbréhecpyxynthetdeidi tondhéhelihg progress
of the nitridation process while no substantial difference can be

recogni zed betweeRur&éngrptesssef 1Fl Elp8acanot hee nitsddapiereBEoerss
FI G 28B. This mea§§ H;%lbégf ghgﬁg%ﬁggyggﬂ QHfig?BtsaO(?h!t:ﬁé{ggn | R N the

process of FIG 28 e concentration e nitrogen atons
t hus incorporatedvahte 2ha.oRjarébydetbefprasswher enntke @ 28B8esonppaes t he

process of FIG 28 nd the process of FIG 28B. _I G2 th rizont al
axi s represent%s tﬁbgn?‘?rfaﬁjﬁﬁe iﬁ% g]flet#\%‘@?eﬁflg % = ?5'218,& grg?hé‘ step 23
of FIG 28B. In Fl29B, ahapaeyehresidhalpoayess ofr waGe28AnWihke i0

represents the process of FIG 28B. Referring to FIG 28B, it can be seen
that there is no BtPSeant PRRCHI $FePBRERI nIRhENRORLERLAAELIDR of the

nitrogen atoms ingpypoLal fd #ng FQe10%YNi bhi dRef oA PefYREN the process of
FI G 28A 15 and the process of FIG 28B, and thus, It Is interpreted that the

i ncrease of the fyvahvehi 2Bheardob3ergrd Chofed, 28nd| thesustlde asunbeesul t of

the introduction o0y 0LLf00ePuhg 955NEs OKYET LALEGALH! TN PRE eukDSa DYEN OF
path of the process space 21B.

Thus, by using the substrate processing
apparatus 20 of FIG.3, it becomes possible to form an
extremely thin oxide film on the surface of the

20 substrate W and further nitriding the surface of the
oxide film thus formed.

FIG.17A shows the nitrogen concentration
profile in an oxide film for the case the oxide film
formed on a silicon substrate by a thermal oxidation

25 process with a thickness of 2.0nm is subjected to an
RF-N; processing in the substrate processing
apparatus 20 of FIG.3 by using the RF remote plasma
source 26 of FIG.13 under the condition represented
in Table 2. Further, FIG.l7B shows the relationship

30 between the nitrogen concentration profile and the

oxygen concentration profile in the same oxide film.

Table 2



20 has conducted an experiment of form ng an oxide filmby using the
substrate processing apparatus 20 of FIG 3, ¥herein oxygen radicals are
formed by using the renote plasma source 26*%ather than the ul traviol et
optical source 25 (this process will be 25 referred to hereinafter as RF-Qz
process). Fromthe oxide filmthus forned by the RF-QZ processing, an
oxynitride fil m is—+termedhy—conducting—an—RNznpitri-dati-on-processin
that uses the nitrogen  adi| &ai T 995 e 15 FHE SehpR S DT &5 Prn CEBRPEATEES |30
In the experiment of FIG 3QA "RF- ri@icc@%@?ﬁg is condug¢ted in a stdp 31

by supplying an —gas—ant-lan0r Has-to-tHe—rer plastra—sotrce—26;
fglloagdybyga pu §?§5°HEX?FQ£5i%qgﬁq ep 34 i Qhi & OMIoR: t hé& 08 acessi ng
vessel 21 is purgBB vava hi|ghO dege¥e| ¥8EMUm kWt ¢ tAeraEaf {er, 70
processing vessel 21 1s purged four tines by Ar, and an RF-Nz processing is
conducted in a step 33 by using the renpte plasma 5 source 26. In the
experiment of FIG 30B, on therat-henghapdrabicand QReare-kNtgAskcedi 4o the
renote plasnma source 26 in a step 4% simlarly to the step 31 and an RF-Oz
processing i s condaccedduThedeant the shbstsasgbprracesimusappacdtus £he
outside of the pr i % ] t D s, st

processi ng vesselgﬁgggvggﬁagggg%ggé h?g?-zég?eggggggbn?§?%§egﬁgﬁé§gﬁ%
substrate Wi ss rehiitnedehowlhe prétessragevessebDs2tMagadnArFuithesa, an

RF- Nz processing simlar 15 to_ the one in.the ste i s condycted, FIG 31A
conpares the thicghggsrBFetﬂ% 6§9ﬁityﬁ8€eFPIﬁFoBPgPiédgﬁyn?ﬁ% XP& hnal ysi s
for the oxynitridenki iaxEenaedpbysthieepoecens ptoEb&s 30 avkt P1hest hi ckness
of the oxynitride filmobtained by the 20 XPS anal ysis_for the oxynitride
filmforned by th&egreedsange FPGZBGB.leVﬁlFPé ghauti {0shd@rd Hé -Aot & t hat
corresponds to thesprage f FlLe. 3 i (g s ta. t racess of

FI G 30B. Referringotggélé%g% é #ﬁécgﬁﬁﬁ%%ggggafhgﬁp%@%t g&§H?§t§§33ed a
substanti al i¥crepsecefsfshah that oxygen or water remaining in the

process space 21B is purged sufficiently. Because of
this, any residual oxygen in the process space 21B is
diluted with Ar or nitrogen in the nitridation
process (RF-N; process), which is conducted at the

15 pressure of about 1 Torr. Thereby, the concentration
of residual oxygen, and hence the thermodynamic
activity of the residual oxygen, is very small at the
time of the foregoing nitridation processing.

In the case of the nitridation processing

20 conducted by the microwave plasma, on the other hand,
the process pressure at the time of the nitridation
process is generally the same as the purging pressure,
and thus, residual oxygen maintains a large
thermodynamic activity in the plasma ambient.

25 Referring to FIG.17A, it can be seen that
the concentration of nitrogen incorporated into the
oxide film is limited in the case the nitridation
processing is conducted by the microwave plasma and
that no substantial nitridation takes place in the

30 oxide film. In the case of the nitridation processing



thickness in the case the oxide filmis formed on the substrate Why the
RF- Oz processing that uses the renpote plasn§ source 26 according to the
process of FIG 30A. 30 FIG 31B shows the co Centration level of the
nitrogen atons in the oxynitride filmformed by the process of FIG 30A in
conparison wth the concentration of the nitrogen atons in the oxynitride
- 64 filmforned by the process of FIG 30B, wherein of FIG 31B

corresponds to thenprogess @heFRE-3QAiIwRU @1hsaar Gespandset eakbeopr @gass of
FIG 30B. Referring to FIG31B, it is noted that the 5 nitrogen
concentration | evBFesANthemBREAMERtde iti LAV 8EmEgeBy thRE $hecadsreper| G 30A

is lower than thec%tc(emat%ﬂcq@b%%t ic?l.@ng%\éelliﬂfeaftj]rzl‘? t@g%ﬂ! h@';ﬂiﬁ Eilm

formed by the process of FI'G 30B. is indicates t e increase of the
fil mthickness astbbsexide ifilmoaRHGtB2A Roconkentaseivhelprvedtess okar

FIG 30B is used ig.primari cause resi dual oxygen. Lt is helieved that
such resi dual %xyggﬁ é§i§F§¥FHe hé%rgﬁﬁtguf GF@aPagguP et%§ Qﬁddﬁh%lg?ygen
radi cal s pronoting the oxi dattcomgoknbhe exgnbtindephil Brargel5 formed form

such residual oxygen at the sanme tine_the nitrogen radicals are forned in
the nitridation sfepsygepent| @E36AC - k7 dnfeREustEdabyolthRoXBE dBovay it is

concl uded t hat itph%tBr%F%E@QbﬁeEQySOBHEEQQiEUitia! 20 oxide film by using
the UV-OZ processing that uses the ultraviol et-excited oxygen radicals in

the case the substrate procBsSemgiapparafii§.20,o08nFKerdyi $susedifordf ormi ng
an extrenely i n_gxi filmon th r urf.ace.and,form an
oxynitride fii€12§ tﬁggefpgﬁ%§§ncé§s?ﬁgéhi?b?dé %8% gﬁﬁghéEo%nggfwﬁﬁlby an
RF- NZ processing aa sat taltibonnstbetthaechar wieh &l frabetpThiRBd

EMBODI MENT] 30 FI G 32 shows a flowhart _of the Brocess of form ng an
oxynitride fil m aBB8r8ing todgteRFPESeRBEdi ABAt DEF 2t AESprESENtOi AEEREFON,

wherein those partgeokpEbErds 8%¥Pkaknedchetar 8-26§sdqskaANdhedohy

angles. Thereby, it should be noted that the detector

15 DET1 set to a deep detection angle of 90 degrees
detects the excited X-ray that has traveled through
the oxide film 12 with minimum path length. Thus, the
X-ray spectrum detected by the detector DET1 contains
information about the deep part of the oxide film 12

20 with relatively large proportion. On the other hand,
detector DETZ set to a shallow detection angle
detects the X-ray traveled over a long distance in
the oxide film 12. Thus, the detector DET2 mainly
detects the information about surface part of the

25 oxide film 12.

FIG.17B shows the relationship between the
nitrogen concentration and oxygen concentration in
the oxide film. In FIG.17B, it should be noted that
the oxygen concentration is represented by the X-ray

300 intensity corresponding to the Ols orbital.

Referring to FIG.1l7B, it can be seen that

there occurs decrease of oxygen concentration with

increase of nitrogen concentration in the case the



- 65 the sane reference nunerals and the description thereof will be
omtted. Referring to FIG 32, the process o% formation of the oxynitride
filmof the present 5 enbodi nent is sonewha lsTmilar to the process

expl ained previously with reference to FI G 28A except that the nunber of

t he purges conducted in the purging step of the processing vessel 21 in the
step 12 by using an Ar gas is changed variously fromO 10 tinmes to 4 tines.

Each purge is forpedrbrathensbepceksfihewikg candficteas biyn thBe RpEAsessi ng
vessel 21 and the step of evacuating the processing vessel to a_hi%hdegree
vacuum st ate. FI GP33A&eSHWG tthatr 8p&6i SAShRE BeMREEnPLREMES ABRBERTENTt he

Ar purges conduct ed,in heSHeRutd AhpEh®edz 18Rd ENB i BLAKAeRsOl 1 ke
oxynitride filn1o§t§Fn§§ iﬁ theustep 13, mhe%e?nothexgﬁickngssso%l%ﬂe
oxynitride film shbenninrbBh&n33Acms obt &dheedxbyeeclfiipsoiet the 2@8sReftberi ng

to FIG 33A, it .be., 1 that the .thi f th itride filmi
cgnstant andltaﬁggl %§§$§g°8f§3b88$dPFk%§?§§S&gﬁe@ﬁgﬁgaépgth a%ﬁﬁ%e?]gf t he

Ar purges. FlG 33Broeaskhagot bar thandthskowanthend5subhckasssielitihg
oxynitride filmobtained for the case the nunber of the Ar purges of the
step 32 is changed®+atienshypi Ast RESErEEEs N8t NP Ee36A1COREREPr Phg to

FIG33B, it can b LG K t,he Ni; {1 Llmis
decreased 30 sligﬁfﬁggaﬁ%EﬂFﬁganﬁggﬁ ggégﬁgéégg V% %e%PFEEQFEQ? t he

purging in the stept32ges necesnarytion dsppbessivad.tfie FACrédBe ot fikl m
e o R e At

concentration for the case in which nitrogen is
incorporated with 5 - 6% by the microwave nitridation
processing. This indicates that there occurs increase
of thickness of the oxide film with nitridation. Such

15 an increase of the oxygen concentration associated
with the microwave nitridation processing is believed
to be caused as a result of the high activity of
oxygen or water remaining in the process space, which
in turn is caused as a result of use of high vacuum

20 environment for the nitridation processing and
absence of dilution of residual oxygen or water with
Ar gas or nitrogen gas, unlike the case of the high-
frequency remote radical nitridation processing.

FIG.19 shows the relationship between the

25 nitridation time and the nitrogen concentration in
the film for the case an oxide film is formed by the
substrate processing apparatus 20 of FIG.3 to the
thickness of 4A (0.4nm) and 7A (0.7nm) and
nitridation is conducted further to the oxide film by

30 the RF-N; processing of FIGS.16A and 16B while using
the remote plasma source 26. Further, FIG.20 shows
the segregation of nitrogen to the surface of the

oxide film caused as a result of the nitridation



purging in the step 12 in the case the formation of the oxynitride filmis
conducted by the process of 5 FIG 30A and that there occurs no substanti al
i ncrease of thickness in the oxynitride 7198 even when this step is
omtted. [FOURTH EMBODI MENT] io The result of FIG 24 expl ai ned before
indicates that a thickness of about 0.8nmis inevitable for an oxynitride
filmin the case the oxynitride filmis formed by an RF-NZ nitridation

processing of a U?rgEeEbEHbsefaPIéolbaV@tasHbEEQQEQ 43t6QneRALr ptgN1bevel
of 20% When the thickness of the oxynitride Imis to be reduced further,

it is necessary tanfleddcalsheshawt the GﬁFGelnhkaﬁbs§h900@lgﬁnf®lmCﬂ$nn1or

even snaller, as si.th Liti,dat | S n o]
film 20 In the p%gggﬁ? b%bg 9%%&? %b%g a%dogﬁgééiﬁPngg g ﬁgx Ck%x? e film
expl ai ned before, thﬂckﬁbg@Sofs5ﬁntMndhmedaﬂutmé $0b3hmate processi ng

apparatus 20 of FIG3 fromth and _excitation of atomc

? g nozzl eI P
state oxygen ahd atonic stabf8t95ThREr6§ehifsi@ausEdR) REnaGERI At

ultraviolet excitgahboRiekobbs BoheastthusohNthodHECH: (RUCACR-REESCRSLRY
will be referred to hereinafter as UV-NO processing). The oxynitride film

thus obtained, orthRenUyridatipm téBAt ANnanKi eFofeA akidadyiimst hehdbe
initial state. Thys by QEEB'g?gggsﬂﬁgtangé%éhgéfbk”¥9¥ Y, fo&?ﬁfn]mnth

processing, it becones possi o I'ntfoduce nitrogéen i nto
hi gh concentratlonhmbkhe55|subhaaeousHymntqrnezpngdihg to-th& tkolm

t hi ckness. Fljgi)[34ashowg E {Lrﬁ es.cu ﬁé an sNO glf')l 1?cul e fg }éail ous

excitation sthtes®F88 ?Yg g 3¢es%, gesgI°f *heopredant®

mol ecul ar 5 prOcesﬁ@ﬁﬁe@fbyoﬂhéedV9©§"o>Erﬁ%’@.@BfﬁKﬁod¥Hé/ﬁ{cﬁ,l tor Rressshel 982) .
case of the thermal oxide film having a thickness of
0.5nm near the foregoing thickness of 0.4nm, a higher
nitrogen concentration is achieved as compared with

15 oxide films formed at the same condition.

FIG.20 shows the result of detection of
nitrogen concentration for the case the detectors
DETL1 and DET2 of FIG.1l9 are set to 30 degrees and 90
degrees respectively.

20 As can be seen from FIG.20, the vertical
axis represents the X-ray spectral intensity from the
nitrogen atoms segregated to the film surface
obtained with the detection angle of 30 degrees
divided by the X~ray spectral intensity of the

25 nitrogenyatoms distributed throughout the entire film.
The vertical axis of FIG.20 is defined as nitrogen
segregation ratio. In the case the value of the
nitrogen segregation ratio is 1 or more, there is
caused segregation of nitrogen to the film surface.

30 Referring to FIG.20, it can be seen that
the nitrogen segregation ratio becomes one or more in
the case the oxide film is formed by the UV-0:

processing to the thickness of 7A, and the nitrogen



In the ultraviol et-induced optical transition of NO nol ecul es, existence of
absorption bands corresponding to the transition fromthe ground to state
to the excited states such as AZ ~+, B2II1T7,°&Z Il , Dz ~+ Ez ~+ is known,
wherein the transition takes place at the optical wavel engths shorter than
t he wavel engths of 227nm 218nm 192nm 188nm and 165nm respectively. i5
On the other hand, FIG 34 al so shows the wavel ength in which atomc state

oxygen (03P) and giemkCasbakegRibhheeaNatN¥Skstarobenexehlifdshipahcaughga
wavel ength falls in the range between 192nm and 145nm Thus, it is possible

to formthe atonm e stinet20nogygehazndoatdsi exyniteidet £odmnlBh efciting an

NO nol ecul e with opt i, cal vel eng L. anger an 145n Wien th tical
wavel engt h beconegeghgrﬁgrrF aﬁzf§5nh?t8% gﬁg %?he?l?éké%sﬁﬂ% e%% éﬁ?s
excitation of radseabnaxygen ¢tA&Dprhamdhaxddathennieactieanatsmabaexpect ed

to be predom nant at the tinme of thgésubstrate rocessin In view of the

situation noted aBov&riPHtEEcORBETRLLY| BPatrsmE rﬁPtﬁBedSQ#WedIENQFEPFiIm

as the initial fikﬁlﬁ!,u%be? 2R Bhhraui gbeh kadikakhang39t89BLEEcRaYkNg a
wavel ength in the range of 192 145nmfor the ultraviolet source 25 in the
substrate processthg appaergensa2omsf ip| tns. fElw Bsconewsgeheralili ne of the

e ocens; HBLAEERSLASACCALILNG ! OnLNBDRESOILC IO AL 41 whi ch
an RF-Na processing is conducted subsequently to”the UV- rocessi ng.
Referring to FI G 8BcohHe.surface of a 5 silicon substrate is nitrided in a
step 51 by the foregoing UV-NO processing, and_an_oxynitrjde filmis forned
as a result. Next, in the sFBptEE,efﬁgrbaﬁﬁ%tPfdglgr¥ﬂvtﬁb§ FérBed is

subjected to an RprbEeRE988S§hAJLhaNdFiN, apr Sxy$E ikd derd i dpphawd ngh a hi gh
nitrogen concentration is obtained. Table 3 bel ow shows an_exanple of the
process conditionthgr sphetsgépsrs2cafaing, apRaraitHsTall ef3FpEr 8w al so shows

o af]oncts coaFegRfbal Dol oy YRR RO IR 1iREeE H20) I
[C] Tine wafer #10).

15 FIG.21 shows the wafer-to-wafer variation
of the film thickness of the oxynitride film thus
obtained, wherein the result of FIG.21 is obtained
for the case in which the UV-02 processing is
conducted in the construction of FIG.3 by driving the

20 ultraviolet source 25 such that an oxide film is
formed to have the thickness of 0.4nm as measured by
the XPS analysis and in which the RF-N; processing is
conducted to the oxide film thus formed by driving
the remote plasma source 26 such that the oxide film

25 is converted to an oxynitride film containing
nitrogen atoms with about 4%.

Referring to FIG.21, the vertical axis
represents the film thickness obtained for the
oxynitride film thus obtained by ellipsometry,

30 wherein it can be seen that the film thickness is
uniform and has a value of about SA.(O.Bnm).

FIG.22 shows the result of examination with

regard to the increase of film thickness for the case



[ sec] ste 1UV- GaQz3000. 0250015- 300st e 51UV- NONC2000. 0545020- 120st ep

52RF- NZAr +NZ ~16000. 0950015- 60 20 Furt her, bele 4 bel ow shows the

al | owabl e process condition of the foregoTn@ steps 51 and 52. Simlarly to
Tabl e 3, Table 4 shows the all owabl e process condition for both the UV-Qz
processi ng and the UV-NO processing. 25 Table 4

GasFl owPr essTenpTi neRat e[ Torr] [ C] [ sec] [ SCCM st ep

1UV- Oz02300- 0. 02- 3300x13=6€94R0Q£5¢5aR A5 bHVaNGhiO: c30- QuBLt330Q- 15- 668 -
69 1000750step 52RF- NZAr +Nz500- 25001x10 ' -10300- 75010-180 Tables 3 and

4 indicate that tBabgYrereppseessisigdcarrpeasynddlt 6§ FAGEBewpithsslife range
of 0.02 - 5 Torrhéaigaggsé.g§58th@nggtQget%qp%gaﬁ#%8e§s{ﬁ€gﬁh9ie300 - 750C
e c¢ondu e pres

and that the UV- processi ng can cted in ressure range of
0.01 - 5 Torr (0.0%33BathelulddkBa)iocderd tbertenpér ahdr €urahge ah BEON, 750C.

Particularly, the range of 0.67Pa _13.3kPa is preferable. 1o t he ot her
hand, it is podsiBFEC BS&BHd&EtaPﬁélﬁﬁ-ﬁ?_5b8c8§§9ﬁg%Fhmtﬁéu5$2§§ﬂ?3 r ange
of 10-3 - | OTorr (Bil33RaingltB3kPamoadphAskhiesbamper akure range of 300 -
700C, particularly, the range of 0.67Pa - 13.3kPa is preferable. 15

Referring back to Fl G 24 exprépiednbeier EIGakd - ~1§heant ke serat tbashi p
bet the nit : . ati ad L hi itrid
etween the ni rogﬁe 8998%“%&%&'HQsaQﬁFEE%gF§5$ﬁE2§ﬁ§cQBeEQetgééggzr' e

filmfornmed according to the process o erring to , It can
be seen that 20 tligomxyhet indeéibtill thakkeady dtheaithscknesegén wheh a

concentration, of about 10%.in e ate imediately after_ formatian thereof
by the UV-NO H?ocSgggeT%ﬁg%rﬁykgﬁp?§rh@ ?ﬂ%ciﬁ§fﬁg%r%%e§3%%ﬂ“o?ot%k?%?ep 52
of FIG 35 to suchoasnfxyni thedethitkmiittrobeaoaesmaSapesshblredteetiobn an

oxynitride filmof_ higher nitrogen concentration. Thereg%h the date __
represented i n t h&N8r BiirNg ByocSsepnraskhtl the €98eeprhrahieR Pheoxyditri de

filmhas a thicknegscat @238M:hB hhershaheatBRBALaECE ¥+ 3bLBElNEoUWRAO
processing, while 30 represents the case in which the oxynitride film has a

t hi ckness of 0. 4nAeivalt hé sbaus iLhAfredivatbeyREfNerprocegging, on the

15 other hand, it can be seen that the film thickness
increases to about 1.3nm. In this case, it 1is
believed that the nitrogen atoms thus introduced into
the oxide film form a nitride film by causing
penetration into the silicon substrate after passing

20 through the oxide film.

In FIG.22, the relationship between the
nitrogen concentration and film thickness is
represented also for an ideal model structure in
which only one layer of nitrogen atoms are introduced

25 into the oxide film of 0.4nm thickness by A,

Referring to FIG.22, it can be seen that
the film thickness after introduction of the nitrogen
atoms becomes about 0.5nm in this ideal model
structure. Thereby, the increase of the film

30 thickness for this model case becomes about 0.1lnm,
and the nitrogen concentration becomes about 12%.

Using this model as a reference, it is

concluded that the increase of film thickness is



the UV-NO processing. In the case of the filmrepresented by ~, in
particular, it can be seen that a nitrogen concentration of 20~ can be
achi eved while maintaining the filmthickness To 0.6nmor less in 5 terns
of the thickness neasured by the XPS anal ysis, by conducting the RF-Nz
processing. FIG 36 shows the binding energy of a nitrogen atomof the is
state contained in the oxynitride film which is obtained according to the

lo process of thep&%@%&@%&ye@QQ%E@%@%diQowﬁ%%hvﬁh%eUMTO%.QrQC@$§bﬂg and the

RF-N2 processing are conducted consecutively. Further, FIG 36 shows simlar
bi ndi ng ener gy forclose Geyitiber fdsebiolimof yriwe By cbrdgesenghehe UV- NO
processi ng expl ai fare I f OX%WNI_ter i i, rmed by a
di fferent processg%%ﬁQ%F egg?ggfgg§§g|§5B§Qﬁ§$gd§¥h§? ?ﬁg'ée%g}gg ggxis
represents the fulflxwitiieh ndalfi daetionumt( EREMpxdatdet e 1I¥PSIapeatisustakiel, e t he

hori zontal axis represents _the hinding energy.of the N15 atom 20 Referring
to FIG 36, the’oxy 'ﬂFi&@aﬂPPﬁPﬁa5gﬁ§ 5§FtW%éPEPPyaW8P§§ BEndPRg energy

corresponds to theiezsgenhawdmsn ihkbGrdéhaiteaiinChot haeneanast,oaeygbkori ng
sites of a nitrogen atom are occupied by Si atons and the second

nei ghbori ng sit esadpPutthd 255 ipj theg@axampm-are occupi ed by oxygen, while the
oxynitride filmhaving a Ia%ggspbggiHgdeag%gghggrEﬁ?pgggﬁgkookhe case shown

in FIG 37B in which the nearéest néighboring sites of a nitrogen atomare
occupi ed by Si at oessamdmehé sécondronganesbndenneiaghbar digtsibesioh the

nitrogen atomare _alsq.occupi.ed by Si ,atons. There _exists a.,difference of
bi ndi ng energ§§ofa&80§ﬁ 8.%5 ngﬁ%éeﬂlfﬁggg nc8ﬁfFBuPé¥P6%§}dﬁh$Fgmit i's
noted that that thibs the éisedichtebgpaetefidbi AdiRgienebgreagress whth the

distribution of the data points on the horizontal axis in FIG 36. Referring
to FI G 37A, the nP¥iE§ehiafoksrBedr 87 fEPudédiFrRnt RBPEEFaES Ml APi Khehi s

state, and thus, tlgs3tate ploFkCs3fd SgpheaRAgIsol 8t begehats sych as the

one shown in FIG 1, in which the nitrogen atons exist 1n the interior of
the oxide fil mor thégknese ofir Rawewbfilehesodritdeaf thm sihiEpG 8WBstoatehe 10

ouner ant, L1 ST RRTALSdotHabeLhs R B, L3 OhEts B ShehATERHE, T
oxygen as represemhedehpettinews 66r FEsponda tadt heBcasecbndwbtel hhe
nitrogen atoms are concentrated to 15 the region QE the oxynitride film
near the interfacthe substrate temperature o 450 C under the pressure
of 133Pa while rotating the silicon substrate formed
with the oxide film with the thickness of 2nm, while
20 supplying an Ar gas and a nitrogen gas with the
respective flow rates of 2SLM and 50SCCM. In FIG.23A,
the bright part represents the part where there is
caused nitrogen concentration. Further, FIG.23B shows
the thickness of the oxynitride film obtained by the
25 ellipsometry and the nitrogen concentration obtained
by the XPS analysis.
The result of FIGS.23A and 23B shows that
it is possible to realize a generally uniform
nitrogen distribution over the entire surface of the
30 substrate W even in the case of using the substrate
processing apparatus 20, in which an asymmetric

radical flow is caused, by rotating the substrate W

and optimizing the flow rate of the Ar gas and the



between the silicon substrate and the oxynitride film Referring to FIG 36,
it can be seen that the value of the binding energy scatters over a w de
range fromthe relatively | ow energy side 6 about 20 397.6eV to the hi gher
energy side of about 398.1eV in the case of the oxynitride filmformed by
the RF-N2 processing of the U/-QZ oxide film Fromthis, and further in
view of the fact that the half height width of the peak takes a | arge val ue
in the case of 25frsyghrapeoy¥nihel detkbhBh fhsi s concluded that the state
of FIG 37A and the state of FIG 37B are mxed in the film In the
oxynitride filmin which onF§GtR8 Wy- ROdpreceBsragresrenddnet &d, Foq .- ERe

ot her hand, the 3 ; f i pdin r i Lstributed,.| | ow
energy side fron1§ ég%ggsa.gégsfg g gu?hggs.ggs.§E?%§$Fh?§§8aﬁggyégﬁher in
view of the fact thatntheobahf henghhtwatihnofntihéipmakhisknedsced in such a

film - 72 it is esti ed. f ha while there sti|l exists a. m xi of
thestate of MG BsaSnkaT R thir ke OrpEyTe' FA%t hher PRkRLERLas, FLof s
FIG 37B is slightbytsypesi By. akBosEhgateasie Flokenheki gyedrthat the 5
distribution of the nitrogen atons in the oxynitride filmis slightly

shifted in the di FBéchoAncPssdet §itRelsi FPEBRdIshBsthat BV-f1 @35 es 6% hows
the result for th e oxynkiri i i s i her mal
?sfejég 593 dit ﬁ)e{ %E_ i@%édéé@éﬁ?@ﬁ{h&e@ﬁé@ f&‘aﬁlé

10 oxide filmis subjected t processi ng, case o
oxynitride film (SRAjei Ailni thua themadl (expdeSEi |l nmMinsF3AbRéctéd to a

i - pl ptri i d for.th f itrid
fim (RTNG, (R anfbRiadcbr BaRed BERr.EhS, Ri s188, BT Pifesd o) Fhp ) °
nitridation processiag. thhmt peisaseoothehrroxyptdsdsies fid molesipgnpded as

RTO' RFN and the oxynitride filmdesignated as SPA, the binding energy
observed for the K@§1Qvat¥E-is relatively large and is believed 20 that the

state of FIG 37A is predom papkrrifgt b6 £2§6297 @& PULRIsd@pE | m RTNG
on the other hand, the observed binding energy of the NNs state is

concentrated i ntorehat¥ahghipfbabvaen3gize4¥RS filmsthickness and the

15 nitrogen concentration in the film for the case the
oxide film has an initial thickness of 0.4nm and thus
corresponds to the case represented in FIG.22 by @.
In the experiment of FIG.24, it can be seen that the
nitrogen concentration in the oxynitride film thus

20 obtained increases generally linearly with the XPS
film thickness as long as the film thickness is in
the range up to about 0.8nm.

On the other hand, B in the drawing shows
the case in which the initial oxide film thickness is

25 set to 0.3nm. Again, it can be seen that the nitrogen
concentration in the obtained oxynitride film
increases linearly with the XPS thickness, with a
gradient generally identical with the gradient for
the case the oxide film has the initial thickness of

30 0.4nm.

Thus, in the case such an oxynitride film
is used for the base oxide film 2 underneath the

high-K dielectric gate insulation film as shown in



believed that this indicates that there is a 25 concentration of nitrogen
atons in the oxynitride filmnear the interface between the oxynitride film
and the silicon substrate. Thus, accordiﬁgf¥%'1he formati on process of the
oxynitride filmof the present invention that 30 applies the RF-NZ
processing to the UV-02 oxide film it is possible to realize a generally
uni formdistribution of the nitrogen atons in the oxynitride film wth

slight concentratyeg.in thersi d8 8fpbheibitify, {hlviswréacenel n the case
of conducting the RF-NZ processing to an existing oxide film the nitrogen

atorms are distriboetdtpenaaip| 9faf I¢hddsi feabf thpeefnayn Barfaeeed na®i ew of

the result of UV L : . o] | Sps Lt |
expected that a g%ﬁgfg%Fg 5%??@?%#%%%ffﬁ%g%?§%g2$§nF§%og%%gg %ﬁ%éi£§lm
achieved in the oxjantthdenfttrogénocvhbentnéeidacenbehaetilmhies stdbocon

substrate and the fiJmto the filmsurface by_applyiLng the RF-NZ progessing
ioto the oxyﬁitr?ﬂgkfi%ﬂ1fﬂ?ﬁeﬁ %@S?heeﬂﬁh?%fﬁggcétsgﬁbn%sgﬁéggég nted in
FI G 36. [FIFTH EMBODI MENH] c| gat&eifdsBaiohabiigati Dg dasesl coadpet or 15
device having a high-K dielectric gate insulation filmof FIG1, it is

necessary to formBhePhtghok Bhel 82¢ki BhRE| ek Bdahieheo habke oSt HCPR| m 2
th f d by th t i i Ly, CVvD
s Lo Y ISBURELLRLS plocsaeLos speaLyS, B BLELLY,

process is used to form 20 suc g ric fti t he case of
formng a ZrCz fiintrbducenanpierode] nbe thbaebagasevide sbutmweZ cont ai ni ng

Zr is used anﬂ)the Zr 02 fiIg]is de ogi%eg ?¥ 9§'dééig% sughoa asepus
source. As it i1s preferable Ph3Et tReCTOFhmt? oh® bF O 2R LR AR %?gh-%
dielectric film 3the éepductede SEDERqEEHhed Oby heppl ¥ ihgadn ORFprpCcess of the

radi cal oxide filmshown in FIGS. 16A and_ 16B, w thout contacting the
substrate to the RXPEPRAINGI FO ahuexiqde FilprEPEPaPI Y t#AtUYHe: substrate

processing 30 appgLatuss 2Ry ol rEE&G Bedistd Nhenst 8l g8 &Pt Os auglastaridoype
substrate processing systemthat includes a CVD chanber. FI G 38 shows the
schematic construttlmh, oft is necessary to set the initial thickness

15 of the UV-0; oxide film to be less than 0.4nm. In
other words, it is necessary to set the initial
thickness of the UV-0; oxide film to be less than
0.4nm in the case an oxynitride film introduced with
such high-concentration nitrogen is to be used for

20 the base oxide film of the high-dielectric gate
insulation film.

FIGS.26A - 26C show the spectrum of the
Si2p orbital obtained by the XPS analysis for the
structure in which the oxide film 2 is formed on the

25 silicon substrate 1 with the UV-0; processing and a
HfO; film is formed on the oxide film 2 as the high-K
dielectric film 3, wherein FIG.26A shows the state in
which the oxide film 2 alone is formed while FIG.26B
shows the state in which the HfO; film is formed on

30 the oxide film 2. Further, FIG.26C shows the spectrum
of the structure in which the Hf0; film is annealed.
Further, each of FIGS.26A - 26C shows a corresponding

schematic device structure. In FIGS.26A - 26C, those



- 74 such a cluster-type substrate processing system 30 according to a
fifth enbodi ment of the present invention. Referring to FIG 38, the
cluster-type 5 substrate processing systemXD 1 ncl udes cassette nodul es 31A
and 31B for | oading and unl oading a substrate Wand a substrate transfer
chanmber 32 connected to the cassette nodul es 31A and 31B via respective
gate val ves, wherein the substrate to transfer chanber 32 is further

connected to a sufsifate,fleanibig; shaphern baseski i 9hs chamber
34, a CVD chanber935 andoa t ernaf %rocess?ﬁgac%aﬁge? 3%5é#ﬁ%£?&tﬁ%3 9
substrate Wi ntrodueedesingnatdd 1P subssemteréfanshiee wimabals 32ndronet he

tte modul e 31A or.31B s f ded. ta th te cleaning chanb
33 Tirst for romoPRgrHoRROT VBN OkTab Vit BY GPOBREC: contam nation

therefrom Next, the substrréee¥isgttanspesteeato 2be, basecoxiwe &b 20
formati on chanber 34 via the substrate transfer chanber 32 and the base
oxi de film 12 Sandthak RReFedest| R {22Parkrebriedk Fhef eblhe eflant he

substrate Wis fowﬁigsg L&y ihg g&&hﬁ@QFrs§§f%f‘Iﬁuﬂl@?t§€a§é‘b frate

transfer 25 chanber 32 tor forfation of the high-K dielectric film13. The
substrate Wis fuFiGe?6&oinmaadedtion heot hlee nebeptoebspéalg &hafrbehe 36 f or

crystallization apd oxygen-defect .conpensation.processing. After.the
processing in thegfﬁbfﬁgﬁtﬁgOngéﬁﬁgtcﬁaﬁB Fnﬁé,ytﬁg ihesﬁﬁgF%ﬁ?é Wis
transported to thgeglsseiteransisd eidlfheorsBdte tbr opgh. 2 6@, sahst ¢laé e
transfer chanber 32. Meanwhile, each of the grocessing chanmbers 33 - 36 is

provi ded wit ht%ar§btenebbpet athfigSeerEat, peak B is increased to the
level comparable to the intensity of the peak A after

the state of FIG.26C in which the thermal annealing
process is conducted.
It should be noted that the chemical shift

15 corresponding to the peak B is caused as a result of
a Si atom in the substrate 1 or a Si atom in the
oxide film 2 causing a bond with an oxygen atom from
the Hf0O,; film. Assuming that the chemical shift of
the spectral peak for the Sij, orbital is caused

20 entirely by the surface reaction on the silicon
substrate 1, it is possible to evaluate the increase
of the film thickness of the oxide film 2 caused by
the thermal annealing process of FIG.26C from the
area of the peak B.

25 FIG.27 shows the evaluation of change of
the film thickness of the oxide film 2 before
formation of an HfO; film and after a thermal
annealing process for the case the HfO; film is
formed on an oxide film of various initial

30 thicknesses and further the thermal annealing process
is conducted. In FIG.27, the horizontal axis
represents the initial thickness of the oxide film

corresponding to FIG.26A before the formation of the



- 75 and because of this, the processing chanbers requires an area
represented in FIG 38 by a broken line, in addition to the area of the
chanmber itself. Thereby, it should be note Y hat avail abl e space is 5
substantially limted at the side of the processing chanber close to the
substrate transfer chanber 32 because of the reduced separation to adjacent
chanbers. Thus, when the substrate processing lo apparatus 20 of FIG3 is

to be used in suchfa, cfish eFniyder1sdibsd F e € PrOees Si g Prar Atuge 30, the
processi ng chanber 12 is connected to the substrate transfer chanber 32 in

pl ace of being coAkédeedil® théckupseraféerr Ahsf thegmpl amneahéndin there
arises 15 a problggbLQsEhggrgﬁgﬁ%HagggnggegEbgﬁ6§unp 23B, extending
anber

|laterally to the processing c at the'side thereof close to the
substrate transfer chanber B28femmyngatiseFaf.Rit eitecenckewséhnt hbaadj acent
processi ng chanber, 20 Ln order to gonduct fagt 8epressrrizition of the
processi ng vessel t3$X8 £5) §aH8eEs8aP§ T Ratet RE FOPbOIABF b Br punp 23B is
provi ded cl ose tothhekB¥asUaLI 8NoROhYy ddkn ¥HI LRet BERB1 EXE $hStROCRAASE
avai l able for this purpose because of the fact that 25 various devices

including the trahBp&heaffsn EBBotnaFéapr bhiakacEAdef nERENUYNE@ Uit at e
transfer chamber §§1mFHEEh§£ceEQ§&eol§nH9 §¥§h&§9§e§ﬁQ€C€hE§d§i?@?ﬁg the

processi ng vessel 21 for the turbo nol ecul ar punp”23B because o0 fact
that various 30 dduvwoesfi hotudang dhetbabfitimt thioknesagcorchaposds 22¢€ are

provi ded undeypneath the processing_vessel 21. FI G 39A and 39 e di agrans
P hovi gt hocbher Fllg: FORBERSSEehnSE, BiE HPEEECErRy SppAISP A Lathe ¢ 70
according to a fikthhregbodinent oiltibenpsesentatayethéps fespectively in a

side view and a plan view, wherein those parts of FIGS. 39A and 39B
expl ai ned bef ore BP&s#Rilgh¥t ER2bytRReOBEMBURER!EREBSAUREr BNE 8XAAR t he

description thereef iy bl ;iBe198httgds1 Rehely! N9r§Or FLESN 38 aPFr3§Binghe
thickness of 0.4nm, which thickness is thought as

15 being optimum in the previous embodiment of forming a
ZrS5i04 film from the ground of the observed slowing
down of the film formation occurring at this
thickness of 0.4nm, for minimizing the interface
reaction.

20 The degree of the interface reaction
changes depending on the type of the high-K
dielectric film, its reactivity, the degree of
subsequent thermal annealing process, and the like,
Thus, there can be a case a film having a thickness

25 exceeding 0.4nm may be required for suppressing the
interface reaction. Of course, the overall process of
the high-K dielectric gate insulation film should be
designed so as to minimize the interface reaction,
while the thickness of the base oxide film 2 should

30 be ideally set to 0.4nm. In conclusion, it is
preferable that the base oxide film has a thickness
in the range of 2 - 4 atomic layers and more

preferably in the range of 2 - 3 atomic layers. Most



substrate processing apparatus 40 disposes the turbo nolecul ar punp 23B at
the outer side of the substrate processing vessel 21, in other word the
side opposite 1o to the substrate transfer hit 27 where there is an
avai |l abl e space when the substrate processing apparatus 40 is used to
construct the cluster type substrate processing systemsuch as the one
shown in FIG 38. Wth this, there is formed an evacuation port 15 21E in

the processing veﬁsekezab@y t RReOBhel skd@et HelROhasi B ehheknweEdsrat the
si de opposite to the substrate transfer chanber. Further, the process gas

nozzl e 21D and t h&val aEawiigl éayepsical source 25 are prOV|ded to the side
close to the substrate transfer 20 chanber 27 with respect to the substrate
W such that the oxygen radicals are caused to flow along the surface of the
substrate Wto th¢sBuaNDaEMBODPMENT2IE. |t should be noted that the turbo

nol ecul ar punp_ 23B is connegt ed the_ b art _.of the 25 processing
vessel 21 via the valve 23A E&ﬁ abgeFFiEa? 8?8 It EOBtEBFm&BQdénthe state

in which the inlebxgndtthgeodthft oarg alirgned MeralgaihMonFyﬁbBEEatét
shoul d be noted that the outlet port of the turbo nolecul ar pu 23B is

connected to the é?ﬁ@ﬁé#ﬂ@ntSOalPﬁ@oéﬂtéﬁEPﬁQmPFEnPfhéhevaéaéﬁn n port 21A
of the processnnglxgéﬁgkogl hﬂdEB% gﬁevkabggfa¥gl%§ogé§3§ﬁ the part

behind the valve 24A" I'n such a su str te processing a paratus 77
in which the turbapparetubaEOpuﬁpFZGBSLSWhoiatEGGa28BhESsadéloppbsrte to
the side of t e supstrate %ransfe re is caus ed.no éoblen1of

5 i

the turbo nol ecul 3FCPURE 538 Bﬁﬁg?ﬁg ?%tEPF@?EHcgnmffﬁn% Fhdcalif &ent

processi ng chambeaceseainhetot hecsmpstaaleeperarssengrappal aNs #Q tBeused
to construct the cluster type substrate EFOCESSIng system as_in the case of
FI G 38. FIGS. 40A GABPADBtAVE BXAGPARECShBWPngBBnestoCptotessBf L1formi ng the

base oxide film 12,ecgadughed by ushAdshhersHPSt LAt enpT OGS LYo aPPAr At US
40. Referring to FIGS. 40A and 40B, it can be seen that the valves 23A and

23B are opened androhesvahgeapaaratug| a8edfi RIfhe dadetbki debstratéoismti on

15 once taken out into the atmospheric environment.
Further, the substrate is returned to the processing
vessel 21 of the substrate processing apparatus 20
and the oxynitride film is formed as a result of the
RF-N; processing of the oxide film.

20 Referring to the comparative example of
FIG.28B at first, a silicon oxide film is formed on
the surface of the substrate W in the step 21 in the
substrate processing apparatus 20 of FIG.3 while
using the ultraviolet-excited oxygen radicals formed

25 according to the UV-0; processing step explained
before. Next, the substrate W is moved out from the
processing vessel 21 in the step of FIG.22 and the
interior of the processing vessel 21 is evacuated to
a high-degree vacuum state. Thereafter, the substrate

30 W is returned to the substrate 21. Further, an RF-N;
processing using the RF-excited nitrogen radicals
explained before is conducted in the step 23 and the

silicon oxide film is converted to a silicon



15 process. As a result, the process space 23B is evacuated to the

hi gh- degree vacuum state of 1.33 x 10 1 - 1 . 33 x 10 4Pa ( 10-3 - 10
6Torr) by the turbo nol ecul ar punp 23B ate Q%e‘foregoing evacuati on port
21E, and the oxygen gas is introduced into the 20 process space 21B from

t he process gas nozzle 21D in this state. Further, by driving the
ultraviolet source 25 with a suitable energy while rotating the substrate W
by the substrate poiatirpgqdaeehani sm 22C, there is caused a flow of oxygen
radicals to the 25 evacuation port 12E along the substrate surface, and the
substrate surface is oxidizéd ﬁh?f@fﬁ??sswpghFﬂﬁLgﬁBbttbécéﬁtgréogsbﬁle to
forman extrenely i L oxl i 1gVi i,ckness | nm or

| ess, particuIarI&h?hgréh%%Egggség gg%oE?]3?4%2?§§a%§?r§§p§n8?%8 to the
filmthickness of d2gred abhomum kageesinomhthetepl 2onaadbshuat etkarface
uniformy and stablé ind wi_t h excel | ent regroduciaillté. O course, it is
possi bl e to fot m RF8PFFRoAfoRFHESR PR CamgnathgDi AYTinEhiBRNBESNexceedi ng

I nm FIGS. 41A andpg4dBeshongt he Phecssspobaf 9snhigihgeaxyhbtkde, fil m 2A by
usi ng the substrate processing apparatus 40 of the present enbodi nent 5
after the step of UFFEBtgdAinfAgcaor Bf hAher thiaknehe sbrtheeosyniheibase
oxide film2 thusct . : LNg.: Lok : and 41B, the valve 23A and
23C are cl osed anSE?ﬁgggangagsib?sl%pggégﬁﬁﬁééhe nitridation process. Wth
this, the turbo 1o nol ecul afinpuhp 28BBpi sfdF3GoRABct ed thenvtherekandati on

system and t he progcess ce,21B i.s_evacyated directly by the punp 24 to
the pressure ot 18§§Pﬁuggﬁ§?§ﬁP§ bpbig?glﬁbggr%§? bk‘?hi%r%ﬁ%gﬁgﬁéﬁ”%r gas
and a nitrogen gas 25%epre1SupphtRdcboreébpoh@B0YE PhasBBepOPI Ceidbhednd

nitrogen radicals are formed by applying_a_high frequency excitation to the
nitrogen gas. ThelRi FRBgRROFEEFELAPSVERABSLT 8F BB at BCEGBSERATL BBl ow al ong

the surface of thensybshpateotLapbheado gyaeussing. PRrhs214rcand there is

caused a uniformnitridation on the surface of the rotating substrate W As
a result of such aonductilagi anpprotegsprheessariaca stephé2basesbepde3fil m 2

i's converted the_oxynitride film2A .2 usin he, sybstra
br ocessi g apbar atCETARParaERE booBh&L B8R T it SrariEREH PhackEe g
chanmber 34 in thesthlusbrrokype substiateopvecesdi og sysienreh FI G 38, it

becomes possible to formthe hi%h-K dielectric film1l3 such as ZrQz, Hf Qz,

TazOs, 30 ZrSi 04, OKFBHERIIR 2EET &fid®t h8SPH ke®T oh™ e hBY Bls PIBGRE M9 m 2
that includes thefginghienoxypibshbegati & 2he J;aegah%eéﬁaaa@%soeh@b@ye, the
0}

substrate processing apparatus 40 was explained with regard
excited nitrogen radicals.

20 FIG.29A shows the thickness of the
oxynitride film formed by the process of FIG.28A as
measured by the XPS analysis with the thickness of
the oxynitride film formed by the process of FIG.28B,
also obtained by the XPS measurement. In FIG.29A, the

25 horizontal axis shows the nitridation time in the
step 13 of FIG.28A or in the step 23 of FIG.28B. In
FIG.28A, M represents the process of FIG.28A while ®
represents the process of FIG.28B.

Referring to FIG.29A, it can be seen that

30 there is caused an increase of thickness of the
oxynitride film with the progress of the nitridation
process while no substantial difference can be

recognized between the process of FIG.28A and the



- 79 the formation of very thin base oxide film However, the present
invention is not limted to such a specific_enbodi nent and the present

i nvention can be applied to the process of ﬁ%rﬁing a high-quality 5 oxide
film nitride filmor oxynitride filmon a silicon substrate or a silicon

| ayer with a desired thickness. [SIXTH EMBODI MENT] i0 In the enbodi nents
above, the technology of formng the base oxide film2 in the sem conductor

device 100 of Fl Gptoteskhert hirgkness ehiabeukng. 4AAxapdriyctbat beygkng the
oxynitride film2A on the surface thereof by using the substrate processing

15 apparatus 20 oPUFPE 3s eghipwedt RéFOhaRIhPt PFrecar80°foEEFbR8At 0 use the
substrate processing apparaFEé"§QBtBP89§”kﬂet95858£t9§¥358r599tﬁg!”1 whi ch
m e

can be used for a gate insulation fi A as represen I'n"a senm conduct or
devi ce 200 of Fl Gnd2ro@enRetemsi hjutoikkbGri2rathd sembcohduokpnidevdee 200

does not use the high-K dielectri e insul ati film3 and_the g
el ectrode 4 isSfoEﬁgﬂ'dW 8EEHY Ehgt%ggggP@pFﬁgﬁlgB?OHrPFFﬁF3ﬁf FﬁGF?E§42,
it should be notedntihahet poseepar bs goGre8pONdhNgIE0285,t hgeparts descri bed

previously are designated by the sanme reference nunerals and the
description ther eBPTWEPRtBE BKiEt EAPTPACRRE SBRi BHRALELBE HéWpcef20beof

FIG42, it is nol s Repessapy FPcUseat B8 bhahsKe igbesgrﬁsagbﬁ“ 3¢n3, and the
gate insulation fil'mcan be formed by an oxynitride filmwhich has been
handl ed in the cof¥én2PBnaM sepresmdist dheprovess st efhfdiGo@BA Findleb® t he

process of fapricating the sem conductor =80 evice is facilitated. On
t he ot her hangﬁ iFengﬁ88§§s§E§,pFﬂcFﬁ8 85n§%§naagtor devi ce 200 of FIG 42,
to formthe gate insul ati onrREFkpr3Ag tor red.pBBaniexyahtbédeethl fhato have

a thickness of about |.Onm5 or_ nore by uslng t he substrate processing
apparat us 20 expl 5'RE& WPt ROr BPRFEAREIEL REETSTORFE, 4B §RBws the process of

formng such a thigkcaxyphtibfeoti LRvageordyeg aeomeiﬁes]?ggkaeg@ﬂﬁﬁ@nt-
io Referring to FIG 43, an oxide filmis formed by the UV- processi ng of
the silicon substitheeosyntbteédenfiha betyeen bhethroaessavfoF €€ 28&8ited

oxygen radical s and the BrbUSsLI b FUSo68] BT endLridedsin the step 62

interpreted that the increase of the film thickness
observed in FIG.29A is caused as a result of the
introduction of nitrogen into the oxynitride film.
Next, the inventor of the present invention

20 has conducted an experiment of forming an oxide film
by using the substrate processing apparatus 20 of
FIG.3, wherein oxygen radicals are formed by using
the remote plasma source 26 rather than the
ultraviolet optical source 25 (this process will be

25 referred to hereinafter as RF-0; process). From the
oxide film thus formed by the RF-0; processing, an
oxynitride film is formed by conducting an RF-N:
nitridation processing that uses the nitrogen
radicals formed by the remote plasma source 26.

30 In the experiment of FIG.30A, an RF-0;
processing is conducted in a step 31 by supplying an
Ar gas and an 02 gas to the remote plasma source 26,

followed by a purging process in a step 32 in which



i5 processing. In the present invention, on the other hand, the desired
filmthickness is achieved by conducting the processes in the steps 61 and
62 at a relatively high tenperature of abof3 750C, In view of the result of
the experinent of FIG 32, the 20 purging step between the step 61 and the
step 62 is omtted. FIG 44 shows the thickness distribution over the
silicon substrate surface for the oxide filmobtained by the UV-Qz

processing in the gteprbdessingSyehoul dabe; nopedgbhatot hen i b ckogsse of
FIG 44 is nmeasured by using spéectral ellipsonetry. Referring to FIG 44, the
silicon oxide filwa¢gurmioshatleunteereatter estieepnpcd99Pag (BFose) al ihe

substrate tenperature of 75 i ofati t  Substrate.. 1t .can be
seen that a very BT %‘?n?%&?gte%%% (ranb%hé‘l?acgrg?i%gd&gyﬁ% e TS e 1(3 of
0.720 for the filcphdticke@ssnvarsespod3 b obiagnede Rt 450 asddC are
di agrans show ng the - 81 process condition of the renote plasm

nitridation procedSPhgeoflthe oxide filmof FIG 44 conducted in the step 62

of FIG 43 and the film thi ckpesgedighbsibthoncpfribesobt abRechoxymdsi de
filmobtained 5 according to the processing. Referring to FI G 45A the

pl asma nitridati orepdockssing Ps agmndudirafluaaierta Hégrrmmiiee rdfask6 6kPa
200 h . 7 - - he ni
(200mTorr) at thesupsLr e ) ermeraluie ofnIPOC phil e, changi 0o he, gitrogen

gas 1o flow rate and gas rate 1n € range 1|
FI G 45A, the |inead REPDLFariceddinquppercdrdudtenf. themddfrtagen tgas fl ow
rate in which ignition of plasma can,take ace, while e lines B and C

| t
represent the%reSYRf erithgh tH0APYed oF° bERRgPUES tdnt P DI FRY BYPTRFHHRY he

substrate processy8gs@PpPal ainSa 26t &p £ G Bn £5is epresent ede Ahrébes cerg er
drawi ng of FI G 45B, the distribution of the nitrogen concentration in the

film and hence theseebtis beira@md ed ofo taikiiesdegree neaewymistade film is
uniformin the Caéx‘?dt@ﬁe%ukg rié(%vwrfé eﬂ@ﬂ‘iirﬂ@c? £ £I?c9§5‘r9@rT§?§ir? rate are
rne D Int sha

it
chosen to be | ocated on the IS case, a ver vari ance
value Q of 0.7% isessel 21 again. Further, an RF-N2 processing similar

15 to the one in the step 33 is conducted.

FIG.31A compares the thickness of the
oxynitride film obtained by the XPS analysis for the
oxynitride film formed by the process of FIG.30A with
the thickness of the oxynitride film obtained by the

20 XPS analysis for the oxynitride film formed by the
process of FIG.30B. In FIG.31A, it should be noted
that B corresponds to the process of FIG.30A while @
corresponds to the process of FIG.30B.

Referring to FIG.31A, it can be seen that

25 there is caused a substantial increase of film
thickness in the case the oxide film is formed on the
substrate W by the RF-0; processing that uses the
remote plasma source 26 according to the process of
FIG.30A.

30 FIG.31B shows the concentration level of
the nitrogen atoms in the oxynitride film formed by
the process of FIG.30A in comparison with the

concentration of the nitrogen atoms in the oxynitride



achieved. 25 In the case the Ar gas flow rate and the nitrogen gas fl ow
rate are chosen to be located at the position offset fromthe foregoing
line D, on the other hand, there arises a distTibution in which the
nitrogen concentration increases at the marginal part 30 of the substrate
as represented in the left drawing of FIG 45B or a distribution in which
the nitrogen concentration increases at the central part of the substrate
as represented infiha FbohbddbawiAe ptocess83f FI6.46B, LAetheseMages, it
can be seen that there occurs increase of the variance Q for the film

t hi ckness distri bEZFeAlBTROSrepPOoRER be §BenPrRaeschefeFafEpdarswhikeconvex
t hi ckness distribgi Y iﬁ%gggg% [ St {{ONn in the
oxynitride filmt Hc ne%’gs,paoan ﬁtgoné%eﬁé; convex %%Sr%fgeg';gdc%ncent ration and a
concave nitrogen concentrat RefierringhtocB36.8MhB, pitceéssnovadi theh theat the
right side of the lLine D and at %o %he Iﬁft fide g% t he IZne_g, .
respectively, whi P& FRIEAeCRBSEFRRAPEr 6GERTgAE FIEWPF¥PEtEAGSt AR gas
flow rate are chogeemesd bhethbngrBeedsupEf prm BbackpesswdiSthhhuthen is
obtai ned for the oxﬁnitride film 15 FIG 73 shows the rel ationshi p_ between
the uniformty of MRECRERNGOBEBRESELAGRanEVEheChr BRESOXpRESSLUAR AilPhe
substrate tenpera f¢5 I e rpgQnt aj ; axk hows
t he process pressggéﬁgg ?Kegg%ng@g?g%ﬁeggFFgg'%?géegéiﬁg?ﬁgggag%gzzﬁﬁg
vertical axis repthseathsreneerafi bthenfiwhinchhibhknebsckaesbsefvetieinxynitride

vertical axis reneer af i oh: _ cLoxyni
i vided by tni ¢ nfenate 5Pt KhenEp sBnsRepRFRseRs &k FREFEBTSE ulhen

in-plane uniformty psimshityedadbednbyyheesadeal hexygehi cat axis of FIG 73
is 1. Wien the vertical axis has increased from1l, this neans that the
obt ai ned oxynitriB8LEfVRANERaE EBRYekeFIAHAL NPXKABRSCUL&EFi bRLEBR. In the

case the vertical raxbgel sagiBhiesohibad 36 LhaStABANDR %?ﬁtrgggcgrgnitride 30
filmhas a concave filmthickness distribution. In F¥ 73, ~ represents the

case the Ar gas fboampairgi theepxidaBbosSCoM thel okenhiridgehiymsafeéow rate
is set to 115 CIW% Ll.es~ re e : - S h L trogen S
flowrate is g%t 8¥@%éogﬁfidgﬁggtE%gf&qg%eﬁ¥%§gﬁtggtﬁ%écggﬁéi%lﬁﬁigﬁgthe

Ar gas flow rate nstsetehord80685CE. dranfothednithr ogennjjasidivivrnaseeps set
to 1400SCCM Thus, it _will 9@ noted s that the total flowrate of the
process gas, defi%édogsFFﬁe Bmof the Ar gas flow rate and the nitrogen

gas flow rate, increases inrptbe ohdesifhationahd8tad Bebesring 19 FIG 73, it
can be seen that the filmthickness distribution changes fromthe
concluded that it is preferable to form the initial
20 oxide film by using the UV-0; processing that uses
the ultraviolet—excited oxygen radicals in the case
the substrate processing apparatus 20 of FIG.3 is
used for forming an extremely thin oxide film on the
substrate surface and forming an oxynitride film
25 therefrom by causing nitridation of the oxide film by

an RF-N; processing as set forth in the flowchart of

FIG.25.

[THIRD EMBODIMENT]

30 FIG.32 shows a flowchart of the process of
forming an oxynitride film according to a third
embodiment of the present invention, wherein those

parts of FIG.32 explained before are designated by



1o concave distribution to the convex distribution and again to the concave
distribution at the | ow pressure side when the pressure is changed under
the condition that the total flowrate is fi%ed. Further, it will be noted
that there exists two process pressures in 15 each setting of the total
flow rate in which an oxynitride filmof uniformthickness is obtained.
Further, it will be noted that the curves of FIG 73 shifts in the higher

pressure side whephthe ot abrblowceahmbsai 8CsRASEHe dbYsribti¥h! !l be noted
that 20 adjustment of the process pressure can also realize the uniform

processing in t hetReroa@fprvbtesbengmottedle present invention, in addition to

t he approach of controlling | £l rate t Ar_gas.-and the
nitrogen gas. 25 It should %%Pﬁg%gégtﬁétp¥%é§%fnggf)gfoi%%gdéi expl ai ned
bef ore correspondsotmathenpof nthef okyfi¥8iddheilmel afi ohehppeoéntl G 73 al so

suggests the existence, of anpther optimum peint. This point, however, does
not exist in practfeebBeRbsts ofOTRENAh ?bﬁl}%ﬁlb?eggﬁr%rﬂ%%ﬁ%d. Wien this

opti mum point is Lo, bgiNegUpriheseioyevith Fer8LERESALY f@sU§@Aaep@%§tof
| arge power capabl e of hand?lng a | arge evacuation | oad. - 84 FIG45C
shows the rel ati obBarpthet mewper hef AFhgapufgey canduahedt e theckness of

th bt ai ned Lt fl f I t
nitrogen gas 11 o PEpERe etEh PF HPE SE3ERRaER u B8] PYLLE Sl OHPe
FI G 45C, too, thelzhbgkuaessgisnnkasgaedibychpegeédaraeibupspnBteon.O0Referring

to FIG 45C, there can be seen, an increase of thickness_ of the oxynitripde
filmwth ichbath@eirt%ag ??%ﬁf?aﬁ%?haﬁﬂr%%n%% gffﬂeqoanE %a§¥%% ot

nitrogen gas flowiaheng Thhsaingheai @sthbaprbbest bhgknesseof21 hen@xymétri de
filmshown in FI G 45A or 45B indeed reflects the nitrogen concentration in
the film FIGS. 463teP 46D SVidard henki HeeiR5CePStheI 1%ehFeti Batd opiProcess

conducted by the RESNZ pLocessi H9.0E the oxide filmof FIG 44 at the
tenperature of 75 under tﬁ@ﬁpre%sure of 200 nmlorr, wherein it should be

noted that FI G 46A represenfEGth2Arehews onsdi pebat ershihebetwekmeske of t he
oxynitride 20 film btainfd b he XPS anal ysi s, and. t
&t 4

Ly : 15 r r onduc nh t!nEOf hef
nitridation proce%g %, = ré%?%%%%t% e F%?afloﬁgﬁlﬁ PRt ween" t he
concentration of the.s2tingethat oBcknNess pof atied dRy0ithedexynimride film
and the tine of the nitridation processing, FlIG 46C
obtained in the step 13, "wherein the thickness of the
oxynitride film shown in FIG.33A is obtained by
ellipsometry.

20 Referring to FIG.33A, it can be seen that
the thickness of the oxynitride film is constant and
takes a value of about 1.4nm irrespective of the
number of the Ar purges.

FIG.33B, on the other hand, shows the

25 thickness of the oxynitride film obtained for the
case the number of the Ar purges of the step 32 is
changed variously in the process of FIG.30A.

Referring to FIG.33B, it can be seen that
the thickness of the oxynitride film is decreased

30 slightly with the number of purges, indicating that
the purging in the step 32 is necessary for

suppressing the increase of film thickness caused by

oxidation of the oxynitride film.



25 represents the rel ationship between the area of the 019 signal peak of
the oxynitride filmobtained by the XPS analysis and the tine of the
nitridati on processing, and FI G 46D represe®®s the rel ati onshi p between the
peak area of the Si2p signal and the tinme 30 of the nitridation processing,
for the case the initial thickness of the oxide filmis set to|.Omm |.2nm
and | .3nmin terns of the thickness value as neasured by a nonochrone

el lipsoneter. In the XPS  rh@5rea0ak¥%sbs: rirbe.RhaKAESSEVRLHEsa@E about
0.8nm |.Onmand |.3nm are obtai ned respectively in correspondence to the

f oregoi ng t hi cknesdataliieds ReteplWaySt DeFeSSaggAto gepduct tha be seen 5
that there occurs inereas f i.ckpe i.tro ntratign in
the oxynitride fipﬁgﬁﬁgﬁ ?ﬁe%P?ngkgk ?Eeiﬁi?E?dgF%Sn%§§o§§g§?ﬁé°% o
irrespective of theei pkiynakrtibeckness iswkbhéuctedabybehseptioakse bliat there
exi sts a change between_the behavior of io the 01S signal and the behavi or
of the Size siynaFIf-tHAr 88Fe&fato thRESt PREVSS PﬁeSHPgFﬁaéﬂﬁénlBF6€é§§ing,
dependi ng on the bii thakxhBsekngssnaf okbaiexhide kihm ¥RhewapaCkhhigal Iy, it
can be seen that the 15 0ls signal decreases with the nitridation tine in
the case of the RFIRP peoemisitRg-of an oxide filmhaving the initial
thickness of |.3nm indicating that there is caused di ssociation of oxygen
during the nitridation processing. In the case of the RF-Nz 20 processing
of the oxide fil mFaUrRmyg EMBODAMENZL t hi ckness of |.Onm on the other hand,
no substantial change is observed for the S.signal. . This, indicates that
the oxygen at bhs dissociate%gﬁsrﬁng§uP? Sgérﬁ?rgéﬁ PFBﬁdoPe?ﬂéenitrogen

atons cause diffushancdbebhtpH@hat hRitRhBs8Xbdeabblim baghAgikhe initi al
t hi ckness of |.Onm and has caused precipitation at the interface to the

silicon substrateinthéftabye £RErani oXyrhsEddq Fedlownhthbe GASExihe film at
such an |nterfacePX§ﬁﬁkEihgefg ﬁeigffB?ﬁeﬁFEQEaHrR@Qﬁgm¥kf%d%€§ﬁ9x'de film

having the initia ckness of |.3nm on the other el i eved
t hat the di ssoci apedcesgdeg afoasU¥afnofitreath adhetd Mavd axenbetogen t he

- 86 silicon substrate,and.the.,oxide fi because, of e large initjal
L okness. of The. BohBERsPRRIERS 18R ok, ok DCRRERT 1R HRTGLAERS, pB' Eh
oxynitride film WYkthitegaedftiomt he SoZpesrgaakeaf fGEEN46D, i% it can be
seen that the Si2p signal does nqQt change,much in the case of the oxide

filmhaving the i REEREP2ENKi ERNESSUEP EhniMbhtRl PKéJBUEREFERS8F 88 seconds

has el apsed aftergthgnstarh, 0hmt B8 BLLAI 4ALL 9B Pr 96€38hHT%as! Enks believed
that this reflects the 1o situation that the nitrogen atfons introduced into

the oxide filmcanssrédbsipnuisoatartedefogmpgan HVofs dxideef¥imm and t he
ni trogen atong,to not reach hgh%négggggg gﬁgg@ggeape %éggga&igg1and t he
and, t "t he e

silicon substrate. On the og er I'n e case o oxI| film
having the initiafFothickness ©Y-0. @ridd hieilm | exwloaisest dse fiows came N t he
Sizp signal with the start, ofah08a"Lh LAt S8 PLOEESSL00. L gL cat i ng
apparatus 20 of FIG.3 from the gas nozzle 21D and
excitation of atomic state oxygen and atomic state
25 nitrogen is caused by conducting ultraviolet
excitation of the NO gas thus introduced (such a
processing will be referred to hereinafter as UV-NO
processing) . The oxynitride film thus obtained, or
the UV-NO film, contains nitrogen already in the
300 initial state. Thus by nitriding such an UV-NO film
by way of the RF-N; processing, i1t becomes possible

to introduce nitrogen into the film with high

concentration while simultaneously minimizing the



that there has been caused precipitation of oxygen at the interface between
the silicon substrate and the 20 oxide fil mand associated regromh of the
oxide film FIGS.47A - 47D show the case T Wiich the RF-NZ processi ng of
oxide filmis conducted according to the process of FIG 43 under the
condition that nitridation reaction is facilitated while sacrificing 25 the
uniformty. More specifically, the process pressure is set to 400mlorr in
the experinents ofi thGShAdbhesd7D. In order to achieve the pronotion of the
nitridation reaction and uniformty at the sane time, on the other hand, it

is necessary to use a 30 |aFe- hpakeery puspPehpRbial ofuraadet ngn aNPar ger
evacuation | oad 'ﬁoféggléof%Eh@ang@sZéﬁcf@fEDSﬁ’s@a%%ée%%l¥eféyl radi cal

source shoul d be used for the renote radical source S 1S essentially
the _ 87 sane ¢hamglexpl ab neChanegyi ®tusaiv t h"aegaid dandtthel eagkaof
controlling the process gresgure..Re erriptho Fl .ﬁ?ﬁg-.47D _Lt can be
seen that the 01sPEPERAF StPENP AL HedrEadesTRYR PR St ER1Verat Y he RF- NZ
processing even iprébe, caggapf the thin oxide filmhaving the initial

t hi ckness of |.Onm under the condition in which the process pressure is
increased for facilitating Ihethetilbedybalebatiivmed FePthedl as shown in

FIG 47D, it can b&éﬁ{l#@ﬁtof]ge%moféa@%ssté@ﬂgfc@neé 4 bea St 2Py 81 gpal

i ncreases nonot onous romt eginning of the nitridation process in the
case of the oxidebéndsn bevreagpomdingi teathe hicikmessiof fr@nnthghysound

indicates that, in the expgrinents of FIGS 47A -, 47D, ,agtrogeq is.2
i ntroduced with aﬁt%ﬁ%uﬁ? g% r%é%%%%%n%égggfh%u%Pt?%g%ﬂtcbncenfragigﬁ in
the case of the exjpBf|jnphLs dDf Eh&H 4dbherddd vhé ht sdwsttidmetpess od
because of the pronoted nitridation reaction and that the nitrogen atons

have reached the PhRe®faketBRtAREHC: heW2Be bR i s Bher t HR2Ri Pt on

substrate. Thus, whem LhecnitsFdasyOR, PEOERASI NP2hm, CONEIMET L5y UDEISAN t he
condition in which the nitridation processing is facilitated, there Is a

possi bility that,respeetivels. certainly possible to reduce the time needed

for the 25 nitridation procgssing, i d j t n y reach
t he foregoindjinterface unI§§s£$%éO%$§¥i@%%?bﬁgfghgaiépgﬁn @%? e%ﬁ%ptinum
FI G. 48A shows t hewareehemdsin of wiicini 4 tomiat | otape ocepsémg(@E)i ered by t he

RN 30 brocessi ng of - an oxl de. LG et} od L B Lhe LeguLhg oL ELCS 464

a wavelength falls in the range between 19Z2nm and
145nm. Thus, it is possible to form the atomic state

20 oxygen and atomic state nitrogen by exciting an NO
molecule with an optical wavelength longer than 145nm.
When the optical wavelength becomes shorter than
145nm, on the other hand, there starts excitation of
radical oxygen (0'D), and oxidation reaction is

25 expected to be predominant at the time of the
substrate processing.

In view of the situation noted above, it
becomes possible to form the desired UV-NO film as
the initial film by using an ultraviolet radiation

30 source having a wavelength in the range of 192 -
145nm for the ultraviolet source 25 in the substrate
processing apparatus 20 of FIG.3.

FIG.35 shows the outline of the substrate



it should be noted that those parts corresponding to the parts described
previously are designated by the _ 88 _ sape reference nunerals and the
description thereof will be omtted. Refe?r@%g'to FI G 48A, it can be seen
that the introduced nitrogen atons are concentrated to the 5 surface part
of the oxide filmby controlling the condition of the RF-NZ processing is
appropriately, and that the problemof formation of surface states by the
nitrogen atons pepebtakkAdqgt actBedinyerbagaepprbsehtt Babshinear substrate 1
and the oxynitride io film3 is suppressed. See \Watanabe, K, et al., J.
Appl . Phys. 90, pphdzb12an2881Nz |Pre¢RSEhRE heCebRddtednsgpsaqiesnthy RF- N
processing i s inappr I gt/enn0 .her hand, there is a possibility that
the nitridation rggc?p%n§Y5N8rEgégggggggéssiver. In such a case, the
nitrogen atons may reach th8efntreihgceob&iGeédn,t heesshréanesulisarate 1 and

the oxynitride film3A and [nterface states y .be _caused.__ Because of this,
it is preferable FﬂgﬁcPﬁeSBhB%gg ©of 5t R& §58g36inoﬁ §E8P4§12§yigﬁPinishgd
wi thin 30 secondsfoflysingnutrhroppeseatsengodarBnhn bRgnnurdae ef1motation
of the substrate Wper mnute is set to 20 in the substrate processing

apparatus 20 of Ffersedaag #hti§Suthke substrate Wis rotated about 10 tines
25 during the RF-Nz processipgccontipyedstar 39 seqands.nkl 584494 apd 49B
show t he depth profile of SP, N'anh 0 atgnsbresbectiveﬁynat tﬁe central
part (C), internetdhasefpamed( M andjmatgdnab par RE(CE) pideéseindgy andl VS
anal ysis for e case_a_UV- 3o0.0xide filmhavipng the initial thickness of
om T s nitri it R SSTRTAGLES OhLTe REeRP RoPLHE BUBLPPAPe. wherein |t
shoul d be noted tbBahcEhGrd8Boshawsobheinudaface part of the oxynitride film
of FIG 49A in an
Table 3 below shows an example of the
process condition for the steps 51 and 52, wherein
Table 3 below also shows the process condition of the
15 UV-0; processing (step 1 of FIG.25) in relation to

the step 51.

Table 3
Gas Flow Press Temp Time
Rate [Torr] [%3] [sec]

[{SCCM]
step 1 Uv-03 02 300 0.02 500 15-300
step 51 | UV-NO NO 200 0.05 450 20-120
step 52 | RF-N; Ar+N; 1600 0.09 500 15-60
20 Further, Table 4 below shows the allowable

process condition of the foregoing steps 51 and 52.
Similarly to Table 3, Table 4 shows the allowable
process condition for both the UV~0; processing and

the UV-NO processing.

25
Table 4
Gas Flow Press Temp Time
Rate [Torr] [%:] [sec]
[SCCM]
step 1 Uv-0; 02 300- 0.02-5 300- 15-600
4000 750
step 51 | UV-NO NO 10- 0.01-5 300- 15-600




_ 89 _ enlarged scale.

Referring to FIGS. 49A and 49B,

the peak of the nitrogen concentration is |ocated at the depth of about

0.5nmfromthe surface 5 of the oxynitride &3

I'm 13A and that excell ent

inplane uniformty is achieved. Concentration of nitrogen atons at the
interface between the silicon substrate 1 and the oxynitride film3A is not

recogni zed. 1o Fl

in the case a UW+QZ film

to the nitridati
case, too, a res

50B show th of Sj N_and QO
Uhaving lthe initli-at08%idkness of |73hmis subie
HAtBPocessRAgNe dnductted bysggﬁaI%i¥&pprocéQQan.1Q51?Q
Lt sinmilar to tlhe caselof2¥ &Sl 40AlAndl 408G s lobt ained.

[ SEVENTH EMBODI MENT] FI G 51 shows the construction of a éoHSﬁBstrate
processing apparatus 320 according to a seventh enbodi ment of the present
invention. Referring to Fl Gr'skleshd sndsérandiprdeesBafigthppdVabus 320

i ncl udes a proces
hol ding a 25 subs

PraPet§sss: of

1,aceonmnd

€ processe

el

nl PR

erel

A

eé‘sﬁkégﬁaﬁﬁép‘o%m

€ processi

it can be seen that

t ons
ct ed
this

g vessel

321 is provided with2a-shomerhedd.B32&B fosaBHadf aadnaher tahpeéransparent to

ul travi ol et

radi ati on su
the substrate 322 ABPE 8

A ofil SRhGI

he sh

‘%#%@ggé

wer head 321B f aces

HP RS9 321 i s

evacuated from t hgagvaguabhaicpeat 132¢Keapdeanuoyi dhzhBUogas. suCch gs oxygen

is supplied to the showerhead 321B form an external

gas

source.

90

It

shoul d be noted t Rarrt ke ptdéBasing-vékBa) 8nd thef LPPREFaprsei H8BIRi th an

optical w ndow 321P ¢f
such as quartz above t

10

15

20

25

30

e

gﬁ%g{jau,

ower hea

13.3kPa is preferable.

On the other hand,

it is possible to

conduct the RF-N: processing in the pressure range of

10® - 10Torr

(0.133Pa - 1.33kPa)

and in the

temperature range of 300 - 700°C. Particularly, the

range of 0.67Pa ~ 13.3kPa is preferable.

Referring back to FIG.24 explained before,

A and V¥ show the relationship between the nitrogen

concentration and film thickness of the oxynitride

film formed according to the process of FIG.35.

Referring to FIG.24,

it can be seen that

the oxynitride film already contains nitrogen with a

concentration of about 10% in the state immediately

after formation thereof by the UV-NO process.

Thus,

by applying the RF-N:; processing of the step 52 of

FIG.35 to such an oxynitride film,

it becomes

possible to form an oxynitride film of higher

nitrogen concentration.

Thereby,

the date represented

in the drawing by A represents the case in which the

oxynitride film has a thickness of 0.5nm in the state

immediately after the UV-NO processing, while V¥

represents the case in which the oxynitride film has

a thickness of 0.4nm in the state immediately after

%f%ggﬁggfﬁ§,t{hgfygﬁggr5guéﬂ§gpgagiation



5 such that the showerhead 321B and the substrate 322 underneath the
shower head 321B are exposed by the optical wi ndow 321D. In the stage 321A,
there is provided a heater 32la heating the’Qubstrate 322. On the
processi ng vessel 321, there is 1o provided a ultraviol et exposure
apparatus 324 via a coupling part 323 provided in correspondence to the
optical wi ndow 321D. It should be noted that the ultraviol et exposure

apparatus 324 | ncltudesvaNuns&bée_gaihgal 185 tWendawe334Ataer kesponding to the
optical wi ndow 321D and a ultraviol et source 324B that radiates the

substrate 322 witKePRESEPLREVPEI dt. rdHiRATOCWASK t Het (At the grerdihadi ndow
324A and the Opt'gagig%gggw ééﬁ@b8998%§bglB@?zH%tE§§!BEe§cﬁ98588 ﬁé?eli

hel d by 20 a robot 0 as to be novable in the direction para
t he optical w ndowa3B4Aiasngephesénimdtbycéneasr ow Dn6RinCobvllekn the

illustrated exanple, the_ulfrayjolet source 324B s r of a_linear

opti cal sourcé?engﬁHFnafp@bﬁeﬁh?EEPEFFymFSSPﬁggnb¥i%gegggﬁi?889V8ﬁ§'For
exanpl e, an exci npy kappubayhgothBerwane! ®rgtds ©fnd72nm nay be used for the
| i near optical source. In the construction of FIG 51, the connection part

323 is supplied with an ineFIGgd8 sBo¥fchhasbAmdipgntaarextefnal gas source
(not shown) via anh%389%23§tﬁﬂ 8% &Heayglgtgkéoaehhganggz%getﬂgtraV'0'et

radi ati on produced e ultraviolet radiation source by oxygen in
the air before thexynit@ideuFktitmvi shéthr adi abiteanbdi agcprtiindutedthato the

processi ng vessel 321 through, the optical w ndow 321D. The jnert s .t hus
Produced 1150 PREGeN s BaoEraoREePhengcoPhadtMerE, P, dREchpBht, B0%0t
appar at us 324 t hr pugbebsangagnfiotnedriFAxd e oeBltindg apay tcorfdudtedopt i ca

w ndow 324A of the ultraviol et exposure a Earatus 324. | n_order tqQ. suppress
the mixing of oxyﬁ@HSFﬁuFEEGAYr ¥ erErreg'8n3FiﬁﬁPWﬁnﬁéWﬁééthﬁﬂglng
ultraviolet sourcgnd2gB voihthbBeodihytPga8f fid8 formed by conducting

the UV-NO processing explained before and also for an

15 oxynitride film formed by a different process. In
FIG.36, it should be noted that the vertical axis
represents the full-width half-maximum (FWHM) of the
XPS spectrum while the horizontal axis represents the
binding energy of the Nis atom.

20 Referring to FIG.36, the oxynitride film
having particularly large binding energy corresponds
to the case shown in FIG.37A in which the nearest
neighboring sites of a nitrogen atom are occupied by
Si atoms and the second neighboring sites of the

25 nitrogen atom are occupied by oxygen, while the
oxynitride film having a large binding energy
corresponds to the case shown in FIG.37B in which the
nearest neighboring sites of a nitrogen atom are
occupied by Si atoms and the second nearest

300 neighboring sites of the nitrogen atom are also
occupied by Si atoms. There exists a difference of
binding energy of about 0.6eV between these two

configurations, while it is noted that that this



lo ultraviolet source, there are provided bl ocking plates 324F at both

| ateral sides of the ultraviolet source 324B, and the inert gas such as
nitrogen is introduced into a narrOM/gap'?é@idh having a gap wi dth of about
| M or | ess formed between the optical 15 wi ndow 324A facing the
ultraviolet source 324B via a pair of lines 324b. In this region, the inert
gas fromthe line 323A is also supplied, and as a result, oxygen that

causes absorptiongetrbhensbt 5avhohgtingadhatyPnagseetf @ethvehy purged from
this gap region. 20 The inert gas pasSed through the bl ocking pl ates 324F

are flooded into €hetspheeign4pfahdeadatavaeintedorothfehonispdbali a an

evacuati on port 3§§§gfgﬁn§9Gi§6the ul travi ol et exposure apparatus 324. In
t he substrate processing apparatus of 25 FIG 51, it is possible to control
t he novenent or scanni ng of RéherunibgavooF&G. 30N ceh82dBtrogéheatibms avi ol et

exposure apparatus 324 b he robot 324C, apd.as.a result, it becqones
Soosibl 6 (b cont roFot RCHIGER bt POR BFIEP| I HA: LRnBSLS bytabRtrovi ng ¢ he

30 ultraviolet raghatiophdoseadt bhert&e7af cbpr8kpenas i drefitaren the
surface of the substrate 322 by a UV-Oz process. It should be noted that a

control l er 325 sughchsaa Ebeperershawnsdd ¥éCebnt #bl whhehr et nitrogeon
324C. Further, th&t@@%k&?¥%§é}§§ﬁp?'§§E§996£0$§ LRE 9&%3é99i9$ bPenea

ul travi ol et source are diagrans show ng the thickness
of an oxide filmtbemsdrbaca sfl tbenosidabsiimt eIhyFiGe3gBbsonatkee

processi ng appar at 320 of FI G 51 under varjous,conpdjtion wherein
P ee e R ChbiReRe e okhbsSnbba: Rea bs ot FRREORRE PR RE L Shrs of ~
I n the experinment&h0éh FLES. §2Aatoh2Cinachel beomosabsitasechavisg an

eight-inch dianeter is 1o used for the substrate 322 in the state that a
native oxide fil nFBR ER_¥iRBSPY at edQbFFACEIPS RERDYRBSBYtALEdr ¥AER

preparation procesgylenbgsexphabBedtbat By atPoR8ChoPEebPEnEXPES! PRBL S Of
FI GS. 52A - 52C, the internal pressure inside the processing vessel 32| is

15 set to about O¢cZ&PaiyfSwitheh)thadniheogehsatome akvepepacereratedetoto
0, Lt Shoust DeyDoLad et Ol bLyFLEALEY FESH hel LAD LAEPERE LT
20 with the fl ow bateeeh tleMsiahdok| &ubiArshewsntiheheaseyhhtwhiehfhdm.
ultraviolet radiation is ”aggfe¥@l$§ to FIG.36, it can be seen that
the value of the binding energy scatters over a wide
range from the relatively low energy side of about
20 397.6eV to the higher energy side of about 398.1leV in
the case of the oxynitride film formed by the RF-N;
processing of the UV-0; oxide film. From this, and
further in view of the fact that the half height
width of the peak takes a large value in the case of
25 such an oxynitride film, it is concluded that the
state of FIG.37A and the state of FIG.37B are mixed
in the film.
In the oxynitride film in which only the
UV-NO processing is conducted, on the other hand, the
30 value of the binding energy is distributed in the low
energy side from about 397.5eV to about 397.9eV. From
this, and further in view of the fact that the half-

height width of the peak is reduced in such a film,



FI GS. 51B and 51C show the cases in which the ultraviolet radiation is nade
by the ultraviol et source 324B such that the | um nance flux density 25
becones 30mMN cn? right underneath the optica % Source. FIG 52B shows the
case in which the foregoing ultraviolet source 324B is caused to scan
uniformy within the range of 410mm such that the entire surface of the
substrate 322 uniformy. 30 Referring to FI G 52A, the oxide filmfornmed on

the silicon substhateshastambiteakiass,olvhabeuth@rd st@13nexigtkha case no
ultraviolet radiation is nmade, and thus there is caused no substanti al
film - 93 fornBi¥eAY Ph the 643&eoPfFF&EGS3BA aRd: kBeoskatehahd, it can

be seen that thergg bs3?9[ dtﬁ@ exhge khkmowith the EBI%KBegg EF&?@%E& .

0.8nm on the surface o e silicon Substrate. Int e case
is 5 also noted tBapetrhere I8 saobed gadecr easeésobedikededf thatt hhekness at

h | t he, 8- h | bst t 322 t f the fact
th:tCSRergcagn nggéﬁkfﬁguﬁﬁggagio bg0§53%8§e%86 gsceﬁdﬁgge8§¥ﬁ3F5? yagver

the range of 400nmmiiAsis é@ightlytBﬁlfﬁeﬂhhﬁkﬂﬁésdi@éb@&bﬁanBséhQOOXide
filmthus formed on the_silicon substrate has a relatively | arge val ue of
2.720 in terms of th&rPahdEon| fuPS§tpatPeved that this reflects the specific

pecul iarity of the SUbStrat?I@rQ@eéibegsﬂBQQrQBHSrEBﬂ&théérbﬁﬁB Wged for
the i5 experinents. FIG 52C shows, on the other hand, the thickness

di stribution of thé enldayhntwuﬂerfnhe ¢B86e/RRY) uhnrahnghea tbarwal324B i s

caused to scan, over he nt r al L f .th i can substrate 322 th a 20
limted strokg raﬁgegof g v Sﬁg éF?Fﬁgtgo%b GFEZE? PO bed Sew% t hat
t he thi ckness of theeondenfbkyn&husdEOEWEd flaph$ tin whechaagehetm@192 -

0.93nm and that the filmthickness variation is.reduced to 1.350 in terns

of 25 variance. FP&L88 EhoTsifnE8UPEPSEFEnsRI B BéERREAVERBLAFERavi ol et
exposure time andntReibht¢kRAepsoBEskN€and for the case of an

oxynitride film (RTNO) in which a silicon substrate
15 is subjected to a thermal nitridation processing.

In the case of the oxynitride film
designated as RTO/RFN and the oxynitride film
designated as SPA, the binding energy observed for
the Nis state is relatively large and is believed

20 that the state of FIG.37A 1s predominant. In the case
of the oxynitride film RTNO, on the other hand, the
observed binding energy of the Nj; state is
concentrated into the value of about 397.4eV. It is
believed that this indicates that there is a

25 concentration of nitrogen atoms in the oxynitride
film near the interface between the oxynitride film
and the silicon substrate.

Thus, according to the formation process of
the oxynitride film of the present invention that

30 applies the RF-N; processing to the UV-02 oxide film,
it is possible to realize a generally uniform
distribution of the nitrogen atoms in the oxynitride

film, with slight concentration in the side of the



oxide filmforned as a result in the experinents of FIGS.52A - 52C for the
case the flowrate of the 30 oxygen gas introduced into the processing
vessel 321 is changed variously. As can be cten from FI G 53, the thickness
of the oxide filmforned as a result of the - 94 processing does not
depend on the oxygen flow rate substantially and that there appears
saturation at the value of about Inmwhen a tinme of 1 m nute has el apsed.

When the exposurertifesiigrshert en thancdse BiEngbBduthendi kARt Airckhess
increases with the exposure tinme. The result of FIG 53 shows that a very

short tinme procesBrfigeFsisgf tPcpBneXiskingr Arhgealfihmn sRpdeitrPEeio be

used as the base I I q Lhi : rate r Lng the
spbstrate 1o procgé?ﬁ%gggég§?55328§§850?92T§?§§§ E%Ggﬁé4%?§85gé g?é g.
di agrans show ng €thémfshnfabecknessedi sfr tbeat renudt af UXOGEREN ] m obt ai ned

for the case the | ress of rocessing, vessel is set to about
0. 7kPa (5 Torr) ahﬁgfhgﬁlgrsgggt?gtE?geﬁﬁergFBngpéssefttbs486€?Fﬁe he
substrate processtngtagpgeabus1 3¢0untl tEkfe 81swhibetSUAPbYI AYtaBgexygen gas
wth a flowrate of 1SLM and causing a scanning of the ultraviolet source

24B within the raf§emsf 1308fhicvadt he ghawPKysitrhde26iiRi EkABsEhEf the

oxide filmis rept i a : , e gLl k¢
substrate is repréggﬁgggggyﬂgkgégﬁagg?eggg%E?ﬁgsgggg£% és?hgng%t§$9@ICi54A
shows the case intehtbh fhémssanhang by apdéywnghihet RE-Namgeoads$Slmm wit h

thero s a teHbenty bhot RBYBXFGLFI Fhn {ni BRNEGSOY nEPBall RO PERTERS Bent er
of the substrate &owaegrypwatdddinectGoBsal ong the y axis and toward the
rightward direction along the x axis.
[FIFTH EMBODIMENT]
In the case of fabricating a semiconductor
15 device having a high-K dielectric gate insulation
film of FIG.1l, it is necessary to form the high-K
dielectric film 3 on the base oxide film 2 thus
formed by the substrate processing apparatus 20.
Typically, a CVD process is used to form
20 such a high-K dielectric film 3. In the case of
forming a Zr0; film, for example, ZrCls or other
gaseous source containing Zr is used and the ZrO;
film is deposited by oxidizing such a gaseous source.
As 1t 1s preferable that the formation of
25 such a high-K dielectric film 3 is conducted
subsequent to the nitridation process of the radical
oxide film shown in FIGS.16A and 16B, without
contacting the substrate to the external air. Thus,
it is preferable that the substrate processing
30 apparatus 20 of FIG.3 is integrated into a cluster-
type substrate processing system that includes a CVD
chamber.

FIG.38 shows the schematic construction of



30 In this case, the variation of the oxide filmthickness is 3.73 in terns
of variance. FIG 54B, on the other hand, shows the thickness distribution
of the same oxide film - 95 represented ih terms of angstrons for the
case the origin of the scanning is displaced in the dowward direction from
the center of the substrate along the y axis with the distance of 12.5nmm
As can be seen 5 fromFIG 54B, the filmthickness variation has been
reduced to 3. 07% kficheanslofteartapeesubs €ra4€, poocebeinyheysbamd3oshows
the distribution of the oxide filmthickness represented in terns of
angstrons for the2€aeeding bPi @i hr6ENt ABLISIBEARNPAGENE BFEPFAEed fromt he
center of the substyahe;bp the downward direction along the y axis by the
di stance of 25.0mm As can be seen from FI G 54C, the variation of thickness
of the oxide filmis 3.07%RafeerimgotovEiGan8e thﬁitéu$yeretYhe case 15 of

FI G 54B. Further sho he_di STLL but n, of e oxli de
t hi ckness repp%seﬁ?gg% E% %Sln%s%¥o or %ﬁe %a%% th2°% %lgln of the
scanning is displasediés Bhr dﬁMﬂ&BBdfdrrB@&dDﬂgahﬂﬂguhheadlﬁgl5 20 from

the center of the substrate by the distance of 37.5mMm |n this_case, the
filmthickness vafPREFBATS! Wt ARdoRi RPSFFATESCFRUBERE FRaBO9BREn terms of

variance. In the Eéﬁﬁe&@@doﬁb9tHe°&a§§é@Bénﬁo&él@@ §1§p£ﬁ&991ﬁr993the
center of the substrate in the dowward direction along the y-axis by the

di stance of 50. Omeageshowe JALE @ bEues, t%@evatnathenS@bSth@t©X|de film
thi ckness i's JnCreasedelo OnORBALN3S CILBOLNBE A0GEac B0 FLOMLhI S, It is

concl uded th t he ness varration o e oxI de f| m formed on the
substrate 3222 caﬂubetnaﬂentZednﬂhgochqu@rlmﬁzlagbahe 61 1gi fioxhastamni ng
of the U|traV|O|eth§£UégeB 245 CVD chamber 35 and a thermal processing
chamber 36.
Thus, the substrate W introduced into the
15 substrate transfer chamber 32 from the cassette
module 31A or 31B is forwarded to the substrate
cleaning chamber 33 first for removing a native oxide
film or organic contamination therefrom. Next, the
substrate W is transported to the base oxide film
20 formation chamber 34 via the substrate transfer
chamber 32 and the base oxide film 12 and the nitride
film 12A are formed.
Thereafter, the substrate W is forwarded to
the CVD chamber 35 through the substrate transfer
25 chamber 32 for formation of the high-K dielectric
film 13. The substrate W is further forwarded t the
thermal processing chamber 36 for crystallization and
oxygen-defect compensation processing. After the
processing in the thermal processing chamber 36, the
30 substrate W is transported to the cassette module 31A
or 31B through the substrate transfer chamber 32.
Meanwhile, each of the processing chambers

33 - 36 is provided with various cooperating devices,



- 96 wth respect to the substrate in the substrate processing apparatus
320 of FIG 51. FIGS.55A - 55E show the distribution of the filmthickness
of an oxide filmformed in the 5 substrate ’pr 6cessi ng apparat us 320 of

FIG 51 for the case of setting the scanning distance of the ultraviolet
source 324B to 100mm and setting the origin of the scanning at the |ocation
offset fromthe center of the substrate 322 in the dowward 1o direction

along the y axis w LS 1 Of byqC i t Loance
i i denci Ty o Sl cag B T St e T Snil e Sl By L e

respectively. RefamnraneptoeftSS:ned-1iB65E[Gi 38 clan debseken 1bindatin he

vari ation of the ;' mt hi ckne seias ngn(i) mhincrtlarl]m é:asftthf Iu,ﬂ}na ce flux
density is set to Th? ahd at®Tfe Varrati oncor- t he-dx %e fThT e ht ckness

increases W th ingctesisonpd av®uidted tHet | avd Nbatsee fdpxcelensity. 2o The
result of FIGS.55A - 55E shows that the thickness variation of the oxide
film can be nini nffRItAR T2 bIY optPhTsd Rt t Hee | hiPaDE et 1® BEYERZF 5T of the

ul traviol et sourcen3dB- & 564 andd S6R; shove CoPpRLadl venexsdpl £5 25 in
whi ch FI G 56A shows the case of form ng an oxide filmunder the condition

identical with thoseawse PGSBS AredBsEd exerprathen wo adiacanol et

irradiation is nagﬁambv@”e FI G 56B shows the case of formng an oxide film
by a conventi onal “Tapi d fhermal oxidation 30 (RTO process. In any of these

cases, a filmthickness varTiis prwlexteeltk ngudstrstobsesvessikdg GS. 57 and 58
show a flowchart of seeking the ngti mum condi ti on of substrate processing

- 97 _ conduct®ed $PPRIFRCERIDSY r&t & HF ot ekdi HYy RppaF et vkt 3PFifaFIG 51 in
view of the foregoj igdLStips, sWhSE £l e s 4 £Rf esed Sat e 34 oveart for

seeking the opti mum scanning region while FIG 58 represents the 5 flow
chart for seeki ngPrdecdpirdnehdtPehahtel§ | egxnnected to the substrate

transfer chamber 32 in place of being connected to
the substrate transfer unit 27, wherein there arises

15 a problem in that the turbo molecular pump 23B,
extending laterally to the processing chamber 21 at
the side thereof close to the substrate transfer
chamber 32, may cause an interference with the
adjacent processing chamber.

20 In order to conduct fast depressurization
of the processing vessel 21, it is necessary that the
turbo molecular pump 23B is provided close to the
evacuation port 21A, while there exists no space
available for this purpose because of the fact that

25 various devices including the transportation robot
are provided underneath the substrate transfer
chamber 32. Further, there is no available space
underneath the processing vessel 21 for the turbo
molecular pump 23B because of the fact that various

300 devices including the substrate rotating mechanism
22C are provided underneath the processing vessel 21.

FIG.39A and 39B are diagrams showing the

construction of a substrate processing apparatus 40



density. Referring to FIG 57, an arbitrary region on the substrate is
specified in the step 71 and the substrate 322 is introduced into the
substrate 1o processi ng apparatus 320 intHe step 72 and the ultraviol et
radi ation source 324B is caused to scan the specified region of the
substrate 322. Thereby, an oxide filmis formed. Further, by repeating the
steps 71 and 72, an oxide filmis formed on a new 15 substrate 322 in each

cycle in the statgctbaiihhetbosegorts &88b@MEStdbEPLRECHreblEXt, I N the
step 73, the thickness distribution is obtained for the oxide filns

obtained in the ekpeenhibpRsrapdechevedyi bR &haidai Wiawzasdt Aep2ant HiteWness

di stribution beco i pi LS roen LN e e 4 he search
of the oppinun1scgﬁgfﬁggcgﬁﬁ%%iggg%g g¥§f§9$'?%§ %ggrg%go?xﬁiéséﬁ i mum
il lum nation condbéfoneshpendenifhé&68 bg tbadsshedrePSr&eternumgrids

FI G 58, the optinmm scanning region determ ped, t he procedure of FI G 57
is specified in tABIstR$ %ﬁgﬁﬁﬂthﬁndFP%Fﬁageﬂéféyb%fOghEt% traviol et

source 224B is specified i npthersigy 83. rNextzoANahAezshepc8s, the
substrate 322 is 30 introduced into the substrate processing apparatus 320

and the ultraviol @aibabprte BpapessirgguaRrBaratyeahl odesre pes speei Frelo

opti mum regi on of t B i bej dei yen, w t .V Qg
ener gy _ 98 _ s%%2§?§g2§i%&%ﬁe§§te%QS%Q? ﬁ%ggﬁeé%agyofg%gat?ﬁ%g%%%tgteps
312 and 313, an oprdec$sinyige$oehelll pnim oethesubstdatiee 322d¢ noppehitycl e

in the state that the foregojng drjving_ener is.changed,. 5 Further, in
the step 314,“%het?hF%?niggshng?itﬁ??%ﬁeﬁfug¥5 Z&iﬁ@e??lﬁv%ﬁ?afﬂeﬁnin each
experiment is eVaéH@iEQbE@dsﬁﬁﬁeO@Eéﬂuﬂhgréﬁbﬁﬂrﬁﬂérﬁﬂo@éséhﬁgU|traVi0|et
source 324B that mnimzes the filmthi ckness variation is determ ned.

Further, to in thePBREPLBI540the PFeGr Bth FORSEBAECE oF I ngl eRke Tl EYRSI ol et
source 324B of the,SUbsL{at S DEOSESRY NGy SPRAT 8hUR 320chSs GRL eLbpgd; guch

that the filmformation 1s ctonducted at” such an optimzed energy. Thus, the
control l er 325 cohlGoB8. thethoblotsi Stkene andfohmed| an agvatest sourrer824B,

and as a res%kt’ 21E in the processing vessel 21 at the outer side

thereof, in other words at the side opposite to the
substrate transfer chamber. Further, the process gas
nozzle 21D and the ultraviolet optical source 25 are
provided to the side close to the substrate transfer

20 chamber 27 with respect to the substrate W such that
the oxygen radicals are caused to flow along the
surface of the substrate W to the evacuation port 21E.

It should be noted that the turbo molecular

pump 23B is connected to the bottom part of the

25 processing vessel 21 via the valve 23A in a vertical
state, in other words the state in which the inlet
and the outlet are aligned vertically. Further, it
should be noted that the outlet port of the turbo
molecular pump 23B is connected to the evacuation

30 line extending from the evacuation port 21A of the
processing vessel 21 to the pump 24 via the valve 24A
at the part behind the valve 24A.

In such a substrate processing apparatus 40,



the ultraviolet source 324B scans the optimumregi on of the substrate with
opti mum energy, and it becones possible to ;grn1an extrenely thin and

uni formradi cal oxide filmon the substrate' 324 with the 2o thickness of
0.3 - 1.5nm preferably Inmor less, nore preferably 0.8nmor |ess, and
nost preferably with the thickness of 0.4nm Simlarly to the case
expl ai ned before, there appears a sl owdown of oxide filmgrowmh at the 25

t hi ckness of 0. 4nimowh2ch 8hat edkbol Ayeesulart BampageBansoxbdatbdl Aki S
formed on a silicon substrate agcordin% to such a UV-02 processing by using
the substrate protBSsFhgeappBratts 820The rides2f FhassubRErskfde f|In1of

this thickness Ca@rQﬁsE@E”ﬁH1Et§$|ytﬁ@ré”@s“&éﬂs%écﬁb|598 i@ﬂr89ugh9'|

By conbining the oxide filmthus forned wth a high-K dle ectric
becones possi bl e tgrbeampiecahaexpnmp9298fpa98hnghlspeeﬁehEEb2ramShstor

h d d f | i fi
g B eants onEh: fhu¥Ceny pRRce b Sh i NEREnbRE REIRNEN BRI AL D Tl e

filmis the one feupedrhyet peotNsOZngr appashigs koweyeuseiheocoxide 5 film
isnot limted to such a filmbut my be any oxide filmas long as it is
formed with preC|§P6ﬁt6RFHaFP8nchﬁE%§stZBﬁdﬁHPéHraﬁﬁePracﬁﬁﬁFFlecaI

density. 10 [El GHIG;EMBOPLMENTILE! 6298 shoysgt g construction of a MOS

transi stor 340 according to an eighth enbodi nent of the present invention.
Referring to FI G 59, a baseFéﬁﬁdéohlaﬁdBﬁQBl5r©fdaagram60ﬁhowud@ thém

hai g 2 LN SKTSeByBafyof BhEfLfe BHE) kB SISAR O T bR

Al1z03, ZrSi 09 or b@SuQﬂngStheraﬁﬂsﬁnathepbasessxndeaﬁphﬂaﬂéﬁ AGurther, a

gate electrode Referring to FIGS.40A and 40B, it can be

seen that the valves 23A and 23B are opened and the

valve 24A is closed in the base oxide film formation

15 process. As a result, the process space 23B is
evacuated to the high-degree vacuum state of 1.33 x
107" - 1.33 x 10™*Pa (107* - 10 °Torr) by the turbo
molecular pump 23B ate the foregoing evacuation port
21E, and the oxygen gas is introduced into the

20 process space 21B from the process gas nozzle 21D in
this state. Further, by driving the ultraviolet
source 25 with a suitable energy while rotating the
substrate W by the substrate rotating mechanism 22C,
there is caused a flow of oxygen radicals to the

25 evacuation port 12E along the substrate surface, and
the substrate surface is oxidized uniformly. With
this, it becomes possible to form an extremely thin
silicon oxide film having a thickness of 1nm or less,
particularly the thickness of about 0.4nm

30 corresponding to the film thickness of 2 - 3 atomic
layers, on the silicon substrate surface uniformly
and stably and with excellent reproducibility. Of

course, it is possible to form a silicon oxide film



20 344 of polysilicon or a netal is formed on the high-K dielectric film
343. Further, while the illustration is omtted, diffusion regions are
formed in the silicon substrate 341 at botH 3 ateral Bides of the gate

el ectrode 344. 25 FIG 60 shows the construction of a cluster type substrate
processi ng system 350 used for fabricating the MOS transistor of FIG 59.
Referring to FIG 60, the substrate processing system 350 i s an apparat us
configured to 30 heeh@ &l tisi€knsyst evrasdingcindes a | oad | ock chanber 351
for | oading and unl oading a substrate, a preprocessi ng chanber 352 used for
removi ng native oxide fiIn1%%@§c$}%oﬁn€oﬁf%nfﬁ%YiB%efFB%??ﬁ% of. 100

substrate surfaceg, gy Hys 0407 OLL5 5L POqEhAIDRT 2853, T Q5 TRY Dhe thGostPSEEAL €
processi ng appar at us 32% of FIG 51, a CVD processing chanmber 354 for

depositing a hi ghpkodéstenyrappdrétusuth af Taa(sredr03emPodenent Zr Si 04,

Hf Si 09, and the || on_a supstrate d cool i hanmber 355 copling the
substrate in the %fgfﬁ F%%tsgﬁ% %%a%%§$34§%|38d3 ng? %%%ﬁ%%%%@ 0" a
vacuum transfer chanbece 356, thbebLsa dhedyaciulmm 2 reinss efoehadber 356 is
provided with a transfer arm 10 (not shown In operation, the substrate

i ntroduced into the Ioad/lo%%f%ﬁﬁﬁ%%rt%5ﬁ1%§:f+%n%%%r?%%'t%h?h%alve

preprocessing chaghgr,332; 8k 0lge 8- PEL8a (dhaapde Natiye oxddesfibangs carbon
contam nation is renoved 15 therefrom Next, the substrate thus processed

in the preprocessthg chanbdat3sR proceanspditedtiast hehe\tepbor ocessi ng
chamber 353 ajong, &, path. (2}, andy i e, bage, oKL de LLAM34R OficFI G 59 is

formed by the subs?%a € processi ng apparat us 517 with a uniform
20 t hi ckness of 2evaduatbomcsyayensandhehsupstcase spasefdIBedswi th the

base oxide filmin the UV-CZ,ﬁrocessing chanber é%B IS ﬁhen introducgd into
the CVD processi ngv2RaFbe? 354°aFbAgP%R PATHPEEY Ahdt? hE hi BHERS U eIt ric
gate 25 insul ation, f3ps 3443 shepwn (0. &1 G- 5P008cfey med on the base oxide
film The substrate is then transported fromthe CVD chanber 344 to the
cool i ng chamber 355 al ong alpathi$45ta6¢. caBl PRgI2andnd s t AehrPSeRrde to

the 30 load lQck Q%é‘”?&%%f’?éda%’“@hé‘ p@rw\,é%%%gfg?tf& gf(g%rﬁ?ltiggdto t he

outside. In t%e substra processi ng system t s also
possi bl e to providetaogen radicals are formed by applying a high-

frequency excitation to the nitrogen gas. The
nitrogen radicals thus formed are caused to flow
along the surface of the substrate W to the

20 evacuation port 21A, and there is caused a uniform
nitridation on the surface of the rotating substrate
W. As a result of such a nitridation process the
surface of the base oxide film 2 is converted to the
oxynitride film 2A.

25 By using the substrate processing apparatus
40 of the present embodiment for the processing
chamber 34 in the cluster type substrate processing
system of FIG.38, it becomes possible to form the
high~K dielectric film 13 such as Zr0O., Hf0:, Taz0s,

30 ZzrSios, HfSiO4, Al;03, and the like, on the base oxide
film 2 that includes therein the oxynitride film 2A.

In the explanation above, the substrate

processing apparatus 40 was explained with regard to



- 101 preprocessing chanber for conducting a planarization processing in
an Ar at nosphere by way of high tenperature7annealing process. FIG61 is a
di agram expl ai ning the radical 5 oxidation ﬁ?dbessing conducted in the

UV- Oz processing chanber 53. Referring to FIG 61, the horizontal axis shows
a logarithmc representation of the partial pressure of the oxygen radicals
excited in the 1o processing vessel 321 of FIG 51 by the ultraviolet source
324B in terms of ¥perforwathen, oEheeygr theal baxeSokepeesenns HbRePeoOGESS
time until the sl owdown phenonmenon shown in FIG B appears after the start
of the processi ngtBAJPELSBREheNPEBELESE EFnBotntimisaehta 388l dwdown

phenonenon vani shegeci s LetiBoalnkRP25hENERE BEBLEnt! {ngbRULGnDELROET t hat

t he oxygen partial pressure on't ori zontal “axis corresponds to
oxygen radi cal deapplyedndoi sheeperoaeaedobyfohmidgi @i hjjgpouealdty

|traviol et radiati f.the 20 ultraviolet. 324B and th
Ul ravi ol ot vevel BROCA ChERei RAFTEPE Ehu™ oF abFENShT e BorhOBORNE

ul traviol et radi agioncpawenbandatBecradi salidensibyew whtheaedpkaised for

t he case of using the 25 wavel ength of 172nm In the substrate processing
apparatus 320 of FR&SsReS&nd thus in the processing chamber 353 of the
substrate processing system 350 of FIG 60, the ultraviolet source 324B
produces a photon flux of 30 4.34 x 1016/cnR2 ' sec in the case a

ul traviol et sour céSpKBduBHBQDIHENTI t ravi ol et radi ati on power of 50mWNcn2 at

the | ocation yjght underneath Wi w in fhe state pof Lving.state
is used for t%% - 102 uI%?a%?%l%?ngﬁ?%%t%4gﬁs%%d Eﬁeoéggﬁﬁgé%%yigf
supplied to the proemsagnghy¥esaet SRidwi £hla 2| ow théesehidbAISECHE under

the process pressure, of 0,02 Torr (2.26Pa%. Assuning the case of using a
tubul ar |anp havi A§V4CS WP&t AL of IGch FOr tRRetBpEIREFS sBhr 280330 af™
irradiating a silhg@nrueiRErOfo2REAYdtREERYNMENGEUEDIA bRNPn the average
photon flux on the silicon wafer surface beconmes 4.34 x |Ascrri2, whichis

about 1/10 the phevbha¢eukhoneatd hotedingf bhe. substrathepbehesshagdd, it is
known t hat a”uPXy9§§a92£S%“£8 DasSy A8 §P58£p£h8PoE£8?5§%§8t'g@alsa£f$%°f 6 x

10 1 9cnz with rega to the ulfraviolet radiafion o e 172nm wavel engt h.
Thus, the transm pbvasteleftoheseal thavsobetratedi ptocassing hapidr ptosess

0 5916 - Here, T TePack HBLCERE; CFRBL pF tReck bPesthieh 620 88 TorE
(2.66Pa) and the gas a0hged| endeNstiynNfitmt BR REOLEHB88NLEAt ihSaassuned
to be 7.05 x 101l4cm 3.
semiconductor device 200 of FIG.42.
20 Referring to FIG.42, the semiconductor
device 200 does not use the high-K dielectric gate
insulation film 3 and the gate electrode 4 is formed
directly on the gate insulation film 3A. In FIG.42,
it should be noted that those parts corresponding to
25 the parts described previously are designated by the
same reference numerals and the description thereof
will be omitted.
In the semiconductor device 200 of FIG.42,
it is not necessary to use the high-K dielectric film
30 3, and the gate insulation film can be formed by an
oxynitride film which has been handled in the

conventional semiconductor process technology.

Thereby, the process of fabricating the semiconductor



20 Further, it is assumed that the ultraviolet radiation propagates the

di stance of 20cmin the processing vessel 321. Thus, the anpunt of the

radi cal s corresponding to the absorption of8QHe ultraviol et 25 radiation
propagating in the processing vessel 321 for the distance of 20cmis

eval uated to be 3.65 x 1013cm 2'sec by nmultiplying the factor of 0.0084 to
the foregoing value of the photon flux of 4.34 x | dscm 2, and oxygen
radical s are fornadvibet he Bacpleeassungomessel o3R&rwhtiRdt hig sate. On the
other hand, the flux of the oxygen gas in the processing vessel 321 becones
7.98 x 10 3cc/ cnRn§EESPATYer B ghevé?@ﬁﬁOPHUFﬁ@rsﬂaﬁaaed299ap§,FIG-4i®3
assum ng that the,sh d g ;areas 4c r of the
nunber of nD|eCU|g§,9$ﬁﬁ8@§§|85%?SQ§§H%§?%§Q ?ég%h§%0a ugm%? é?lgg X
101' cm 2 sec. Thusxyhiamitikefiami otof hilte &l tkiekhaes of 8b6Gt51x0nm
1013/2.138 x 101'- 1.71 x_10 4, thg gartgal gressure of .t he oxggen radi cal s
formed under the PFoB8EE BYelhPd &PS0SBISTERFS(BrBEREFINY BBPAFALtHSas 3. 42
X 10 6 Torr (=1 .20lexpififtc¥ WithOZeFerehBEStol FIGS3€Val uated that the 1o
concentration of the oxygen radicals fornmed in the processing vessel 321
beconmes about 3.42 x 10-6 TBEF-{£4. shoxsiphgpryorasehefcheemdnat RBCHpRi cal
power of 100% and.}he,p St = i nal pr u he

processi ng vessel}hggkogggﬁ%gfga Z?gggaééb%§e%gacgﬁd5§§i%geg%ﬁ¥lar
procedures, the redbedlimdensity is calculated also for other various
conditions. F|] G 61 represengs.the.rel ati hi,p between .the.radical density,
and hence the radical partigFfSFgéggrg% ggg'?ﬁe aﬂraffgﬁ g%i?hésslomdomn
phenonmenon 20 of Eb&mbdewspl ahsedvbef ossodddeing hef stios tsDfidde substrate
processing is represented. Referring to 1, it _can be seen that the

FIG 6 .
sl owdown ef fect apBB&AFE2FANBUFEREFPY1Af LBE BREPsPArPYoFREhBLpFBEEGSSL™
simlarly to the gasetgl bk{men2raliichhs,exgat thbeckadicakigdepahky in the
processing vessel 321 is large. In the case the radical density is small,
on the ot her handformedsiswilbwnighdnonenba appepabs b¥t theaRFoNg tine has
el apsed after,sta proce I r to_ th i pon that
30 the gromﬂh1$a1é£8?gF%288kigg ?ﬁ?n§?§§?§?923?§9?ﬁ§n¢agé g?glé#gékradical
density and the shatdonahy tbstkadssidm Ohdoknéssriachedienedhbyt tine,
while in the case thg radi cal densitg is small, it takeg a - é04 | ong
time until the foF%ﬁ_FﬁBlggaFF8n8F9c ﬁf@ﬁnégstg? BLIRM PS aefli & eﬁ?b%cause
of the small oxidegefihti 819WhghatempStathael ¥r hbsus! 99BN Hur@tdypn
defined as 5 the duration after the appearance of the sl owdown phenonmenon
up to the vanishi f§ dhet resslbwabwhlpherBreaBAnEhahgEiCaBieo Wheh the
radi cal densijy s t wWn JUr at LQngi S, H8CcLEAS e
radi cal density i§8P3§§§ gﬁgsigé?ﬁggeageg a%eﬁ ?%eagg Fggiggfﬂgg%s§?y i's
small. Fromthe vemwpbedt of the actual process of sem conductor device
production, there occurs a bl em of decyrease.of fabricapion throughput
when the process time untilpiﬁehgc ﬁ??%ngéeoﬁgfﬁ%nigsf%%% 5%R§£§?Bmdomn
effect is too | ongvefhthe &sheieoshsubsdtbeta sonescéi rdbt the dkedeafital
density. On the other hand, when the duration of the slomdommifhenonenon is

too short, it becoRedigefsP¥uFRetBVidr RIMETIEE 1 IThS WRi%ed i ckness

of 2 - 3 atomsL 20nbAYErSe Holed 4tREOM ke | BYEERnedBUSE FHET £41 Ssan upper
limt for the radical density. FromFI G 61, which shows the exanpl e of

conducti ng the oxheasupedopythreingbspeateahteybowseyetre- radi cal oxi dation
process while using the 25 ﬂé%%?¥l€&e o{ﬁgé?ﬁﬁontﬁé éffi&?gngkfﬁgeffﬂgth’
a

it can be seen that the lower Timt-o e radf cal parti pressure 1s
determ ned to be isxfdfmdd ninder (138 mrdfsufa)ofissWdPag(3hatr) hettoher abl e

process tinme is 5 minutes (300 seconds) or . Eyrther, the per 30
limt of the radi%%Psgé?f?aFe%P%E%E?Eei%gdé$§§%ﬁﬁé§et6°E€tf“ﬁw (1.33 x
10 3Pa) assumdong &h8étiiee NECESSA Ybs| S¥EOWhi bt £rvéty i sni1fOrmesonds or
nore. The ultraviolet radiation power corresponding to this

film characterized by the variance o of 0.72% for

the film thickness variation, is obtained.

FIGS.45A - 45C are diagrams showing the



- 105 is determned to be 5 - 50mMMcmz in the region right underneath the
optical source 23. In FIG 61, it may seemthat the interval between the two
| i nes respectively defining the 5 appearance and vani shing of the sl owdown
phenonenon is decreased with the radical partial pressure. This, however,
is merely an apparent effect caused by the fact that the vertical axis and
the horizontal axis of FIG 61 are represented wth logarithmc scale. The
lo duration of thgrstakkonandikhbar v&l the kemB@@tpdaﬁmaaﬁe@rwuhhlbhe

radi cal partial pressure. Thus, in the foregoing UV-Oz processin it is
preferable to setPﬁﬁéeéﬁyggnoﬁaﬁbﬁapxﬁﬂés§&g F&(l- 4AncpreucanAgeisf 6. 65
x 10-3Pa - 133Pa 0 5,30 r r r a ange of 1.33
13.3Pa (10 - 100 eaorgfeé pt 89 gggoﬁ%osgpb%ggtggggngh¥5k? Eradlcal

oxi dati on processdmehdmbﬁ@dobyoﬁsthg phtasubdt payeiprodessihyg appaiaeds 320
of FIG 51 also_by _usin | traviolet radiation of other wavel engths. In
this case, it 1s ﬁ888§§é #8 %ﬁﬁn@éofﬁésépgve energy of the ultraviol et

source 324B or the anblent gageceeingsitbi enGi. a5ar dehet p1REALI z€ the
f or egoi ng radi cal denS|tg of 1 x 10 9 mlorr (1.33 x 10-znPa) or nore but 25
not exceeding | nitdFEiga SHPaPrOFSFSéﬁgnﬁﬁecopﬁuﬁﬁédca§€eéfth@ing t he

ul traviol et radiabiggs5our e 95 &ﬁ@am%wﬁ&sag? hatognbheupbieayiol et source

324B, it is necessary to set the oxygen partial pressure to the range of
0.05 - 50 30 nTor tefpperaPare 6f7PéP rwhii leay afandiend arhge roptiarn gesor pti on

| arger by 25 nmes.as co are h th ase of ve en th of 172nm It
is al so possi 4 ?% OHi tF %e%%él Sag ?ggw FS VV§V|n ?ﬁeg?hickness of
2 - 3 atonmic |ayeli$ltJBUSaf:§ﬁm§dntEI{SOHBAantBEyﬂ]ILhéI derkpkaseBesause of the
| arger specific dielectric constant, the use of such an oxynltrlde film

enabl es further JBEP8AEseiBittAE EhEhBLEPISRI HBSf fLAVefAFGalBnYIEAl ckness
of the gate 'nSU'§?h9@15h|8E0£l§smgschﬁaﬁﬁkétBiacENl%ﬂkhEW@ﬁplNFN@L B

Hereinafter, a ninfh enbodiment of the 1o present invention w
expl ai ned. In t heapAeSernepeabontnthe, PrResyuBsrAROe PRDERESI A§ BPpaLat us

320 of FIG SIS ushdrosndaan, ouahtride LLbupis Loptpdeditggily on

si licon substFate Surface ace to a cessing
simlar to the onEppaphahseﬂobefoFEG BLG 62A shoms t he thickness

distribution of a filmobtajned for the 8as oxide film formed on the
silicon substrate by using ffie’SBhEFFEFE p?g ﬁgglﬁﬁnﬁﬁﬁagﬁ?ﬁ§n§26 of FIG 51

with the thicknespr@0498, 0tﬂ8”ﬁlb§r§HQ§§QHGBE|ihéuﬁheﬁéégnto an
oxynitridation processing an NO gas to the showerhead 321B,

wherein FI G 62A sﬁ@ﬂéeﬂhéthPekh@sghébfaiﬁedaBQ BPRFpsbhet ey stribuhépn
Tabl e 5 bel owshoys EHEC%EQQ' o%htﬁgn8§§n9£rw@ subatrate,gf ¢dpnFL G 62A for

the central part and the marginal part thereof obtained by the XPS anal ysis
expl ai ned before, thheCQSﬁ the Avagasefibov DALE| &nd2pheésntbndgeredaby

setting the detec%ign geaEQ 8Qo grggsbgngocated on the line D. In

this case, a very small variance value 0 of 0.7% is
achieved.

25 In the case the Ar gas flow rate and the
nitrogen gas flow rate are chosen to be located at
the position offset from the foregoing line D, on the
other hand, there arises a distribution in which the
nitrogen concentration increases at the marginal part

300 of the substrate as represented in the left drawing
of FIG.45B or a distribution in which the nitrogen
concentration increases at the central part of the

substrate as represented in the right drawing of



reduci ng the resolution. Thereby, the thickness was 30 obtai ned
conveniently fromthe ratio of the peaks cgk%esponding to Si0+ and Si4+.
The oxynitridation processi ng was conducte y supplying an NO gas to the
shower head 321B with the flow rate of 200SCCM - 107 and driving the
ultraviolet source 24B for 3 mnutes wthin the foregoing reference power
while maintaining the internal pressure of the processing vessel 321 at

3.99Pa (0.03Torr)righessubshr ahesd tepperatur eanwabeSekehOtB59Cthdabl e 5 90
de rees90 de reescentereri _ .
her Si 0+89. 4588. 13SF2419. 5BEreaySi 2%/ §h6+92112098801 5088 e diiddss

(nm 0. 430. 49 RefeEE&anggsF&gg@gfbgggogable 5, it can be 10 seen that the
t hi ckness after the oxynitridation processing is 0.43 - 0.49nmin any of

the central part and the naTguaaIlpacanobetheeeubbatatberandppharSthere IS
no substantial_differenc t hj ckness fromthe in t hi ckness

00 Shout 0. uom CLEORTERER L ChaSs i SLE EbEE R ok oo TRy FhECKIPRE s hoe

processed for detagétembﬁtlahtiﬁgeneabﬁyﬁlteyaaledlmhahlaﬁnéslnahnaron1
nitrogen atons has been detected. This nmeans that there has been caused no
nitridation react P8ACat 2233V RXt RELERPER FPRAEPRTRRECDROAREr BgEPRGAVE

oxynitridation erQ%?ébQH thégﬁgﬁaéhems EHetBQ'EggésﬁhQ'éiébQHE'On of a
filmobtained for the Case an oxide film fornmed on the silicon substrate

similarly with theODﬂLCkQESSSOﬁtOtUﬁnFlUbtsabééqgénth? éubﬁe@teddt@tan
oxynltrldat|0ﬂ)25 ongflngdeF %tg ﬁge 6 &E%E hﬁﬁgfgugh

t hi ckness obtalne |psone € cén par e margi na
part by the XPS aﬁaéyeaSemhhéensetbgeg the debectaoa anglehéOABOgdegrees.
Table 6 90 de rees_90 de rees - 8 .

flow rate are chosen on the line D, a uniform

thickness distribution is obtained for the oxynitride

film.

15 FIG.73 shows the relationship between the
uniformity of the RF-N; processing and the process
pressure at the substrate temperature of 750TL
wherein the horizontal axis of FIG.73 shows the
process pressure at the time of the RF~N; processing,

20 while the vertical axis represents the ratio in which
the thickness of the oxynitride film thus subjected
to the nitridation processing at the central part is
divided by the thickness at the marginal part. Thus,
in FIG.73, an ideal in-plane uniformity is achieved

25 in the case the vertical axis of FIG.73 is 1. When
the vertical axis has increased from 1, this means
that the obtained oxynitride film has a convex film
thickness distribution. In the case the vertical axis
is smaller than 1, this means that the oxynitride

30 film has a concave film thickness distribution.

In FIG.73, A~represents the case the Ar
gas flow rate is set to 800SCCM and the nitrogen gas
flow rate is set to 115SCCM, while n represents the



centereri herSi 0+83. 4983. 88Si 4+16. 5116. 12Si 4+/ Si 0+0. 1977480. 192179Thi ckness
(nm 0.690.68 Referring to FIG 62B and Table 6, it can be seen that the

t hi ckness after the oxynitridation processi 1s 0.69 - 0.68nmin any of
the central 5 part and the marginal part of the substrate, and that there
is no substantial difference in the filmthickness fromthe initial

t hi ckness of about 0. 7nm Further, XPS analysis conducted on the oxide film
thus processed foeadet eréi ADtobgBLt fRgen1 akorstdO0iseyeal ed Lhadsoomsi gnal
fromnitrogen atons has been detected. This nmeans that there has been
caused no nitridafPeRheEac? serFeseRtsi fhensase d@ Mhileh fhendrf §86goi ng
oxynitridation pr S| o] he,r I m 15 t he
result of Table 59g§?0¥§?ei?éigb%oﬁglggggggﬁgtgﬁﬁcg?goﬁggfgﬁégféégtrogen
into the filmis Abbwpossebie bgtthe d4YHECEMdaThoes, prbcessi ngecootedt ed by
t he UV-NO processij op, th xide . filmalready forned on a_silicon
substrate surf%cekﬂ%ﬁegg? gﬂg?# §5°Yh5a i8§n§2§ BF°?Rz® oXf e ???h?ﬁ%y be.
On the other handasFtke63dmsbpwehéherthhekpess dasérihattne Ofttbgehi| m

formed on a silicon substrate for the case the_ silicon substrate Is
directly subjecte@foftfl LRIRO pPEEEESPRQ NN thise oXdegupdt teﬁﬁﬁﬁﬁbéging
apparatus 320 of FIG 51 aftgrelheipatiyerpxide filmig E@”P%@Q1t%@€rein t he
filmthickness of FIG 63A is obtained by ellipsonetry. Further, Table 3
shows the thickneskeofithethi¢thnehssdbptnibetion changent fapmphhe and
mar gi nal part, of th substr by t P | ysi s. whi | etting.the -
109 detecti&# an%?gc §e9§l%é6$%§5%g?npfhghgx%§$Y%%n l%?rﬁﬁkﬁ%éiya?? shoul d
be noted that theagxpertoeths obnEde 63dstsibondoct &6 thet hew spbsssate

processi ng apparatus 320 of FIG 51 by supplying an NO gas to the 5
shower head 321B wrtfet i8R | BhF rRF2S r?oggc%ﬂfgﬁﬁdd??@gﬁgt?%ec%?@+5k?%let

source 324B at thenierenoi pgtief LISNCLaPOVEE fDked. MrRHERS WL Eyill

mai ntai ning the internal pressure of the processing vessel 321 at 3.99Pa
(0.03 Torr) sinilbelgotedt Heapreebaserases 100 Theredys Phessubetrite
tenperature is selotp 490G Relerih00cb0af1 B 63ALEL AN PESOgD Lhat there
is formed a filmon the srTiTon substrate surface with a generally uniform
t hi ckness. From Takyeif@ridée £almbef seehfdéiratthhekfiessn idicleiiseds i 5 about

0.5nm at any of the central_ par nd the margipal, part _of th strate.
Table 7 90 de ree ©6t%%rrebgc%h£%?%?in°ted LR DAnB i 085 OF PO

geggi 0882.48186- 92sh #143. 24 30 Shigh St OgPedS206 $04d SPBE8THhE kessL (Nm) ~

flow rate is increased. Thus, it will be noted that

20 adjustment of the process pressure can also realize
the uniform processing in the RF-N; processing of the
present invention, in addition to the approach of
controlling the total flow rate of the Ar gas and the
nitrogen gas.

25 It should be noted that the line D of
FIG.45A explained before corresponds to the point A
of FIG.73. The relationship of FIG.73 also suggests
the existence of another optimum point. This point,
however, does not exist in practice because of the

30 too low pressure needed. When this optimum point is
to be used, therefore, it is necessary to use a pump
of large power capable of handling a large evacuation

load.



20 Further, FIG 63B shows the filmthickness distribution obtained by

el lipsonetry for the case the oxynitridation processing is conducted under
the pressure of 665Pa (5 Torr) by setting th® NO gas flow rate to 1SLM and
driving the ultraviolet source 24B 25 at the foregoing reference power for
1 mnute. Further, Table 8 bel ow shows the result of the filmthickness
measur ement conducted on the filmthus obtained by the XPS anal ysis while

setting the detection angl eptg 98cdedbaes the retd@iohidhip BePReds £RESI0 de
reescentereri

her Si 0+87. 7887. 578ir4ga2. 2209, 425E4ah8i®he 1B3021nR6s514£828Fhbkaéssed
(nm 0. 500. 51 Refer B hat 5 e filmthicgkness
KL E SR PRI PnEP: thRo R EFuerer hbaU8R (RE"shBSE: rd

distribution is gen y uni for'mf
surface and that thecamtbegeaegaérﬁmbWabheeBatbatohheoﬂnbalbhlckae$$nes

about 0.5nm at an¥ of the central Eart and the narglnaL gart of the
e

substrate. 10 TabPe®d B&Folrshotd thE-fabul £°8F EPEmMERECKREFsiS conduct ed

on the film obtai pedslyetihg eggge&gg@tegﬁlggghégé by the XPS anal ysis.
Tabl e 9 atom ccentereri hergo de ree30 de ree90 de ree30 de

ree01967. 236366. 8866. 13Ni s Referriggoto F8G.45C39the8Skan, be2seen59n~26 .

81~ 23 . 99 -~24 efer i ahl-e I n see tha t he
signal s corresponéﬁ%éég gt%g 8E2gébgfga$% R&S é%gﬁﬁgfggﬁd E?p or Bltal are
observed in the fihorthasnforredaandlbhatathe &hHnhshoeswibr oxygen atom c

20 concentratjon of 67.23a, the nitrogen %;onic onceﬂtratign of 11.180 and
the silicon atbni tPEORREARPaPEERCEPR 29289 40%Wt hateenfaF pAFECBESEhe

substrate in the grasutpaeRhieRAEYSt 88 bMeSBkihnarihe detgcthepnangl e to 90
degrees. Further, it was 25 confirned that the filmhas the oxygen atomc

concentration of B6G88RAtAE APBrbpefedt saféects ghe nitrogen

concentration in the film.
FIGS.46A - 46D show the kinetics of the
15 nitridation process conducted by the RF-N; processing
of the oxide film of FIG.44 at the temperature of
750°C under the pressure of 200 mTorr, wherein it
should be noted that FIG.46A represents the
relationship between the thickness of the oxynitride
20 film obtained by the XPS analysis and the time of the
nitridation processing, FIG.46B represents the
relationship between the concentration of the
nitrogen atoms incorporated into the oxynitride film
and the time of the nitridation processing, FIG.46C
25 represents the relationship between the area of the
0O1s signal peak of the oxynitride film obtained by
the XPS analysis and the time of the nitridation
processing, and FIG.46D represents the relationship
between the peak area of the Si2p signal and the time
30 of the nitridation processing, for the case the
initial thickness of the oxide film is set to 1.0nm,
1.2nm and 1.3nm in terms of the thickness value as

measured by a monochrome ellipsometer. In the XPS



concentration of 9.13% and the silicon atom c concentration of 24.23% at
the margi nal part thereof. Thus, it was concluded that the filmthus forned
is an oxynitride filmcontaining nitrogen. 8% Simil arly, Table 10 bel ow
shows the result of elenent analysis conducted on the filmobtained by the
experinment of FIG 63B by the XPS analysis. Table 10 io atom ccentereri

her 90 de ree30 de ree90 de ree30 de

ree01S67. 363. 8467, 261, 25 1dn 664R0; 3pds 443191 43S 821a9425. §23n37 25, $bn
Referring to Table 10, it is also noted that the signals corresponding to
the 019 orbital, aé brbimatranebSrivedrbespe¢chicebhsin verr Fespordéenden 15
thus forned and that e-f1i m c concentration of
67.3% the nit rog‘gér?ll B%me%}'%: n%@%ﬁ%%%g%%/g‘ﬁlg%& and the silicon atomc
concentration of 21.24% at Réfeceimdgato pRIGSo0d6Aahe 46bsttat€an nbd heeen

measur enent conducted by setting the 2p detectio ngle to 90 degrees.
Further, it was comfrhB8 e nAtcTh ??H‘ﬁ‘ﬂﬁ%a?‘fﬁeogx%g?\k%‘f%?ﬁ%n oncentration

of 67.2% the nitygpgehgdh OBdEcERPELPisRtiONtRE ddydAPe oad thenSkiigon
atom c concentration of 21.37%at the marginal part thereof. 25 Thus, it

was confirned thathe helmenpbsthe onbirifa Fori PYOGesE eI f1TresRetiiroved
further and that YN AL §lf£}11f& 49 ﬁhfﬂéfﬁ%gfr‘#@%éérﬁr‘ai%formd
nt t o abl e

on the silicon substrate surtTace. e heasurenmen 0O 1n which
the - 112 XPS shpatt there sexies ect@dchmandie thetwedrcthonbalmgy 2onfoB30

d , Tt ted that .th it trati is_d i ghtl
s conphr ed Wt h TRE Ged BPobPhy CRE BBLGRIPGnChnglE Btoo0 Wibrees © bot h

in the central pagit@ngeépetherdntge nednast . the SUEhi@aBaSUr eMENt
conducted by using a shallow detectjon angle, the signals caused by the
phot oel ect rons enP¥PeRS 2ing helPRRRGMP LR ’étf-etW%k%/ﬁiWH‘éI"énﬁff R nek? go
attenuation as thgy; aresidfftransmtted through the filmobliquely. As a
result, the conposition of the upper part of the filmis nmainly detected by
such a neasurenent. Thus, tMereespecibicablye 10 cdndoé nskbeatgsat higdiet he

ni trogen atons are. mainl oncentrated in the oxynitride film 15, thus

For e at t hetpar T hesrotaE Farerd Sed bt nafe MYEb LGt 1ot o s o
tendency i s obsery£se abSothd RNy exdlde safi nanalfy sins ofidEaliia nd Haetinighe
central part of the substrate. Next, the_kjnetics, of, the oxynitride film 20

formation on suchtBe siPiebl sHbETHRESS SUf fact By 1L CRENRY prRlesSI%E wi l |
be expl ai ned. Fl G5 644u88¢ S4B Sboycide dhi gkpess &jr%%; oxyditride filmand

a nitrogen concentration in the filmfor the case an gas is supplied to
the 25 shower heachBuBlatiemeosutRIs e pFoceksi rpapparthasRB2R of FIG 3

wth the 1 oyyrate of. 2005004 anl, the, il L2l ol 81: Sourge F2AR Is dri ven

with the reference power ari ous at1ons mai ntal ni ng the

process pressure etiSk®9Pa 201 nfiony )oranthe het!8dr shidysd r ate s@rperatiale at

450C . change is observed for the 0i;s signal. This indicates
that the oxygen atoms dissociated as a result of
introduction of the nitrogen atoms cause diffusion

25 through the thin oxide film having the initial
thickness of 1.0nm and has caused precipitation at
the interface to the silicon substrate. Thereby,
there is caused a regrowth of an oxide film at such
an interface.

30 In the case of the RF-N; processing of the
oxide film having the initial thickness of 1.3nm, on

the other hand, it is believed that the dissociated

oxygen atoms cannot reach the interface between the



Referring to FIG 64A, it can be seen that the thickness of the oxynitride
filmincreases with tinme while it is also noted that there occurs a - 113
sl owdown phenonenon of filmgrowh simlar §® the one expl ai ned before with
reference to FIGS.5 and 8 at the nmonment the filmthickness has reaches the
val ue of about 0.5nm Further, FIG 64A also shows the case 5 in which
driving of the ultraviolet source 324B was not nade during such a

nitridation processingoRYsubstPathi Sn@aske bkiMkl FibR Betgdsthat there is
caused no grom h of the oxynitride filmat all as can be seen from FlI G 64A.

io On the other haA#geFLTibiBlatBbcknareaPésthRapxifie Aiimoged are
trati det : ttq . qdet ect | he. S | i
o 30 degrees appesrabil¥, B8 thAZohPRLAE B LIS ARPMEL LAl ELTE®, I eet o

to 30 degrees appears s an the case I'on ang
90 degrees in the period i thmethategyrdf ter thhesSih stigmialobft FEG. 46D,

oxynitridation processing. This indjcates_that .the nitrogen atons are
mai nl'y concentY at &8 FBntﬂﬁ Fﬁ?@r%gék géﬁiﬁh“b519W€logfﬁ?tFP&e Pff%nd the
silicon substratemuEHr thetheFbis64Bratse bRdbeakesmt hatisychna papruniform

20 distribution of nitrogen in the thickness direction is gradually
resol ved by conti ADLREREAE Vkyhi BRRdERT6h PRBCEYSRREONTRE FRsEEEOBESF| G 64B

| ndi cates that angxypibpide Srbarolybi ghapitpeoencconcensgatipn is 25

formed inmediately after the start of the nitridation processing and that
t he nitrogen concenbcassdngi nIthesfbéhideedetbat ghaduaefyeatshthene, while
this indicatef t hat , oxj di zi becones. dom na urse with

L i the (10 m 9k 5UE heRBhaAF o PR 38T PaPr o060 SRC oo PSR HEER: Bie o
processing, the obgsea¥edi nancanséosabsyiehtDbhr 6geBhe08LeHénahtomsi Int he
filmthickness direction is resolved. FIGS. 65A and 65B are di agrans
cor r espondi ng the film and the nitrogen atoms to not reach the
interface between the oxide film and the silicon
substrate. On the other hand, in the case of the
15 oxide film having the initial thickness of 1.0nm,
there is caused an increase of the Siz; signal with
the start of the nitridation processing, indicating
that there has been caused precipitation of oxygen at
the interface between the silicon substrate and the
20 oxide film and associated regrowth of the oxide film.
FIGS.47A - 47D show the case in which the
RF-N2 processing of oxide film is conducted according
to the process of FIG.43 under the condition that
nitridation reaction is facilitated while sacrificing
25 the uniformity. More specifically, the process
pressure is set to 400mTorr in the experiments of
FIGS.47A - 47D. In order to achieve the promotion of
the nitridation reaction and uniformity at the same
time, on the other hand, it is necessary to use a
30 large capacity pump capable of handling a larger
evacuation load is used for the pump 24. Further, a

more powerful radical source should be used for the

remote radical source 26. This is essentially the



- 114 to FIGS.64A and 64B respectively showi ng the case in which the
oxynitridation processing is conducted by setting the driving power of the
ultraviol et source 324B to 20% of the reference power. It can be seen 5
that a result simlar to the case of FIGS.64A and 64B is obtai ned. Thus,
there is caused a sl owdown of filmgrowth when the oxynitride film has
reached the thickness of about 0.5nm and that an oxynitride filmof high

ni trogen concentrgam®nthsngosREla dhed hBrévibegi WtROrofathetdi tHe geoye h,
with the concentration of the nitrogen atons in the vicinity of the
interface bet weenPfhecnkyplltndethe| RFARASENRISFFREDN substrate. FI GS. 66A

and 66B respectively Sho“’t#&f&?riﬁéS%%oﬁfééP4@ﬁtme$ﬁDFhftf&éﬂ1ﬁgi§58ﬁss

and process tine and the relations etween the nitrogen concentration in
the filmand the phatesketOhe $ognédhestasegthedexyesses dat tlontlpe oseast ng of

a silicon substrat ur f i s conducted at the substrate e rature of
550C . Referrisng ?g %%%TGBN? ST RN DE S ntth%actasteheozfgo egﬁc[??lé}i on of
the nitrogen atonsxifd6eofpohah&dindt ohéhenitia i shsobséantonl 1 yossal |l er than
the case of FIG 64B or FIG 65B in any of the 25 cases in which the
detection angl e of"€fE s eeRfEin|inseRich BYoe dREPERSS Pr 3VSWERr s,

i ndicating that t L& T} i : £ Qr sitiop: ¢l oser to
that of an oxide ??fﬁ%gg%aiEgﬁefégg%%g%ﬁééetﬂﬁg $g§ﬂ|t£ﬁg£9b€%%8€§ﬁééd by
the 30 pronotion Birokedi zasigshewaet ionFEE . ¢he, substaatlee t eaperbhar etlod 550C

Py e Sl ST GEIE L PR L BLOCERS M0 NER Ty Al PG BOR 1
thi ckness of 0.46monouvbhehsly £rasethé cbédenthimgkoesshofnOtAndattomhi ch the
sl owdown of fi1m growth takes, place for ROl fg.TH g, sxplalngd W th
initial thickness of 1.3nm. This indicates that, in
the experiments of FIGS.47A - 47D, nitrogen is
15 introduced with an amount corresponding to the
nitrogen concentration in the case of the experiments
of FIGS.44A - 44D with short time period because of
the promoted nitridation reaction and that the
nitrogen atoms have reached the interface between the
20 oxide film and the silicon substrate. Thus, when the
nitridation processing is conducted under the
condition in which the nitridation processing is
facilitated, there is a possibility that, while it is
certainly possible to reduce the time needed for the
25 nitridation processing, the introduced nitrogen atoms
may reach the foregoing interface unless the
nitridation time is controlled optimum.
FIG.48A shows the mechanism of the
nitridation processing achieved by the RF-N2
30 processing of an oxide film estimated from the
results of FIGS.46A — 46D and 47A - 47D. In FIG.48A,
it should be noted that those parts corresponding to

the parts described previously are designated by the



5 wherein it is believed that this result is caused as a result of the
oxynitride filmthus fornmed having the conposition closer to that of an
oxide film It should be noted that the thitkness of the oxynitride filmis
obtai ned by Eqg. (1) explained 1o before and associ ated paraneters that are
derived for an oxide film Thus, there is a possibility that the film
thickness is calculated to be slightly larger for those oxynitride filns
because of the effkgpb etreseapkndufieRhsOhnBheheekestk9psiohNtABYeb@SE, It
is 15 believed that the oxynitride filmformed by the present invention has
a thickness contr8ilédbeoombsedtwo atomic | ayers. Meanwhile, in the case
of applying the substrate progessing BPLALY8a320.OLah! GeSlclh LhE20
oxynitridation processing of a silicon su stra?é, i't Is preferablle to use
an optical sourcetbapabkeodficpdodiutrngenl atamsobhet cadcahipated thethe
wavel ength range of 192 - 142nm.fromthe consideration simlar to the one
expl ai ned al r eady SWFERCPePRFENRE %geFPﬁﬁgﬁ. 2%m| YyFRWEBPLAPPEYERG t he
substrate processitBgdapRahabestBORPENEI$3Sded 9img SiUB MW ETately,

sem conductor production process, it is preferable that such an optical
source 324B is thangnéhahphbrerspbberngft fprratdéanand curhedeoftahss
desired. 30 Curreqtl exel a ayj -wavel e h m
222nm 172nm 146%%1%%8 ?%%gﬁégbegggﬂgeﬁéﬁngegév ing?ggaznggﬁ?gggviolet
source capabl e of pbeitngft thaedidncandstbehedtof i asddeber eslynThesdeexci ner

- 116 | anps have_an agdvant ageous fegture o avi a_very, sharp spectrum
si mul t aneous! ¥’ Cﬁl?ﬂegofﬁe?gﬁgﬁa?SSﬁryg?ﬁeaggépﬁgg'I§np %Ev?ﬂg'tﬁe
wavel engt h of 172pppandphie. exoi ngp.haop,hagong the wavel ength of 146nm 5

are the sole candidates for_the |anp that satisfies the foregoing
requirement. Thereby, it sh&Bl B'BecrdtellthaPrehEiPANPEhAYFRGER HBE ~N2

wavel ength of 146pm,hRass@nfakf- DRLFPEoPLELROf cADOHE LBRAY RBAAL hHBerd Part
of the spectrum bécones shorter than 145nm (n 10 such a case, fherefore,

there is a possibibi aypphaibihetyxyhen thdi sakrrédstiani vaaabyonot be

caused, dependi ng_gn the_sta I t he ulpari f the
i ndi vi dual Iaﬂ%s.pE?S%??ﬁeééég%%£Y%2§at?gﬁggéptgigggghc#ﬁ e%¥F§%9é?he use
of an exci ner | anptohs lhayheeddBRnohvavetenfhbei setwsénptréesbiecfior the

ul travi ol et source 324B of the substrate rogsssin apparatus 320 _of FIG 51
in the case of chBBE?HﬁaFﬁeleiﬁanﬁPel%ﬁﬁnEBF FhélgﬁnﬁgrﬁPQI¥9t§€§?F%ble

exci mer lanps. 20sEhG87mapowe thessghesBELGsE0ABt £HEL] 0D Of s
preferable that the process of the step 62 of FIG.43

20 is finished within 30 seconds.

Thus, in the present embodiment, the number
of rotation of the substrate W per minute is set to
20 in the substrate processing apparatus 20 of FIG.3,
and thus, the substrate W is rotated about 10 times

25 during the RF-N; processing continued for 30 seconds.

FIGS.49A and 49B show the depth profile of
Si, N and O atoms respectively at the central part
(C), intermediate part (M) and marginal part (E)
obtained by a SIMS analysis for the case a UV-0:

300 oxide film having the initial thickness of 1lnm is
nitrided for 30 minutes while rotating the substrate,
wherein it should be noted that FIG.49B shows the
surface part of the oxynitride film of FIG.49A in an



an excimer lanp (dielectric barrier discharge tube) 341 producing the
ultraviolet radiation of 172nm (reference should be nade to the Japanese
Lai d- Open Patent Publication 7-196303 or'8-%%861). 25 Referring to FIG 67,
the excinmer |anmp 341 has a double cylindrical vessel including an inner
quartz tube 342 and an outer quartz tube 343 and a Xe gas is confined into
a space between the inner quartz tube 342 and the outer quartz tube 343
with a 30 pressuregn®frdeqdasa®t 33.25kPa (250 Torr). Further, an al um num
thin filmelectrode 345 is forned on the inner surface of the inner quartz
tube 342 and a nesh-state eRefersdeg3sa FiGFokfddand €AB,olteragide - |17

of the outer quar u 4 F e el t h r 348 is.forped at an
axi al end of the é%géeggig gﬁ ggégt gr%§§65§228§86rg§ c?ﬁgfael?ﬂelgpace
347. The exciner Lanpt8d4latsthardegdthnoandbbutnedsanf fasm5tHessuedaby

applying an a.c. valtage froma,power _supply 350 across the el ectrodes 344
and 345. For such® ntEgCPﬁﬁPlFﬁ ?mgﬁle?gésgpﬁléh?B g¥eet heNhodBr

UER20- 172 mar ket egd1 et D81 ESEhOLPr 1 5hacARdeLaHESIAL3 5 PREKSLedsby Hoya
Schott. 10 O course, the ultraviolet source is not limted to those

menti oned above aRdtepHier apemeaptsbhecéBtsuéncasbatveanptrbesaibiaercury

| anmp. Further, if Lryati a Lt I ossi ble use an

exci mer | aser. 1SSFQER&%#EN%C%#%Ekh?Mﬁég%?t%%?%a??%ﬁ 2 gguﬁ§ orm
oxynitride fil moneacgaieedsurface by the UV-NO processing according to a
tenth enbodi ngent of the pre inventjon Wil be explained,_ ., Referring
to Table 7 aggin, it is notgge%héﬁAtﬂggoégﬁi???HetgFlﬁ?EBﬁnBHOEhg%ro he
process pressure gf ,3n99Fa(0. 8Bokorin and thse 180UV ai1af UV RRYIhes hows

a generally uniformthickness 25 at the central part and marginal part of
the substrate, whiPétigligharkpendieli Lnakmihe seRiIPEted FabFee9 shows that

there exists a dififereaceigh BPOLL2MhENCOASIBLLEOBENLRONRRDLS ation and the

distribution of the nitrogen concentrafiion Is not uniform us,
processing.

15 In this case, too, a result similar to the

case of FIGS.49A and 49B is obtained.

[SEVENTH EMBODIMENT]
FIG.51 shows the construction of a
20 substrate processing apparatus 320 according to a
seventh embodiment of the present invention.
Referring to FIG.51, the substrate
processing apparatus 320 includes a processing vessel
321 accommodating therein a stage 321A for holding a
25 substrate 322 to be processed, wherein the processing
vessel 321 is provided with a showerhead 321B formed
of a material transparent to ultraviolet radiation
such as quartz such that the showerhead 321B faces
the substrate 322 held on the stage 321A. The
300 processing vessel 321 is evacuated from the
evacuation port 321C and an oxidizing gas such as
oxygen is supplied to the showerhead 321B form an

external gas source.



30 Table 9 indicates that it is an inportant issue in the oxynitride film

formed by the UV-NO processing to achieve the uniformty of filmthickness

and nitrogen concentration at the sane tim@? ~- 118 Fl G 68A shows the

t hi ckness distribution of an oxynitride filmforned under the sane

conducti on as noted above except that the duration of the oxynitridation is
set to 1 mnute and 30 seconds. On 5 the other hand, FIG 68B shows the

thi ckness distribution of ap.oxymiidige Abtoafekathencaseo@dsépigi ng the
oxynitride filmunder the sanme condition except that the ultraviolet |anp

is moved back andvésseh.32h Fs B16BreangresBled hel vlynderontieahsuiedent to

poi,nts 1 I nor easegh b o, pey St een o] NeLhgosxPer ROt Rl G APR, he back

and forth novenen Favi o I S conduct ed suc t he
ultraviolet |anp rsdbavedn fsoch aadigqssrvaf @voeegehs oskowecioaad DPPBSI ng

waf er edge separated fromthe 15 first f edge by the distance 200mM
with a speed of 6?)%1?55}&‘35th?ss%\’/%ﬂh%%gkgéﬁegn%t%%%i%’@b%‘fr"{’ﬂ% %%tchback
point for 0.1 secp@srndiien Uk avhOh&thdaaP32 B3k 50 sispPed bpride second at
the center of the wafer. 20 Conparing FIGS. 68A and 68B, it can be seen that

a nore uniform fieptierbiknesdowi 321P buth o ¢ sSBRUE eV&HR | ntheee ekperi ment of
Fl G 68B as conpar gox‘f‘ié@dtgehgﬁ)%f'@?i‘é t?éa{%%@lﬁ%b u@?ﬁé*&é‘%ﬁ‘? back and

forth novenment seguence of the ultraviol et n order to ensure
accuracy of the concl usion,odabhespidcessiil? weess@l e32hi edhdned oivs show ng

th It of filmthick t ducted by th | ysis f
the Sanpl es of® FICKSBHICAr 6 SBES [ Th TRECTECt (ROTF=1abi 142 1T &M 30 12,

the neasurenment atohpei AGIEhREl 3PAMBronLdedesn t ¥Or PRSI OPcPOLdIt She
Further, Table 13 bel ow shows the result of neasurenent for the nitrogen
concentration in ¢Releake"trdee3stPpl e of FIG 68A, while Table 14

It should be noted that the ultraviolet

exposure apparatus 324 includes a quartz optical

15 window 324A corresponding to the optical window 321D
and a ultraviolet source 324B that radiates the
substrate 322 with the ultraviolet radiation wvia the
quartz optical window 324A and the optical window
321D, wherein the ultraviolet source 324B is held by

20 a robot 324C so as to be movable in the direction
parallel to the optical window 324A as represented by
an arrow in FIG.51. In the illustrated example, the
ultraviolet source 324B is formed of a linear optical
source extending perpendicularly to the moving

25 direction. For example, an excimer lamp having the
wavelength of 172nm may be used for the linear
optical source.

In the construction of FIG.51, the

connection part 323 is supplied with an inert gas

30 such as N; from an external gas source (not shown)
via a line 323A so as to avoid absorption of the
ultraviolet radiation produced by the ultraviolet

radiation source 324B by oxygen in the air before the



- 119 5 bel ow shows the result of neasurenent for the nitrogen
concentration in the case of the sanple of ;{G.GSB. Table 11 90 de rees90
de rees90 de reescentereri her leri her -

2Si 0+87. 7687. 286. 11Si 4+12. 2312. 8113. 89Si 4+/ Si 0+0. 1393570. 1469040. 161305Thi c
kness ( nm)0.500.530.58 Table 12 90 de rees90 de rees90 de reescenterer
her leri her

2Si 0+87. 2687. 138731 2u4152e7413d8812089b415SHAtR0d46@0144885@nd45344Thi ckn
ess (nm 0.530.530.52 Table 13 atom ccentereri her 190 de ree30 de ree90 de
ree30 de processing vessel 321 through the optical window 321D.

ree01S69. 8966. 767 8 N . 3 i 2 862 3 io
Table 13 (continuggg gﬁ%%ﬁcbggr?%ﬁgrgggggggzggeigggg ?§§81 68?%@%6?§§&I59.
959. 36Sizp - -20ins@B8e~24e. u28raathbéetdeaposuceenpprenicuhef219@hdeuyhe30
de ree90 de ree30 _de . . ,

ree01S69. 6166. 9768. 8B7F25RFdo865N518°438199sPap50°6358583P5188%4. 14 -

120 Tabl e 14 (coptihayedp2ahosic taer ulketvad0 ede ekpeddrde apeadist8 32166 .
99N s9. 798. 93Si 221. 1124. 08 Conparing these results, it can be seen 5 that a

uni form filmthickness distfPb@rFEA kasSBERERESpSESSi BILE1BEt AéeA*YEB Cent 1 al
part and ”arg'naliHaEEESBéEh%o“@EErf?&iBﬁ”?%QHtauHS%FnégghfQEEh movement 1 n

the ultraviolet |anp. oi ng so, Is a possi bl'e to achieve the
uni form di stri but nbhréeiolke EOumcer 8géR wowbenheatirdomingheff bhegoi ng

Its indi hat Lf Itraviolet radiatiqn.i i zed th
wafer surface by EhIGPRGOLRENSRUHEK GHACPORER REUAHERE BFOCAEOHI travi ol et

| anp. 15 [ ELEVENTH1ENVBODBNVENThtFbEch9AasBows 8illEsgas Srgueneeathatebas

source 324B, and the inert gas such as nitrogen is
introduced into a narrow gap region having a gap
width of about 1lmm or less formed between the optical

15 window 324A facing the ultraviolet source 324B via a
pair of lines 324b. In this region, the inert gas
from the line 323A is also supplied, and as a result,
oxygen that causes absorption of the ultravioclet
radiation is effectively purged from this gap region.

20 The inert gas passed through the blocking
plates 324F are flooded into the space 324D and are
evacuated to the outside via an evacuation port 324E
formed in the ultraviolet exposure apparatus 324.

In the substrate processing apparatus of

25 FI1G.51, it is possible to control the movement or
scanning of the ultraviolet source 324B in the
ultraviolet exposure apparatus 324 by the robot 324C,
and as a result, it becomes possible to control the
distribution of film thickness by controlling the

30 ultraviolet radiation dose at the time of forming an
oxide film on the surface of the substrate 322 by a
UV-02 process. It should be noted that a controller

325 such as a computer is used to control the robot



been used in the ninth and tenth enbodi nents of the present invention
together with a tenperature profile T. 20 Rggelring to FI G 69A, the heating
of the substrate 322 is started i medi ately’after incorporation of the
substrate 322 into the processing vessel 321, wherein it will be noted that
a nitrogen gas is introduced into the processing 25 vessel 321 at the
initial state of the heating process. This nitrogen gas is swtched to the
NO gas when t he t@epger.arutrehbas rhackedtaopledeesmaned BohdirBgs the
tenperature. Further, the ultraviolet source 324B is driven for a
predet er mi ned per P&dVikRenofhéhe uliFaviedRiedPrECPoR26B -t he NO gas has

reached a predeterm ned Ievg&egn5§ae_pggge§§gngig%§§ﬁg g%&wimgt@hghis, t he
UV- NO processi ng expl ai ned before I's conducted. 5 Thereafter, "t he

ul traviol et sourc&h32iBess tdr pedosfifle dadmt lersepgpby ef sthéchN® gas is
interrupted. The substrate 322.is then,taken out fromthe processi vessel
551 whoh the stbstPBES eeapElathe IO 258oRPEREFlaL SOPRESEaone 20
tenperature. FlIG 6$BFignsthandeherahands sbadstaol®, gasegegdencesasear di ng
to an el eventh enbodi_nent of the gnesent i nvention used_in place of the

sequence of FI G 69A PR FHEYsGhSt FatEXprSEesbFAdNEFpaY athsiBSOMEErY51RI G |
51 . Referring totEki&zs63B, A herheatd nok e i sdibst reies 322 is st@rted

imedi ately after the incorporation of the substrate 322 into the
processi ng vessel s32iconhepbsiirateshauidgbennetiebt2énchadipmetoduési on of

the NO gas is,sta t S i t suhs t h bee .
i ncor por at ed fi t&éggagéro?thgggggggﬁF ?ggeg i%%g gﬁ%%% &ﬁéﬁ ghgagﬁggtrate
tenperature T hasokédehédla pnedetesnbredatenperdtuoreist hemukvedabyoket

source 324B is driven 25 for a predeterm ned ti and the desired UV-NO
processing is conﬁHE?@&? ?ﬁ@?@ﬁgFéP? PRECGFEr &0 BPef*BOBIBEY328B°Fs {hr ned

of f, the supply otatheolOtHasekpettimBREsObk Fucthepa Iheasubsheate 322 is
then taken out of the 30 processing vessel 321 when the substrate

tenperature T hasiBEERNRAwBFEasHECt hRSHEBNThENPERPGLAFENIFVERSZDA3AACIFOB
show the rel afd onghiPBeLYBER bNGxPLOGESELLENPERAt UhE B0HsEPELENI ckness of

temperature is set to 300°C.

It should be noted that the illustrated
result is for the case in which an oxygen gas is
supplied to the processing vessel 321 for 5 minutes

20 with the flow rate of 1SLM, and FIG.51A shows the
case in which no ultraviolet radiation is made, while
FIGS.51B and 51C show the cases in which the
ultraviolet radiation is made by the ultraviolet
source 324B such that the luminance flux density

25 becomes 30mW/cm? right underneath the optical source.
FIG.52B shows the case in which the foregoing
ultraviolet source 324B is caused to scan uniformly
within the range of 410mm such that the entire
surface of the substrate 322 uniformly.

30 Referring to FIG.52A, the oxide film formed
on the silicon substrate has a thickness of about 0.2
- 0.3nm in the case no ultraviolet radiation is made,

and thus, there is caused no substantial film



- 122 the oxynitride filmthus obtained and the relationship between the
processi ng tenperature and the nitrogen quﬁﬁngration in the oxynitride
film In FIGS. 70A and 70B, it should be noted that 5 represents the case of
usi ng the NO sequence of FIG 69A while ~ represents the case of using the
NO sequence of FI G 69B, respectively. Referring to FIG 70A, it can be seen
that there exists no material difference between the case io of using the
NO sequence of Fl &eRAtand.thae easecakeustngIGhe2BD saquracetherFhEn89B as
|l ong as the substrate tenperature is set to 500C or less. |In the_case the
substrate tenperatir E2RabeeR88BdERAE06RETEN1ENECETREr 2RaAYLAPt LR be seen

that there is caugednlpnanchickgase bE hBut bshil cknghs ofi-tbecoptained

oxynitride filmwhen the sequence o 69B is used. Conmparing this result
with the nitrogentbeneéhticani enbshrahe.f LhntbhowasenoEl BIGOBZB|, t itansbe

seen that the atom,c _concentration,of nitrogen i,n_the 20 film.is_increased
substantially Dby i FﬁgnPﬁS hfﬁgéqﬁgﬁgg of E%BfggBé $ﬁF§e?8§u$¥ 8ﬁ6§§ t hat
the observed increasma ehithhekbess @het benexybdi pardeoki LRI B~-Eh&hL70A is

attributed prinari[X,to the nitrogen atons that are incarporated into the
oxynitride film 8251¥RAE, sBYStReFEddérndnafPiergas FheofefrE pRretestfng

vessel prior to the,Rh9RESSENGnel h1Re80MBSROSS1PLE k00! PEOLBRAAEEE | arge
anount of nitrogen atons into the oxynitride filmat the time of the UV NO
processi ng. 30 |tushéardlpeoreretihehaanghecKOtgammsefaeaceesflFl GBh69A and

69B can be us a ' he cate_pr ssihg_.a a 2 |G 3 for
achieving a sﬁﬂilgﬁggkﬁgéf.vgggg&;gh f?v@E§T§#Eﬁ§CEF§ENﬁ$gﬁIg%?%ig Sh?lE
show the fabricatthe pibtess stibatsenechadust peldevvetyataoydi nglte af
twel fth 5 enbodi ngn f the present invention, Referring tqQq FIG 71A,
di f f usi on regions 3%1% éﬁdtggTB_BEerBFﬁﬁﬁernIE é?l#ﬁgﬁggﬁgsF#QFetgéi by an
ion inplantation peetesssOtnanspEBYUELEYpEEEMEALi tandrather §asstEggbon 331c
of the silicon substrate io 331 is exposed at an openlng 337 formed in an

S

i nsul ation film 3B506A8SART| ABRREEEBA Ehef B86. bFRR BRPEsEArstRface regi on
331c is then subj : process of renmoving a native oxide film and
t he UV-NO proégssgggggé%ggﬁaUcted

FIG.52C shows, on the other hand, the

thickness distribution of the oxide film for the case

the ultraviolet source 324B is caused to scan over

the central part of the silicon substrate 322 with a
20 limited stroke range of 100mm.

Referring to FIG.52C, it can be seen that
the thickness of the oxide film thus formed falls in
the range of 0.92 - 0.93nm and that the film
thickness variation is reduced to 1.35% in terms of

25 variance.

FIG.53 shows the relationship between the
ultraviolet exposure time and the thickness of the
oxide film formed as a result in the experiments of
FIGS.52A - 52C for the case the flow rate of the

30 oxygen gas introduced into the processing vessel 321
is changed wvariously.

As can be seen from FIG.53, the thickness

of the oxide film formed as a result of the



i5 thereafter in the substrate processing apparatus 320 of FI G 51 under the
condi tion explained before by using the ultraviolet radiation of 172nm
wavel ength. As a result, there is caused slthdown of filmgrowh on the
surface of the silicon substrate 331, and an 20 SiON film 332 having a
t hi ckness of about 0.5nmis fornmed uniformy. Next, in the step of FIG 71C
a high-K dielectric film333 such as ZrSi OX, Hf Si Ox. ZrCa. Hf Oz, Ta20s,

A1203, and the |ikeockssiagmBdesnnbbeaShENGf bhmRa §§%ﬂeu 216¥Drprecess.
Further, a netal electrode |ayer 334 is deposited on e high-K dielectric

film 333 thus forfebstanthalsyvepndf tFat Fhereapdraanet aptynetienedtrode
334G is forned by n png-a h C r S_Ekn,t p
R i S R S

FIG 72E. In the presen i en is prefera
processi ng i s condlepeddat Waehenper akposunet téxeeedi anobb8E tnder 1t he

rocess - 124 ressure jn ther e of 1.33 - 1.33 x,103Pa. [ TH RTEENTH
P BOD VENT] 14t HBLEREE, oEhfokolnl PRYEKRCEf: LRrbedssr ULERVERS thim i1 m

formed on a Wﬁferehﬁo&@YeOEiﬁéli@ﬁ@ﬂ?ééMltFBErﬁIGSSQ 5R&Rst bRt Aat Pbgfness
val ue larger than the actual value is obtained because of the adsorption of

organi ¢ nol ecul esshAgtt htmpj RECGASEhRIf LEnFyliftatentufPhgiereingadur enent
process. In lo thﬁpg§58xﬁae”?§er£89b%h§s£&|%Et9h§k9§§é 8k1de N r%ﬁf

points, in particu there is a tendency that the neasured value changes
during the nmeasurehensiahdont substdrétecsbtfioeebnl uaiegt heeexabstoatéormty

of the film 15 In view of the situati note boye, the inventor of the
present inven%qonpﬁageﬁﬁﬁﬁgaﬁpPﬁﬁ?geﬁngg? 8% €F$n$¥hickness neasur enent
process so as to ensure exaptBess4Qn-t BeEuUsLEoaDhGYamE shewihgmhdi ckness.
20 In the inprovenent of the inventor, the entire path of the substrate
fromthe | oad/ unl a44m thickness distribution of an oxide film obtained
for the case the inner pressure of the processing
vessel is set to about 0.7kPa (5 Torr) and the
15 substrate temperature is set to 450°C in the
substrate processing apparatus 320 of FIG.51 while
supplying an oxygen gas with a flow rate of 1SLM and
causing a scanning of the ultraviolet source 24B
within the range of 100mm. In the drawings, the
20 thickness of the oxide film is represented in terms
of angstroms. Further, the silicon substrate is
represented by a rectangle for the sake of simplicity.
FIG.54A shows the case in which the
scanning is made within the range of T50mm with
25 respect to the center of the substrate, wherein it
can be seen that there is a tendency of the oxide
film thickness increasing from the center of the
substrate toward upward direction along the y axis
and toward the rightward direction along the x axis.
30 In this case, the variation of the oxide film
thickness is 3.73% in terms of variance.
FIG.54B, on the other hand, shows the

thickness distribution of the same oxide film



gate of the deposition apparatus up to the wafer stage of an ellipsoneter
is placed under the down flow stream of a chemcal filter that is used for
25 renovi ng organi ¢ nol ecul es. According'Td“%Uth a construction, it is
possi ble to suppress the apparent increase of the filmthickness within
0.02nm (0.2~) even in the case the wafer is placed in the neasurenent

anbi ent for 3 hours. 30 When such an ellipsonetry is used, about ten

mnutes are neededepobseABEYCLhNgeths bE| AhgBteknessoreaRLr €488t tRE 49
points on the wafer surface, while it is evaluated that the increase of -

125 the apparentofigimtpfckhesscaoring ipi disnteredl insthpodewyodinm
(0.010 . Further, 4it LS.congj h a e arat us_thus
i nproved has the ?%%?%gﬁgﬁb%#§$§gg% g&ﬁggﬁng?ofﬁ%ogﬁﬁ Fggﬁ% %#Oﬁﬂepge

vari ance val ue ~ fragisheiterpentediseasceeoent2cbnduciedcah vefsxed point.

Now, FI G 75 shows_the resu of measurenent of an oxynitride filmformed on
a waf er having a GF%HEFE?'E%BQOEHﬁ1§}{ﬂ FRLCKREERNBRAEIBELON ShaAT HYe9D usi ng

the UV-NO processrefdeedt e goonditigncexptabpedabelipee. The neasurenent was
conducted by using the neasurlnggflxture expl ai ned above. In FIG 76, the

filmthi ckness was measur edf &6 - 44Cpopnt shenotherwaded . ssrdweethd5 Referring
to FIG75. it t _they,Ln: i I
0 LSTS L SeLghes s ARl oL ADCr YO PRl LB il

t hi ckness is 0.65 nterns o ness, I S neans
t hi ckness vari ati bn terms ¢heangsierons HoHOEBancdHe 0bye.otgioh hef e ds,

the variation of the film 20 thicknes as been reduced to near the
3

detection Iini%. FRIEDIPY SRoUFTPHREADE BHCThEEE aCERRDT €2 &I §R%ini f or m

oxynitride filmigsuebtahpediRVvehetigwibed QfrébeidROamelhapetey. aknst he
simlar neasurenent of the oxide 25 filmfornmed by the UV-02 processing, on

the other hand, iPYwaB®afsdtanaei?hed tPlE- aAFi FAR OPC eX@RD | EFMuniformty
ChenTonel ar, by SRR EIETLigchpessi /a8, aop Ll o Y200V 00D Eoln
is 3.07% in terms of variance similarly to the case
15 of FIG.54B.

Further, FIG.54D shows the distribution of
the oxide film thickness represented in terms of
angstroms for the case the origin of the scanning is
displaced in the downward direction along the y axis

20 from the center of the substrate by the distance of
37.5mm. In this case, the film thickness wvariation of
the oxide film is reduced to 2.70% in terms of
variance.

In the case the origin of scanning is

25 displaced from the center of the substrate in the
downward direction along the y—-axis by the distance
of 50.0mm as shown in FIG.54E, the variation of the
oxide film thickness is increased to 5.08% in terms
of variance.

30 From this, it is concluded that the film
thickness variation of the oxide film formed on the
substrate 3222 can be minimized also by optimizing

the origin of scanning of the ultraviolet source 324B



30 Further, the present inventionis not limted to the enbodi nents
expl ai ned heretofore, but various variations and nodifications may be nade
wi t hout departing fromthe scope of the in thtT on. - 126 | NDUSTRI AL
APPLI CABI LI TY According to the present invention, it becones possible to
nitride the surface of an 5 extrenely thin oxide filmw th excell ent
reproduci bility by using the nitrogen radicals excited by high-frequency

pl asma. Further, aeenrdeBpete tbetpeesabbstiavenihofhei subsepaes possible to
forman oxynltrlde filmof high nltrogen concentratlon i0 with a desired
t hi ckness by nltrPHPﬁesﬁhégsaPPéE%tBF aR0eRfrBRELY1thin oxynitride film by

using the nitrogen radical spexgi 564 byssﬁesnbghtﬁée&y§9£ybgkﬁéﬂaofBMhESIng
hi gh-frequency plasma, it becomes possible to conduct the nitridation

process at 15 rel &fimekiibhkghspressanesxidadfiimbécomed posshble to dilute

any inpurity gas co nents_such as_residual , oxy [ Ln_t
processi ng ves eISnggﬁggBIBgﬁﬁeagﬁngyaﬁg?e?§uavg ua??ggkghggp%85e§3|ng
vessel at the begitaBengrokethengi thedbbgnpingeasstanae20fsuhéiciently | ow
pressure. Thereby, the problem of unwanted oxidation _caused by the residual
oxygen and associ HiEB2BLBBPENPBEIFRCARABeBOt hPERReaRIFeERENBX TPt i de film

are successful l'y 899§Eﬁséﬁdthga§EhﬁHhﬁﬁ|Xt the @68§€BBn'8Y?§Et09r8ﬂ3b|eS 25
nitridation of an extfrenely thin base oxide filmformed under a high-K

dielectric gate ihbalaenbﬁrfanthanGUEgtaatQSQEQ iphehprdprewasd nut ual
di f fusi on of t al elggegg gggn§ %hg0938§§geggthhghghhhgggnggb§grate and

the high-K die ec?rlc gate rnsu o]y} | m "an e assocrated problem
of formation of a3vramsi ahanel bayﬁglagethéfEGmunehyesﬂppxeésadltyhtbe it

is generally unav0|d ble that an e tre thin _insyl at rnﬁuch as
oxide filmor - ? Mox HIA 15 e /Sﬁﬁe bg Fﬂcﬁﬁﬁiép ?Wrﬂthlckness
as a result of |n9gg§g5ggbgmyof nltrogen atons at the tine of the

nitridation process, it is possible in the present invention to maintain
the thickness of 5 the i nsuRafesRing| kPafics -Ph2 ni PPEdatfofaPrBeessenin

other words the thheknens of-ine:0aYBE! thdeelihMont fiheseXtLenphynaml |, by

controlling t ness o e I nsu atlon ore the nitridation
process to 2 - 4 ahonBel agsestbe lemsnanOeFﬁluhedenactmrdsngetotohe pr esent
invention, it becgg?s possible to .conduct ultrav olet excl g r adi cal

oxi dati on process %" 379 o S uHE ratet ot For %x‘?’&l’e %nd a

radi cal nitridatiQHiEkﬁé§§SlﬁEr§§§BsaﬂlQKldﬁciéhﬁln@oédenbyofhehe
ultraviolet 15 excited radical oxidation process by using radicals excited

by hi gh-frequencylpBiBeecpl A3k, d80EAtYhat the radical nitridation process
i's conducted 20 The result of FIGS.55A - 55E shows that the

thickness variation of the oxide film can be
minimized also by optimizing the luminance flux
density of the ultraviolet source 324B.
FIGS.56A and 56B show comparative examples
25 in which FIG.56A shows the case of forming an oxide
film under the condition identical with those of
FIGS.55A - 55E except that no ultraviolet irradiation
is made, while FIG.56B shows the case of forming an
oxide film by a conventional rapid thermal oxidation
30 (RTO) process. In any of these cases, a film
thickness variation exceeding 4% is observed.
FIGS.57 and 58 show a flowchart of seeking

the optimum condition of substrate processing



continuously to the radical oxidation process. Al though the pressure
suitable for ultraviolet 20 excited radical_oxidation process and the
pressure suitable for radical nitridation pfocess conducted by using a
hi gh-frequency renote plasma are very much different, the present invention
allows to conduct these two processes in the conmon processing vessel 25 by
provi ding two evacuation paths on the processing vessel. Particularly, the
present inventioncepabkesanihrtdat saBsekaan pxbeegghﬁgtBFﬁabaﬁasozede to be
formed underneath a hlgh K dielectric gate insulation film and as a
result, the probl &fh EEGrBtuar 3éeHdi PEushBniereapiapr &Penkhs  anbiespincon
between the silicen sypstLptesandst BRohkgBukndie! et bCegahs LASUI ation
filmor formation of transttional |ayer assocliated w th such nutual
diffusion, is -om28mu$uscessiuglyegmpprwhséd ByGfaBntagrehenhsgth
di el ectric gat Zulatbon fi.lmon % g % in1 Furt her
present invent on RY¥bF §r5a£9rc8ﬁ§ ?ﬂgt f 8? émBWu P@?n?Qﬁg EﬁB§trate
processing 5 systaanhshile using the substrate processing apparatus, by
arranging the first and second evacuation_paths in the processing vessel
such that a turbo nol ecul ar RBGRPTiNAI ER FECnedesdBr §rPOErpEYl FTRETNPHA
degree vacuum in tfhe PLACEALRY;¥CsSEL:shsal 9RALAY BLebNf1l BnguULREL end part
of the processing vessel her eby, the substrate processing apparatus can
be connected to assbbtratee32Rahsf éntuaducad antonhbe enuspaatethereof
Further, accordin the rese nye on beco po e to forman
extrenely thlﬁpoxga gs%lg agﬁafaEPe ?5b b%ﬁe e%e ﬁ$ g%% bet ween a
silicon substrateuandaaiblgb- Kadieteehrseugaée32msuiatc@ﬁsédlﬂbmstbna
uni form thickness and wth _excell ent roduci bility by ut|I|2|ng t he
phenonenon f|In1gFBﬁﬁﬁp8€F£§edmﬁ?%h°%pﬁgaF§elﬁu?ﬁér?éﬂlé%? 28h@%FR%t i on
process of a siligAnoaubstraiR syrfspRedN FhLtRase Eperégégglﬁﬁlah@as grown
to a thickness of 2 - 4 atomic layers. Further, according to the present
invention as set #tepA Vh eandi n3. 68n- OXEdelflb@cbﬁeﬁop@§@|©nea266vo form an
oxynitride fiJmd n S S a f y g an NO
anbient with u tr%é?%#k¥t§a%?%t%%n8gg% Hggié R? E@%oﬁggtg0§§$ﬁ| ?
suppress the occufoeageinf oxgdati bs @ysphmoedng t he mavelength of the
ultraviolet radiation to be 30 Ion t hap 145nm but potf exceedi ng 192nm
for exanple to 172nm Ther eB§*tan %x?%?t?Fﬂ@ ??rn¥%%v$?bcﬁnﬁ?§h ni trogen
?prcentraihontleveistﬁlﬁatﬂsﬂ iSUSBtanedypbirtHe bkide showes acleh axe8f
ilmgro a

in the experiments and the region that minimizes the
20 thickness distribution becomes minimum is determined
in the step 74.

After the search of the optimum scanning
condition of FIG.57, the search of the optimum
illumination condition shown in FIG.58 is conducted.

25 Referring to FIG.58, the optimum scanning
region determined by the procedure of FIG.57 is
specified in the step 81 and the driving energy of
the ultraviolet source 224B is specified in the step
82. Next, in the step 83, the substrate 322 is

300 introduced into the substrate processing apparatus
320 and the ultraviolet source 324B is caused to scan
over the specified optimum region of the substrate

322 while being driven with the driving energy



- 129 the filmthickness of about 0.5nm corresponding to two atom c

| ayers. Thus, the oxynitride film can be forned stably and with excell ent
reproducibility to this filmthickness. 5 28 130 CLAIMS 5 1. A method of
nitriding an insulation film characterized by conprising the steps of:
form ng nitrogen radicals by high-frequency plasma; and 10 causing
nitridation in a surface of an insulation filmcontaining therein oxygen,

by suppl yi ng sai dg ?é&£99@a {RALRal stEp Sapd §H£E§é§ Oﬁysﬁéﬂea8§H§a£hQn

film 15 2. The nmethod of nitriding an insulation filmas clainmed in claim
1, characterized ShephaBIZOasélaans@na©¥bdeffihm|SSaﬁoomedeomlanmeQ5 3.
The nethod of nitgjdi ul at f s

characterized in %Hg%ggaﬁg %Q?dégfégﬁyhg ng nes%t% nﬁl%?eless. 30
4. The nethod of notegding @ﬂlVDSgIeﬁen@yfihntHSngéalned |n claim 1,
characterized in that - 131 said jnsulation filmis an oxynitride film

5 5. The method of nitridi nguaRPPhsutRt FB% ?F?H1§§4CIEPﬁEHh%ﬁk%ﬁ§Sof cl ai ns

1 - 4, characterigegdiiipbbdbnsSatdinbl 50088 FathCaheadhdSLRPLAEH N the
formof being carried by a gas flow formed along said 10 surface of said

insulation film Qspﬁrlmﬁ@tn%§h@ﬂab@aheﬁr@@@n@hanOPhSMthdéthmgIn1as
claimed in ol aim g, chor aet el 26l b 1bal. Sabd- 08532 hOW L, CRUREH: L0 T I Ow

froma first side o rate orned wth sard 1nsul ati o
second, d|anetrlcahéyfbpmoshiekseﬂe VQrsatdomlistdébesmﬂ@edZSFﬂrtHhE met hod
of n|tr|d|ng an |nsulat|on flég% lainmed in Ia m 6 racterized in

at

that said gas-% | oW'i sP@vaEERL t%%lﬂr%%E%Md %Fd%o%?r% H4ub¢rate. 30

ultravioclet source 324B of the substrate processing
apparatus 320 is determined such that the film
formation is conducted at such an optimized energy.
Thus, the controller 325 controls the robot
15 324C and the ultraviolet source 324B, and as a result,
the ultraviolet source 324B scans the optimum region
of the substrate with optimum energy, and it becomes
possible to form an extremely thin and uniform
radical oxide film on the substrate 324 with the
20 thickness of 0.3 - 1.5nm, preferably lnm or less,
more preferably 0.8nm or less, and most preferably
with the thickness of 0.4nm.
Similarly to the case explained before,
there appears a slowdown of oxide film growth at the
25 thickness of 0.4nm or 2 - 3 atomic layers in the case
an oxide film is formed on a silicon substrate
according to such a UV-0; processing by using the
substrate processing apparatus 320 of FIG.51. Thus,
the oxide film of this thickness can be formed stably
30 and with excellent reproducibility. By combining the
oxide film thus formed with a high-K dielectric film,
it becomes possible to realize an extremely fine

high-speed MOS transistor having a reduced effective



8. The method of nitriding an insulation - 132 filmas clainmed in any of
clainmse 1 - 7, characterized in that said step of formng said nitrogen
radical s conprises the steps of: exciting 2 itrogen gas with said

hi gh-frequency plasma; and renoving nitrogen 5 ions formed with excitation
of said nitrogen gas with any of a diffusion plate or an ion filter. to 9.
The nmethod of nitriding an insulation filmas clained in any of clains 1 -

8, characterized {Rithatssaislr high-daequensyl ptasiari smf ormed by exciting
said nitrogen gas with a frequency of about 15 400kHz . 20 10. The net hod

of nitriding an oxide film%&8 Eheipegsent appPodinent nseyplamatiopmrbeseri zed

in that said ste LI kgL dj | d f f.sal d:{.nsS ion filmis
conduct ed under gb%%%sr}g%(?% #ﬁgt%r%%%ée g@gog,&@g Eljlrﬁl?)g%(ggng%é%l. The
met hod of nitridi hgraed g utlad | OW-3p fridaasesi oy ailmekvar amheofoxdlds ns 1 -

10, characterized_ |n that the pethod further co ises, prior to said ste
of supplyi ng sai dfhflf‘rb@e%"? a]ciFE’aY%gtBo S s 1{:'% Bt 13 RRsithti on P

film the - 1330x§&@pfpimpa1§gi&g%aamp@e% BPAREd | Wi Vi She 884 foh Nsul ation
filmis held to a pressure lower than a pressure used in said nitridation

step. 5 12. The neXh&ItHPn PXPFR HgCRArPEed atnder 13 | Fesradefakd in claim
11, characteri Zeddéﬂ'sﬂ"%t to said purging step is conducted so as to
evacuat e sai d process space to a pressure of 1.33 x 10-1 - 1.33 x 10 4Pa .
15 13. The nmethod of nitriding an insulation filmas clainmed in any of

claims 1 and f%) - }Emﬁ‘ﬁrﬁﬁé%iﬁﬁ&‘ri n that said insulation filmhas a
FIG.59 shows the construction of a MOS
transistor 340 according to an eighth embodiment of
the present invention.
Referring to FIG.59, a base oxide film 342

15 of a silicon oxide film having a thickness of 2 - 3
atomic layers is formed on a silicon substrate 341,
and a so-called high-K dielectric film 343 such as
ZrQOz, HfOz, Tax0s, Al;03, ZrSi0Os or HfSiO4 is formed on
the base oxide film 342. Further, a gate electrode

20 344 of polysilicon or a metal is formed on the high-K
dielectric film 343. Further, while the illustration
is omitted, diffusion regions are formed in the
silicon substrate 341 at both lateral sides of the
gate electrode 344.

25 FIG.60 shows the construction of a cluster-
type substrate processing system 350 used for
fabricating the MOS transistor of FIG.59.

Referring to FIG.60, the substrate
processing system 350 is an apparatus configured to

30 form a cluster system and includes a load lock
chamber 351 for loading and unloading a substrate, a
preprocessing chamber 352 used for removing native

oxide film and carbon contamination from the



20 thickness of about 0.4nm 25 14. The nethod of nitriding an insulation
filmas claimed in any of clains 1 - 13, characterized in that said
insulation filmis an oxide filmformed bylBPocessing a surface of a
silicon substrate with oxygen radicals excited by 30 ultraviolet radiation.
- 134 15. A nethod of fabricating a sem conductor device, characterized by
conprising the steps of: formng an insulation filmon a silicon substrate

surface; 5 form nguBktrggenshadheal saWsirhohi ghd & CEUENE Yol RsdR; 3gn triding a
surface of said insulation filmby supplying said nitrogen radicals to said
surface of said i Asulhadi of thenpubadradef braragsantdi ghrrrdtebed2fi effil m on

said insulation fj Vi ng i supi d itri Lon, 15 16.
The et hod of T abFTEabEhotaC b ESHanar o HERRELECE, Bk beBRs EPind, 2.
characterized i n hhgh~gaddelasturati 60lhi bochsaanT2nxiadeof | |2w0,25 17. The

net hod of fabricatingoa sem conductor _device as clained in claiml6,

charact eri zed 3 n £hat%ait T5Gde 39 MiFad IES Ric RN SSLSEE3Fe4nARGr & ess. 30

18. The method of cfabthgathhdoar 35513501%?1] eRBdYGHLOE rde¥i €8 BReClained in
claim 15, characterized in that said insulation filmis an oxynitride film

5 19. The nethod &fatabrheat Fhg ehaehfeandbétor38éviace agnoeataddtpnaany of
claim 15 10 18 ,GharacteLhzed:| gyLhaL Sabd nbLegen tadi Gala,gre supplied

in the formof belrng carrie y a gas ong Sal d surface of
said insulation ftkansfér26harberndbbotlsoprdbabdedavity a seansbadustor
device as clajmed,in _claim19, characterized in that said gas flowis
caused to fl oW 20 PPbnPACYP st side of said silicon substrate, on which

said insulation filmis foroedeptpaBisgfoBHe dupsBtatealhyrogpestt ensbde to
said first side. 25 21. The net%od of fabricating a sem conductor device as
clainmed in cIain12b? load/lock chamber 351 is transported to the
preprocessing chamber 352 along a path (1) and native
oxide film or carbon contamination is removed
15 therefrom. Next, the substrate thus processed in the
preprocessing chamber 352 is transported to the UV-02
processing chamber 353 along a path (2) and the base
oxide film 342 of FIG.59 is formed by the substrate
processing apparatus 320 of FIG.51 with a uniform
20 thickness of 2 - 3 atomic layers.
The substrate thus formed with the base
oxide film in the UV-0; processing chamber 353 is
then introduced into the CVD processing chamber 354
along a path (3) and the high-K dielectric gate
25 insulation film 344 shown in FIG.59 is formed on the
base oxide film.
The substrate is then transported from the
CVD chamber 344 to the cooling chamber 355 along a
path (4) for cooling, and is then returned to the
30 load lock chamber 351 along a path (5) for
transportation to the outside.
In the substrate processing system 350 of

FIG.60, it is also possible to provide a



characterized in that said gas flow is evacuated at 30 said second side of
sai d substrate. - 136 22. The nethod of _fabricating a sem conduct or
device as clained in any of clains 15 21, &ﬂgrécterized in that said step
of formng said nitrogen radicals conprises the steps of: exciting a 5
nitrogen gas by said high-frequency plasma; and renoving nitrogen ions
formed with excitation of said nitrogen gas by an ion filter. 10 23. The

nmet hod of fabricapiregraceesifignduemnperdevirceoaduekahged pnaanyightebai ns 15
22, characterized in that said high-frequency plasma 15 1s excited at a
frequency of abouPr200RFERI26N231 ARe2fBPRBHCEE PHbIR¥aPfnBidhseni conduct or

devi ce as cl ai ned.j clai racterized in that said
tbRp@P¥tQteChahBB1 1Ry RfocEhE
o% galg % id :

nitridation step surface of said insulation filmis conducted under
a pressure in the range of BI67Pa isla38kPgra@be®plaThéngethedraflical

fabricating a 30 sem.conductor device as _clained.in_any . gf clains 15 24,
characterized ?n Pﬁé?agé?a Rﬁ?ﬁ885%89t88P8885%5iéBsFﬁSrPgrO%o said step of
suppl yi ng sai d ni progessingi ephmbee said surface of said insulation - 137

film the step of purging a_process space_in which said insulation filmis
held to a pressure |ower thBREGCPIBEsHPeFiSelli nthgi HORLEPPHALI B%hi8tep. 5

20. The method of shahsi gal bggr 8 RRTECOBINELEREARYbACoRS AL APERAs LY Claim

25, 1o characterized in thaft said purging step is conducted so as to

evacuat e sai d propesssupaceftbha prygenreadfcalg3excibed inlitB8 x 10-4Pa.
10 processing vessel 321 of FIG.51 by the ultraviolet

source 324B in terms of Torr. Further, the vertical
axis represents the process time until the slowdown
phenomenon shown in FIG.8 appears after the start of
the processing and also the process time until such a

15 slowdown phenomenon vanishes, in terms of logarithmic
scale. It should be noted that the oxygen partial
pressure on the horizontal axis corresponds to the
oxygen radical density and is determined by the
driving power or ultraviolet radiation power of the

20 ultraviolet source 324B and the ultraviolet
wavelength.

Hereinafter, the relationship between the
ultraviolet radiation power and the radical density
will be explained for the case of using the

25 wavelength of 172nm.

In the substrate processing apparatus 320
of FIG.51, and thus in the processing chamber 353 of
the substrate processing system 350 of FIG.60, the
ultraviolet source 324B produces a photon flux of

30 4.34 x 10'%/cm® * sec in the case a ultraviolet source
producing the ultraviolet radiation power of 50mW/ cm?
at the location right underneath the window in the

state of 100% driving state is used for the



15 27. The nethod of fabricating a sem conductor device as clained in any
of claims 15 26, characterized in that said jnsulation filmhas a 20
t hi ckness of about 0.4nm 25 28. The method?6f~ fabricating a sem conduct or
device as clainmed in any of clains 15 27, characterized in that said step
of formng said insulation filn1conprises the step of processing said
surface of said silicon substrate with oxygen 30 radicals excited by

ultraviolet radi afifRavioted38ourfe Ih8BNBAAOSH Obx{ Gk §a%1 DY Supplied
sem conductor device as clainmed in any of clains 15 28, characterized in

that said step oft@othﬁn@r@%ﬁﬂs¥%§uV%§$%h $21 nv bl %afhoﬂl¥$tﬂa@foh5%tep of
said 5 1nsul at} ons bl miaaer coRduStE0eCONSEEULLYE ¢! B bRCTSRI® (B 9F2F! N0

appar at us, without exposi ng sa| con su strate to the air.
met hod of fabricaAkmgnﬂngeﬂheoadwet@f deingea asulchhametamp aying @Ialns 15

24 h t d t h id_st f f |, at fil d
saldcsﬁggcofrhffrV%gﬁﬁ gg Zg$n§%¥:€?%n°?${%% %O%Bﬁ%ug%%ggﬁ%ﬁs;gztlLeF}aPn

the same processi NgrAQPRE dhéiSa W L NOEdn EXPOSH NGE S20 Em Sl ak@Pe sUbSt At E tO
the air, and wherein there iIs €FOVIded a purging step purging a process

space in 20 whichsdaldai ha3tPat toh 2YPRIPS PePEobef WeenOBate st @?" f or ni ng
sai d insulation filpmand,saldsnpLel ﬁé’é' 9n3§t§plm5c§1aq d M%ﬁ atd Qi dud m

such that said purging step 1s conducted - times. 25 31. A substrate
processi ng appar at 430 tharph@é¢mzébubyV@bwprm@tﬂ@ b&poweni trogen radi cal
formation unilt0 form ng ni trggeghéad{gglrshg\nr'lé’h {ljcgh freqvtqjen,&){agl asma; and
oxygen molecule has an absorption cross—-sectional
area of 6 x 10 *°cm® with regard to the ultraviolet
radiation of the 172nm wavelength. Thus, the
transmittance of the ultraviolet radiation in the
15 process ambient, which is given by the equation
I/Io=exp(-0nx), is obtained as 0.9916. Here, it is
assumed that the process pressure is 0.02 Torr
(2.66Pa) and the gas molecule density n in the
process ambient is assumed to be 7.05 x 10l4cm™
20 Further, it is assumed that the ultraviolet radiation
propagates the distance of 20cm in the processing
vessel 321.
Thus, the amount of the radicals
corresponding to the absorption of the ultraviolet
25 radiation propagating in the processing vessel 321
for the distance of 20cm is evaluated to be 3.65 x
10%em™ - sec by multiplying the factor of 0.0084 to
the foregoing value of the photon flux of 4.34 x
lOmch, and oxygen radicals are formed in the
30 processing vessel 321 with this rate.
On the other hand, the flux of the oxygen
gas in the processing vessel 321 becomes 7.98 x 10

3cc/cm® * sec in terms of volume in the standard state,



a processing vessel holding a substrate forned with an insulation film -
139 said processing vessel causing nitridation of a surface of said
insulation filmby being supplied with séi&oﬁifrogen radicals formsaid
nitrogen radical formation unit and supplying said 5 nitrogen radicals to
said surface of said insulation film 10 32. The substrate processing
apparatus as clained in claim31l, characterized in that said processing

vessel carries sahdshtihg9€natadheaknbeerahican PNkt nes 8nsi deval Lesurface
thereof, said iS5 processing vessel supplying said nitrogen radicals to said

surface of said i R$AF&Li of fEeFms rPf HeNd JrumlA T bef e kegwled, byhis gas flow
caused to flow al gog,said shnlareedl 5kl Pavhat bonyt ik 20083, dhe
a 32, Characteri

substrate processing apparatus as clarnmed in claim zed in
that said gas 25 Bkow Thubor fedmi hhsardtppoo€sshagfiessehlaosasftd. 6bow

froma first side_o i.d.substrate formed wth sajd insulation filmto a
second, dianet?icélﬁ9&§%p&§i & &%dé‘t%’gﬁfﬁwﬁéysttgde?r§ba 4APT§REVTE
substrate processppgtARPakPGEE B8dicald4Borebai IBetNtBbapPb88ss _
characterized in that proceSS|n8avessel i s evacuated at said second side of

sai d substrate. 5PBSSSThe 8fib8tPat Eoprodés8PRy) apparhtainad ekadred kn any
of claims 31 - 34, ehai 36t quzeq LN 107t x 0.02).

Thus, it is evaluated that the

10 concentration of the oxygen radicals formed in the
processing vessel 321 becomes about 3.42 x 10-6 Torr
{(4.54 x 10-4Pa) in the case of the optical power of
100% and the process pressure (=internal pressure of
the processing vessel) of 0.02 Torr (2.66Pa). By

15 conducting similar procedures, the radical density is
calculated also for other various conditions.

FIG.61 represents the relationship between
the radical density, and hence the radical partial
pressure, and the duration of the slowdown phenomenon

20 of FIG.5 explained before after the start of the
substrate processing is represented.

Referring to FIG.61, it can be seen that
the slowdown effect appears immediately after the
start of the process similarly to the case of FIG.5

25 in the event the radical density in the processing
vessel 321 is large. In the case the radical density
is small, on the other hand, the slowdown phenomenon
appears after a long time has elapsed after start of
the process. This corresponds to the situation that

30 the growth rate of the oxide film is large in the
case of large radical density and the stationary
thickness of 0.4nm is reached in short time, while in

the case the radical density is small, it takes a



| 0 that radical formation unit conprises a gas passage and a hi gh-frequency
pl asma formation part forned in a part of said gas passage for causing

pl asma excitation in a nitrogen gas flomfné éhFough sai d gas passage. 15
36. The substrate processing apparatus as 20 clained in claim 35,
characterized in that said high frequency plasma formation unit causes said
pl asma excitation of said nitrogen gas at a frequency of 400 - 500kHz. 25

37. The substratel@ﬁ§0@§ﬁénen@ppaﬁaéU§oaégsiﬁ§ngéakﬂoﬁayy0£h9&ﬁ£€§s3éf- 36,
characterized in 30 that said processing vessel is connected with an

evacuati on systenPcépabie athéeuecdabeaguan PhAt Eheosmaphcexbfieshifm
processi ng vessel%%g nPLgssure | ower than a pressure used in said

nitridation step <aid =141 insulation filmsurface. 5 38. A

substrate processing apparasusilehayactkeei 2bdwbywnodprasion: dafpnedessi ng
vessel defining a process space, said processing vesse| acc dating a
stage 10 hol di*hg ngu Ef?ﬁigniﬂfgﬁfdtﬁgoﬁggga§% €e; © Fb?sffggg?%ﬁl sour ce
provided on sai d phes6sshds ¥ESEE! tRE FasidRiRg arfthstsesflaefnsai d
processing vessel with respect to said stage, a second radical source

provi ded on sai d RBepPBERSB| ARAVESSerlaP Withdenefradieatidensehy orchaid
processi ng Vesse'tNé%htﬁSSQfS&d59?S§hga§£ eisadééfégsgﬁagﬁ | o pat h

provi ded on said processing vessel at a side of a secon of "said
processi ng vessel rappositéenoitni tsfiasgeecand sai tn@hedsedtwieactaei on path
evacuati ng 53&9 pgggfgglsggggity is small.

From the viewpoint of the actual process of
semiconductor device production, there occurs a
problem of decrease of fabrication throughput when
the process time until the occurrence of the

15 foregoing slowdown effect is too long. Thus, there
should be a lower limit for the radical density. On
the other hand, when the duration of the slowdown
phenomenon is too short, it becomes difficult to form
the oxide film of desired thickness of 2 - 3 atomic

20 layers or 2 -4 atomic layers. Thus, there is an upper
limit for the radical density.

From FIG.61, which shows the example of
conducting the oxidation of the substrate at 450T:by
the radical oxidation process while using the

25 ultraviolet radiation of the 172nm wavelength, it can
be seen that the lower limit of the radical partial
pressure is determined to be 1 x 104 mTorr (133 x
107"pa) assuming that the tolerable process time is 5
minutes (300 seconds) or less. Further, the upper

30 limit of the radical partial pressure is determined
to be 1 mTorr (1.33 x 107*pa) assuming that the
necessary slowdown interval is 100 seconds or more.

The ultraviolet radiation power corresponding to this



to a first process pressure; and a second evacuation path provided on said
processi ng vessel at a side of said second_end of said processing vessel,
sai d second evacuation path 25 evacuati ng %Qﬁd_process space to a second
process pressure. 30 39. The substrate processing apparatus as clained in
claim 38, characterized in that said first evacuation path is activated in
the state when said - 142 first radical source is activated, and wherein

sai d second evacuati gatRahiinks aet bkated bomihecht’ata wAenrsghidnsesgnd
radi cal source is activated. 5 40. The substrate processing apparatus as
claimed in clai m38dgrnggthcihhraepéiraédsPureRat3said 1o first radical

source includes an uItravio&gtFﬁgggge gécgékggggg gﬁgqeghgaﬁnﬁgggghed to

sai d processing vessel, and whereéin sai adi cal 'source conprises a
renot e plasma soubeewsepplhedtwbt hiaeni teegentgaslandecanshggtherci t ati on of
said nitrogen 15 gas . 20 41. The subﬁtrate prgces ing aEpa atus as cl ai ned
in claim40, char 3PPERT3BGS ATEhXEPLa i PEt TPEIFERIFUSEHr PBSPARPOERs a

nozzl e causing toikl awcsahdeaxygen @as 2hangad pHitace presaudesubsicate
hel d on said stage, and wherein said ultraviolet source is 25 provided
bet ween sai d nozzPeveHE8Tsaild BEESLYafe 3BPageRs eahsetesereadi Br &hesaid

gxyge” gas thro”Q?ag@.QHBkC@hF“kPQE%ha§Oa§%2 1hg %HQSEB§5905E8§92§§99
pparatus as clained in any of clainms 38 1, characterized In 143
that said first evéc8ati.6h pachrepckadesed witholpghedthmicpanple. The
10 duration of the stationary interval is in fact
decreased with the radical partial pressure.

Thus, in the foregoing UV-0; processing, it
is preferable to set the oxygen partial pressure to
fall in the range of 6.65 x 10-3Pa - 133Pa (0.05 -

15 1000 mTorr), more preferably the range of 1.33 -
13.3Pa (10 - 100 mTorr).

It is also possible to conduct the radical
oxidation process conducted by using the substrate
processing apparatus 320 of FIG.51 also by using

20 ultraviolet radiation of other wavelengths. In this
case, it 1s necessary to change the drive energy of
the ultraviolet source 324B or the ambient gas
composition in order to realize the foregoing radical
density of 1 x 107! mTorr (1.33 x 107°mPa) or more but

25 not exceeding 1 mTorr (133mPa).

For example, in the case of using the
ultraviolet radiation source of 146nm wavelength for
the ultraviolet source 324B, it is necessary to set
the oxygen partial pressure to the range of 0.05 - 50

30 mTorr (6.7mPa — 6.7Pa) in view of the large optical
absorption larger by 25 times as compared with the
case of the wavelength of 172nm.

It is also possible to nitride the oxide



5 43. The substrate processing apparatus as clainmed in any of clains 38 -
42, characterized in that said second evac éion path includes a 1lo
mechani cal booster punp. i5 44. The subsfriﬁ processi ng apparatus as
clainmed in claimd42, characterized in that said turbo nolecular punp is
boosted by a mechani cal booster punp. 20 45. The substrate processing
apparatus as clained in any of clains 38 - 44, characterized in 25 that

sai d processing vess@l nBasng sHbstratrnkeadbenboadigatemat saydrsecpad end.
30 46. The substrate processing apparatus as clained in any of clains 38 -

45, characteri zedfPANEAAEOHEPFMORN @K UNE FF 88 el héNat PORAPALNOANENSai d -
144 second evacuaLigg.p Qc?fﬁ&“&i@lé?k?iBrg88§§aﬁ990€h¥'QséﬂofvéﬁHﬂt'0”

port provided in sald processing vesse nthe vicinity of said second end.
5 47. The substrate prpoissidg apparenables €haithred daccéasen 46, the

h terized | t id fi . ' th includ t
o1 coul ar pum? CoRABEREN 0585 bt R oRUGL R paRE DhCKAPa® oVRchari A Ror . 15

48. The substrateipseTeesbA0f appabat ysMaes ekangedebn.any of clainms 38 - 47,
characterized in that said state is provided rotatably and wherein 20 said

substrate processing apparatus further conprises a rotating nmechani sm

rotating said staggyngg éﬁBOﬁ&ﬁHﬁ?]rate processi ng apparatus, characterized
by conprising: a processing vessel defining a process space, said
processi ng vessel accompdal¢ngimaftare donhotdi egbadsmeéstrafetha said

process space;, a Lirst,radigal: 04" ¢61 P oY dgd: 80n88' d
In the present embodiment, the substrate

processing apparatus 320 of FIG.51 is used, and an
oxynitride film is formed directly on a silicon
substrate surface according to a UV-NO radical

15 processing similar to the one explained before.

FIG.62A shows the thickness distribution of

a film obtained for the case an oxide film, formed on
the silicon substrate by using the substrate
processing apparatus 320 of FIG.51 with the thickness

20 of 0.4nm, is subsequently subjected to an
oxynitridation processing by supplying an NO gas to
the showerhead 321B, wherein FIG.62A shows the
thickness obtained by ellipsometry. Further, Table 5
below shows the actual thickness of the substrate of

25 FIG.62A for the central part and the marginal part
thereof obtained by the XPS analysis explained before,
wherein the measurement of FIG.62A is conducted by
setting the detection angle to 90 degrees and
reducing the resolution. Thereby, the thickness was

30 obtained conveniently from the ratio of the peaks
corresponding to sio* and si'*. The oxynitridation
processing was conducted by supplying an NO gas to

the shower head 321B with the flow rate of 200SCCM



processi ng vessel; a second radical source provided on said - 145
processi ng vessel; a first evacuation path ovi ded on sai d processing
vessel, said first evacuation path evacuét?ﬁg said process space to a first
process 5 pressure; and a second evacuation path provided on said
processi ng vessel, said second evacuati on path evacuating said process
space to a second process pressure, 10 wherein said first processing path

is provided so asahQ evacuAyetral 41 PFOGESSEPa68rak A48 €6roppRShhies0 said
first radical source with respect to said substrate on said stage, and

wherei n sai d secovéteiactaei 6prpaehngsrpfeveded Bewas vbils evacuate said

process space at

s e o i s diea
to said substrateﬂ%ahggfgpggaggs %@tégﬁgh §F§§ %%étégekgéb
char actessekd3dy sonprpsPagi0a03Tbst) at Ehér ans§erathanber;

qbto sai d substrate transfer
Rambers conpri si ng:

appar at us,

25 a plurality of
sk

chamber, one of

rocess chanbers
PRSFarY

Frovast Saf obacssd

oyisEe L)

ate pr

9

respect
cessi ng
and

a processing

vessel having a substrate 30 | oad/ unl oad opening at a first end thereof in
connection with said substrate transfer chanber and a first radical source
at a second end ppposite to said first ef@1€apd pracessing vessel defining
a process - 14p space therein; 90 degrees 90 degrees
center periphery
S5i0o+ 89.45 88.13
Sid+ 10.55 11.87
Si4+/Sio+ 0.117943 0.134687
Thickness (nm) 0.43 0.49

10

15

Referring to FIG.62A and Table 5,

seen that the thickness after the oxynitridation

processing is 0.43 - 0.49nm in any of the central

part and the marginal part of the substrate,

and

there is no substantial difference in the film

it can be

that

thickness from the initial thickness of about 0.4nm.

Further,

XPS analysis conducted on the oxide film

thus processed for detection of nitrogen atoms

revealed that no signal from nitrogen atoms has been

detected. This means that there has been caused no

nitridation reaction at all in the oxide film in the
20 foregeoing oxynitridation processing.

FIG.62B shows the thickness distribution of

a film obtained for the case an oxide film, formed on
the silicon substrate similarly with the thickness of
0.7nm, is subsequently subjected to an oxynitridation
25 processing. Further Table 6 below shows the actual
thickness obtained by ellipsometry for the central
part and the marginal part by the XPS analysis while
setting the detection angle to 90 degrees.

Table 6
90 degrees |

I i

90 degrees




a stage provided in said process space between said first end and said
second end in a rotatable manner, said sta e holding a substrate 5 thereon;
a first process gas inlet provided in said ﬁﬁocess space between said first
end and said stage, said first process gas inlet introducing a first
process gas into said process space; 1o a second radical source provided on
Sa| d pr 0C€SS| ng accal so—as—to—catk tian nf ard fict nNnracoce as

bet ween said firs$t ﬂwar&@ﬂl@meéyht
provided in said :
respect to said
space at a side gd £ OR ¥
first pump connecfBdckBESSi 4P st lavacua
process space to a first process pressure;
sai d second evacuation port so as to evacuate said process space 25 to a
second process pressure | owBefeRaangatrd FIEsb2Prapdsiaplesbur & @aperbpn
sai d second punp e n n f i f said
processing vesselgggg E?QﬁAgggnF%gﬁéﬁgggrh é&?cgﬁg ﬁ 22?2?9528 f - 147 by
conprising: a silpconesabsgrased.ahd-ah.bAsuwl ahi anyf oEnther oedtoalsai d
silicon substrate MA ckness.of .2 - atonjc layers. 5 52

seni conduct or %evPéE §nglghﬁe@afﬁlfﬁlcpafﬁ18%,ghﬁaF3§F§F?58d ?ﬁdtﬁgﬁtsaid

insulation film there is no substantial difference in the film

{d I
P

thickness from the initial thickness of about 0.7nm.
Further, XPS analysis conducted on the oxide film
thus processed for detection of nitrogen atoms
10 revealed that no signal from nitrogen atoms has been
detected. This means that there has been caused no
nitridation reaction at all in the oxide film
in the foregoing oxynitridation processing.
From the result of Table 6 and also from
15 the result of Table 5 before, it is concluded that
incorporation of nitrogen into the film is not
possible by the oxynitridation processing conducted
by the UV-NO processing on the oxide film already
formed on a silicon substrate surface however small
20 the thickness of the oxide film may be.
On the other hand, FIG.63A shows the
thickness distribution of the film formed on a
silicon substrate for the case the silicon substrate
is directly subjected to the UV-NO processing in the
25 substrate processing apparatus 320 of FIG.51 after
the native oxide film is removed, wherein the film
thickness of FIG.63A is obtained by ellipsometry.
Further, Table 3 shows the thickness of the film thus
obtained at the central part and marginal part of the

30 substrate by the XPS analysis while setting the



has a uniformthickness within the range of 2 - 4 atomc layers. is 53. The
sem conduct or device as clained in clain15§ r 52, characterized in that
insulation filmconprises an oxide film 2 0%47 The sem conduct or device as
claimed in 25 claim54 or 52, characterized in that said insulation film
conprises a silicon oxynitride film 30 55. The sem conductor device as
claimed in any of clains 51 - 54, characterized in that said sem conductor

device further codptieseson BngheKto 90148grdieel eahr itgef ekpelromend oF said
insulation filmand a gate_electrode formed on_said high-K dielectric film
5 56. A senicondu&t8r 6ddyvi é& sEBR#tdcPer nPdgdorhedmhies Prgeramenitisc o4

substrate; and |0g3p igasuial iaRalLlmM ohmedeoRypaidatyl Legesubsrate, said
insulation filmis fornmed by nitriding an oxide filmformed on said silicon
substrate with a tppekaess 6R01of FIatOd byl ayepdyidy B8n. NA geshad ahe

processing a substrate, 20 c cteriz by compri sin p_of formng
an oxide filmbdn §RQVFF88ﬁdsggé rgféhsSgFa¥&OHggﬁﬁeo??dgpﬁgﬁEgrBBgssing
usi ng oxygen radi galigiwgt Rha pattrhalopeessuviecen3bhe aangae0totdgoing33 X

10-gnPa. 25 58. The nmethod of processing a substrate as clained in claim
57, characteri zedTPASERECSsBPHCZ0L68%i dafiigHtpBowbidengaistadnirauédicover

the duration of agﬂ%%rﬁaﬁiﬁ¥gg§ugé b?s§he processing vessel 321 at
3.99Pa (0.03 Torr) similarly to the previous case.
10 Thereby, the substrate temperature is set to 450C.
Referring to FIG.63A, it can be seen that
there is formed a film on the silicon substrate
surface with a generally uniform thickness. From
Table 7, it can be seen that the film thickness is
15 about 0.5nm at any of the central part and the

marginal part of the substrate.

Table 7
90 degrees 90 degrees
center periphery
Sio+ 86.81 86.92
Sid+ 13.2 13.07
Si4+/Si0+ 0.152056 0.150368
Thickness (nm) 0.55 0.54
20 Further, FIG.63B shows the film thickness
distribution obtained by ellipsometry for the case
the oxynitridation processing is conducted under the
pressure of 665Pa (5 Torr) by setting the NO gas flow
rate to 1SLM and driving the ultraviolet source 24B
25 at the foregoing reference power for 1 minute.

Further,

Table 8 below shows the result of the film

thickness measurement conducted on the film thus

obtained by the XPS analysis while setting the

detection angle to 90 degrees.




- 149 59. The nethod of processing a substrate as clainmed in claim57 or

58,

exi stence of oxygen radicals excited by al ¢
wavel ength of 172nm by setting a power of said ultraviol et

characterized in that said oxidation proiessing
t radi ation 5 having a

vi ol et

s conduct ed under

radi ation t

(0]

the range of 5 50mWNcn® right underneath a ultraviolet source and further

by setting an oxygen parti al
60. A nmethod of fabricating a sem conductor
conprising the steps of:

surface; formng

pressure to the range of 133nPa -
15 devi ce,

| 33Pa. i

characterized by
formng a base oxide filmon a silicon substrate

(0]

a high-K dielectric filde®des8id base oxide film and 2o

formng a gate e
step of formng

ectrode | ayer on 9

sai d M) gtexrel s ect

5aid base oxide fil

m i ncleRiEsen step

ric $®I®¢gMﬁ@i§Lp_

of f i,

filmon said sil

EdfA+tsubstrate surf

ace by8dn78xi dat |

n 25 pBdcédsi ng wh

sai d
e
ile

presddrd2of 133[- 133 ¥21@24npPa. 30
61. The method of SLAWYB&Ating a semi confudBdP2davi ce las cl @i heH8ZH cl ailm
60, characterizedThacknasss4nd) oxi di zi ng f o¥®ssing ils - 16051 cont i nded
over the duration of about 5 mnutes or less. s 62. The met hod of
fabricating a sem conductor device as clained in claim®60 or 61,
characterized in that said Befdaring ppoE&Sskif,i $ti oanohdusted thder

exi stence of Q¥yggﬂer%QE%aLﬁigﬁggggddistribution is generally uniform

usi ng oxygen radifals with a parti al

for the film formed on the substrate surface and that
it can be seen from Table 8 that the film thickness
is about 0.5nm at any of the central part and the
marginal part of the substrate.

10 Table 9 below shows the result of element
analysis conducted on the film obtained by the

experiment of FIG.63A by the XPS analysis.

Table 9
atomic %

center periphery

90 degree

30 degree

90 degree

30 degree

Ols

67.23

63

66.88

66.13

Nis

11.18

10.19

9.13

9.63

Siz

21.59

26.81

23.99

24.23

15

20

25

Referring to Table 9,

it can be seen that

the signals corresponding to the 015 orbital, Nis

orbital and Sij, orbital are observed in the film

thus formed and that the film shows the oxygen atomic

concentration of 67.23%,

the nitrogen atomic

concentration of 11.18% and the silicon atomic

concentration of 21.59% at the central part of the

substrate in the measurement conducted by setting the

detection angle to 90 degrees.

Further,

it was

confirmed that the film has the oxygen atomic

concentration of 66.88%,

the nitrogen atomic
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substrat e,

a silicon substrate surface;

ol et
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characterized by conprising the steps of:
and 25 formng an oxynitride filmon said
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of processing a substrate as clained in any of clains 63 -
characterized in that said step of formng said oxynitride filmis
continued over the duration of 200 secoritkble lIlss.
clainmed in anM)of that said step of conducted under a 5 1.33 - 13.3 x 103F

15

20

25

charact eri zed°PRCEREFasaPA Oof-24523% ptr Ahpomargiaal aPsh KASTaof.
%hBr?§§@S£ﬁgsaf89ﬁé§r%Be.as.
at sal ul'travrol ét radiation

to

| ai 63,
PR ERRBLE of

67,

- 152 69. The

atomic %
center periphery
90 degree | 30 degree | 90 degree | 30 degree
O1s 67.3 63.84 67.2 64.2
Nis 11.66 10.36 11.44 10.43
Sizp 21.04 25.8 21.37 25.36

that the signals corresponding to the 0is orbital,

Referring to Table 10,

it is also noted

le

orbital and Siz, orbital are observed in the film

thus formed and that the film shows the oxygen atomic
concentration of 67.3%, the nitrogen atomic
concentration of 11.66% and the silicon atomic
concentration of 21.24% at the central part of the
substrate in the measurement conducted by setting the
it was

detection angle to 90 degrees. Further,

confirmed that the film has the oxygen atomic
concentration of 67.2%, the nitrogen atomic
concentration of 11.44% and the silicon atomic
concentration of 21.37% at the marginal part thereof.
Thus, it was confirmed that the compositional
uniformity of the film is improved further and that
an oxynitride film having a uniform composition is
formed on the silicon substrate surface.

In the measurement of Table 10 in which the



met hod of processing a substrate as clains 63 - 69, characterized in
formng said oxynitride filmis process pressure in the range of ~a . 1o
70. The method of processing a substrate~ aslélaimed in any of clains 63 -
69, characterized in that said step of formng said NOgas is started
before increasing a tenperature of said silicon substrate. 15 71. The

met hod of processing a substrate as 20 clainmed in any of clainms 63 - 70,

characterized in k?@tséébérﬁﬁtbgddEHéEﬁéa GORRr LABSdePeERE BNt HRgsLepOf
formng said oxynitride film the step of renobving a native OXIge filmfrom

sai d silicon subsBPadegseebacadt 25 moted mbehodhef nf&bepeating a

sem conduct or 30 deyice gracter| o] the steps _qf; .formng

an oxynitride flln§§ﬁentrgF|88nl§u%é§ ?éeéu a8e£33 %ﬁpﬁ?@ nﬁegnwkéﬁgas to
said silicon substhateaserbacasand ekei tengcsabfd ARylasof 9501838grvekh

ul traviol et radlatlon fornlng?a hi gh-K dielectric filmon said oxynitride

film and form ngP8thaiR ENecErBHER nPa4FdeRAghRKEBedReFEERRT cPRFFmM 170 73

The method of fabg{eat hngdeasseaheRRAUEhALCHBYI 6§ A81iRGALMBHAL Dokl @i M 72,
characterized in that said ultraviolet radiation has a wavel ength of 172nm
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atoms are mainly concentrated in the oxynitride film

15 thus formed at the part near the interface to the
silicon substrate. A similar tendency is observed
also in the result of analysis of Table 9 for the
central part of the substrate.

Next, the kinetics of the oxynitride film

20 formation on such a silicon substrate surface by the
UV-NO processing will be explained.

FIGS.64A and 64B show the thickness of an
oxynitride film and a nitrogen concentration in the
film for the case an NO gas is supplied to the

25 showerhead 321B of the substrate processing apparatus
320 of FIG.3 with the flow rate of 200SCCM and the
ultraviolet source 324B is driven with the reference
power for various durations while maintaining the
process pressure at 3.99Pa (20 mTorr) and the

30 substrate temperature at 450C.

Referring to FIG.64A, it can be seen that
the thickness of the oxynitride film increases with

time while it is also noted that there occurs a
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analysis is set to 90 degrees or 30 degrees,

indicating that the oxynitride film thus formed has a
composition closer to that of an oxide film. It is
believed that this result has been caused by the

30 promotion of oxidizing reaction at the substrate
temperature of 550°C by residual oxygen remaining in
the processing vessel 321.

In FIG.66A, it is noted that the slowdown
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109%& () - 109%& () 9e composition closer to that of an oxide film.
It should be noted that the thickness of
the oxynitride film is obtained by Eqg. (1) explained
10 before and associated parameters that are derived for
an oxide film. Thus, there is a possibility that the
film thickness is calculated to be slightly larger
for those oxynitride films because of the effect of
escaping depth of photoelectrons. In any case, it is
15 believed that the oxynitride film formed by the
present invention has a thickness controlled to about
two atomic layers.
Meanwhile, in the case of applying the
substrate processing apparatus 320 of FIG.51 to the
20 oxynitridation processing of a silicon substrate, it
is preferable to use an optical source capable of
producing ultraviclet radiation in the wavelength
range of 192 - 142nm from the consideration similar
to the one explained already with reference to FIG.34.
25 In view of applying the substrate
processing apparatus 320 of FIG.51 to a single-wafer
semiconductor production process, it is preferable
that such an optical source 324B is the one capable
of being turned on and turned off as desired.
300 Currently, excimer lamps having the wavelengths of
308nm, 222nm, 172nm, 1l46nm and 126nm are commercially
available as a ultraviolet source capable of being

turned on and turned off as desired. These excimer
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has a half-height width of about 13nm, and thus, a
part of the spectrum becomes shorter than 145nm. In

10 such a case, therefore, there is a possibility that
the oxygen radical excitation may not be caused,
depending on the state of the lamp or the peculiarity
of the individual lamps. From these considerations,
it is concluded that the use of an excimer lamp of

15 the 172nm wavelength is most preferable for the
ultraviolet source 324B of the substrate processing
apparatus 320 of FIG.51 in the case of choosing the
excimer lamp form the commercially available excimer
lamps.

20 FIG.67 shows the schematic construction of
an excimer lamp (dielectric barrier discharge tube)
341 producing the ultraviolet radiation of 172nm
(reference should be made to the Japanese Laid-Open
Patent Publication 7-196303 or 8-85861).

25 Referring to FIG.67, the excimer lamp 341
has a double cylindrical vessel including an inner
quartz tube 342 and an outer quartz tube 343 and a Xe
gas is confined into a space between the inner quartz
tube 342 and the outer quartz tube 343 with a

30 pressure of Xe gas of 33.25kPa (250 Torr). Further,
an aluminum thin film electrode 345 is formed on the
inner surface of the inner quartz tube 342 and a

mesh-state electrode 344 is formed on the outer side
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The excimer lamp 341 is turned on and turned off as

5 desired by applying an a.c. voltage from a power
supply 350 across the electrodes 344 and 345.

For such an excimer lamp, it is possible to
use the model UER20-172 marketed by the USHIO or the
model HES1703S marketed by Hoya Schott.

10 Of course, the ultravioclet source is not
limited to those mentioned above and other optical
sources such as a low-pressure mercury lamp. Further,
if the situation allows, it is also possible to use
an excimer laser.

15
[TENTH EMBODIMENT]

Next, formation of a uniform oxynitride
film on a wafer surface by the UV-NO processing
according to a tenth embodiment of the present

20 invention will be explained.

Referring to Table 7 again, it is noted
that the oxynitride film formed under the process
pressure of 3.99Pa- (0.03 Torr) and the 100% UV
radiation power shows a generally uniform thickness

25 at the central part and marginal part of the
substrate, while it is also noted that the result of
Table 2 shows that there exists a difference of about
2% in the nitrogen concentration and the distribution
of the nitrogen concentration is not uniform. Thus,

30 Table 9 indicates that it is an important issue in
the oxynitride film formed by the UV-NO processing to
achieve the uniformity of film thickness and nitrogen

concentration at the same time.
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oxynitridation is set to 1 minute and 30 seconds. On
5 the other hand, FIG.68B shows the thickness
distribution of an oxynitride film for the case of
forming the oxynitride film under the same condition
except that the ultraviolet lamp is moved back and
forth. In FIGS.68A and 68B, the number of measurement

10 points is increased to seventeen. In the experiment
of FIG.68B, the back and forth movement of the
ultraviolet lamp is conducted such that the
ultraviolet lamp is moved from a first wafer edge to
a second, opposing wafer edge separated from the

15 first wafer edge by the distance of 200mm with a
speed of 60mm/sec and is moved back after stopping at
the switchback point for 0.1 seconds. The ultraviolet
lamp is also stepped for 1 second at the center of
the wafer.

20 Comparing FIGS.68A and 68B, it can be seen
that a more uniform film thickness distribution is
achieved in the experiment of FIG.68B as compared
with the experiment of FIG.68A by adopting the back
and forth movement sequence of the ultraviolet lamp.

25 In order to ensure accuracy of the
conclusion, Tables 11 and 12 are presented below
showing the result of film thickness measurement
conducted by the XPS analysis for the samples of
FIGS.68A and FIG.68B. In the results of Tables 11 and

30 12, the measurement at the marginal part includes two
measuring points. Further, Table 13 below shows the
result of measurement for the nitrogen concentration

in the case of the sample of FIG.68A, while Table 14
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below shows the result of measurement for the

nitrogen concentration in the case of the sample of

FIG.68B.
5 Table 11
90 degrees 90 degrees 90 degrees
center periphery 1 |[periphery 2
Si0+ 87.76 87.2 86.11
Sid+ 12.23 12.81 13.89
Si4+/Sio+ 0.139357 0.146904 0.161305
Thickness 0.50 0.53 0.58
(nm)
Table 12
90 degrees 90 degrees 90 degrees
center periphery 1 |periphery 2
Si0+ 87.26 87.13 87.31
Sid+ 12.74 12.88 12.69
Si4+/Sio+ 0.146 0.147825 0.145344
Thickness 0.53 0.53 0.52
(nm)
Table 13
atomic %
center periphery 1
90 degree | 30 degree | 90 degree | 30 degree
Ois 69.89 66.76 70.98 67.52
Nis 9.82 9.38 8.88 8.75
Sigp 20.29 23.86 20.14 23.73
10
Table 13 (continued)
atomic %
periphery 2
90 degree | 30 degree
Ois 69.98 66.42
Nis 9.95 9.36
Sizp 20.06 24.23
Table 14
atomic %
center periphery 1
90 degree | 30 degree | 90 degree | 30 degree
O1s 69.61 66.97 68.19 67.12
Nis 9.86 9.21 9.43 8.73
Siap 20.53 23.83 22.38 24.14
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90 degree | 30 degree
O1s 69.1 66.99
Nis 9.79 8.93
Siyp 21.11 24.08

Comparing these results, it can be seen

5 that a uniform film thickness distribution has become
possible between the central part and marginal part
of the wafer by causing a back and forth movement in
the ultraviolet lamp. By doing so, it is also
possible to achieve the uniform distribution for the

10 nitrogen concentration. The foregoing results
indicates that a uniform ultraviolet radiation is
realized over the wafer surface by causing such a

back and forth movement of the ultraviolet lamp.

15 [ELEVENTH EMBODIMENT]

FIG.69A shows a NO gas sequence that has
been used in the ninth and tenth embodiments of the
present invention together with a temperature profile
T.

20 Referring to FIG.69A, the heating of the
substrate 322 is started immediately after
incorporation of the substrate 322 into the
processing vessel 321, wherein it will be noted that
a nitrogen gas is introduced into the processing

25 vessel 321 at the initial state of the heating
process. This nitrogen gas is switched to the NO gas
when the temperature has reached a predetermined
holding temperature. Further, the ultraviolet source

324B is driven for a predetermined period when the
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turned off, and the supply of the NO gas is
interrupted. The substrate 322 is then taken out from
the processing vessel 321 when the substrate
temperature T has been lowered to the room

10 temperature.

FIG.69B, on the other hand, shows a NO gas
sequence according to an eleventh embodiment of the
present invention used in place of the sequence of
FIG.69A in the substrate processing apparatus 320 of

15 FIG.51.

Referring to FIG.69B, the heating of the
substrate 322 is started immediately after the
incorporation of the substrate 322 into the
processing vessel 321, wherein it should be noted

20 that introduction of the NO gas is started at the
same time the substrate 322 has been incorporated in
the case of the present invention. Thus, when the
substrate temperature T has reached a predetermined
temperature, the ultraviolet source 324B is driven

25 for a predetermined time and the desired UV-NO
processing is conducted.

Thereafter, the ultraviolet source 324B is
turned off, the supply of the NO gas is turned off
further. The substrate 322 is then taken out of the

30 processing vessel 321 when the substrate temperature
T has been lowered to the room temperature.

FIGS.70A and 70B show the relationship

between the process temperature and the thickness of
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FIGS.70A and 70B, it should be noted that @

5 represents the case of using the NO sequence of
FIG.69A while C)represents the case of using the NO
sequence of FIG.69B, respectively.

Referring to FIG.70A, it can be seen that
there exists no material difference between the case

10 of using the NO sequence of FIG.69A and the case of
using the NO sequence of FIG.69B as long as the
substrate temperature is set to 500°C or less. In the
case the substrate temperature has exceeded 500%3, on
the other hand, i1t can be seen that there is caused

15 an increase in the film thickness of the obtained
oxynitride film when the sequence of FIG.69B is used.

Comparing this result with the nitrogen
concentration in the film shown in FIG.70B, it can be
seen that the atomic concentration of nitrogen in the

20 film is increased substantially by using the NO
sequence of FIG.69B. This result shows that the
observed increase of thickness of the oxynitride film
in FIG.70A is attributed primarily to the nitrogen
atoms that are incorporated into the oxynitride film.

25 Thus, by introducing an NO gas into the
processing vessel prior to the processing, it becomes
possible to incorporate a large amount of nitrogen
atoms into the oxynitride film at the time of the UV-
NO processing. -

30 It should be noted that the NO gas sequence
of FIGS.69A and 69B can be used also in the substrate
processing apparatus 20 of FIG.3 for achieving a

similar effect.
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Referring to FIG.71A, diffusion regions
331la and 331b are formed in a silicon substrate 331
by an ion implantation process of an impurity element,
and a surface region 331c of the silicon substrate

10 331 is exposed at an opening 337 formed in an
insulation film 335 and an insulation film 336.

The exposed surface region 331c is then
subjected to a process of removing a native oxide
film, and the UV-NO processing is conducted

15 thereafter in the substrate processing apparatus 320
of FIG.51 under the condition explained before by
using the ultraviolet radiation of 172nm wavelength.
As a result, there is caused slowdown of film growth
on the surface of the silicon substrate 331, and an

20 SiON film 332 having a thickness of about 0.5nm is
formed uniformly.

Next, in the step of FIG.71C, a high-K
dielectric film 333 such as ZrSiO,, HfSiOx, Zr0O2, HfO,,
Taz0s, Alz03, and the like, is formed on the SiON film

25 332 by a CVD process.

Further, a metal electrode layer 334 is
deposited on the high-K dielectric film 333 thus
formed in the step of FIG.71D, and a metal gate
electrode 334G 1s formed by conducting an etch-back

30 process in the step of FIG.72E.

In the present embodiment, it is preferable

that the UV-NO processing is conducted at a

temperature not exceeding 550C under the process
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ellipsometry, there is a case that a thickness value
larger than the actual value is obtained because of
the adsorption of organic molecules and the like on
the film surface during the measurement process. In

10 the case of measuring the film thickness at a number
of points, in particular, there is a tendency that
the measured value changes during the measurement and
it is difficult to evaluate the exact uniformity of
the film.

15 In view of the situation noted above, the
inventor of the present invention has made an
improvement of film-thickness measurement process so
as to ensure exactness on the uniformity of the film
thickness.

20 In the improvement of the inventor, the
entire path of the substrate from the locad/unload
gate of the deposition apparatus up to the wafer
stage of an ellipsometer is placed under the down
flow stream of a chemical filter that is used for

25 removing organic molecules. According to such a
construction, it is possible to suppress the apparent
increase of the film thickness within 0.02nm (0.24)
even in the case the wafer is placed in the
measurement ambient for 3 hours.

30 When such an ellipsometry is used, about
ten minutes are needed for conducting the film
thickness measurement at 49 points on the wafer

surface, while it is evaluated that the increase of
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5 variance value 0 from the repeated measurement
conducted at a fixed point.
Now, FIG.75 shows the result of measurement
of an oxynitride film formed on a wafer having a
diameter of 200nm with the thickness of 0.5nm by

10 using the UV-NO process under the condition explained
before. The measurement was conducted by using the
measuring fixture explained above. In FIG.76, the
film thickness was measured at 49 points on the wafer
surface.

15 Referring to FIG.75. it can be seen that
the in-plane variance 0 of the film thickness is
0.65%. In terms of the thickness, this means that the
film thickness variation is in the order of 0.0065nm
(0.0GSAJ. In other words, the wvariation of the film

20 thickness has been reduced to near the detection
limit. Thus, it should be noted that a completely
uniform oxynitride film is obtained over the wafer of
the 200mm diameter.

In the similar measurement of the oxide

25 film formed by the UV-0; processing, on the other
hand, it was also confirmed that a film of excellent
uniformity characterized by the film thickness
variance ¢ of only about 0.7% is obtained for the
oxide film having the thickness of 0.4nm.

30 Further, the present invention 1is not
limited to the embodiments explained heretofore, but
various variations and modifications may be made

without departing from the scope of the invention.
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to the present invention, it becomes possible to form

an oxynitride film of high nitrogen concentration

10 with a desired thickness by nitriding the surface of
an extremely thin oxynitride film by using the
nitrogen radicals excited by the high~frequency
plasma. By using high-frequency plasma, it becomes
possible to conduct the nitridation process at

15 relatively high pressures, and it becomes possible to
dilute any impurity gas components such as residual
oxygen remaining in the processing vessel by the
plasma gas by merely evacuating the processing vessel
at the beginning of the nitriding process to a

20 sufficiently low pressure. Thereby, the problem of
unwanted oxidation caused by the residual oxygen and
associated problem of increased thickness of the
oxynitride film are successfully suppressed.
Particularly, the present invention enables

25 nitridation of an extremely thin base oxide film
formed under a high-K dielectric gate insulation film,
and as a result, the problem of mutual diffusion of
metal element and silicon between the silicon
substrate and the high-K dielectric gate insulation

30 film, and the associated problem of formation of a
transitional layer are effectively suppressed.

While it is generally unavoidable that an

extremely thin insulation film such as oxide film or
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other words the thickness of the oxynitride film, to
be extremely small, by controlling the thickness of
the insulation film before the nitridation process to

2 - 4 atoms layers or less.

10 Further, according to the present invention,
it becomes possible to conduct ultraviolet—-excited
radical oxidation process of a silicon substrate to
form an oxide film and a radical nitridation process
of such an oxide film, formed by the ultraviolet-

15 excited radical oxidation process by using radicals
excited by high-frequency remote plasma, such that
the radical nitridation process is conducted
continuously to the radical oxidation process.
Although the pressure suitable for ultraviolet-—

20 excited radical oxidation process and the pressure
suitable for radical nitridation process conducted by
using a high-frequency remote plasma are very much
different, the present invention allows to conduct
these two processes in the common processing vessel

25 by providing two evacuation paths on the processing
vessel. Particularly, the present invention enables
nitridation of an extremely thin base oxide to be
formed underneath a high—K dielectric gate insulation
film, and as a result, the problem of mutual

30 diffusion of metal element and silicon between the
silicon substrate and the high-K dielectric gate

insulation film or formation of transitional layer

associated with such mutual diffusion, is
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the proce531ng vessel suc that a turbo molecular

pump, which is necessary for realizing high degree
vacuum in the processing vessel, is located at the
10 outer end part of the processing vessel. Thereby, the
substrate processing apparatus can be connected to a
substrate transfer unit at an inner end part thereof.
Further, according to the present invention,
it becomes possible to form an extremely thin oxide
15 film suitable for a base oxide film used between a
silicon substrate and a high-K dielectric gate
insulation film with a uniform thickness and with
excellent reproducibility by utilizing the phenomenon
film growth delay, which appears in the radical
20 oxidation process of a silicon substrate surface in
the case the oxide film has grown to a thickness of 2
- 4 atomic layers.
Further, according to the present invention
as set forth in claims 66 - 76, it becomes possible
25 to form an oxynitride film directly on a silicon
substrate surface by exciting an NO ambient with
ultraviolet radiation. Thereby, it becomes possible
to suppress the occurrence of oxidation by choosing
the wavelength of the ultraviolet radiation to be
30 longer than 145nm but not exceeding 192nm, for
example to 172nm. Thereby, an oxynitride film having
a high nitrogen concentration level is formed. Such

an oxynitride film shows a delay of film growth at

f9S10% & 109&' - ?PB4 |
B PP ) 55085 § heaSlbBRF e PFPCASSE 180 RRAER LIS 83%



| 10 10NN 10NN aY@ 1098N& () - 3! aY@ 1090\5N5& () - 3! KY@ 109X5X5& () - 3! pY@
109 v] v& () - 3! Y@ 109%5& () - 3P! SrP1: MLOYG& %) S0 1109 () - !

| 10965& ()-109B& ()-Y, 1096& ()- MLOYGE ()~ 1BRNSs40wWUBl: y 109B& ()- ! X9,
109E(E(& ()-!X9, 109E5E5& ()-!19 109 ()- !9 109®5& ()- !a9 1098MN& ()- O
BL}M <1: . 109®& ()- !'\. 10%1& ()-

) 1096&' () -! k) 109%5GX58" () - yF( 109%6&' () - ! k&3YAOUYXEX5&' () - f LbC

510968 () - V10068 (ho0WhQY5&nG ) kntdS 385.50519918YRR L) EsBoRAYEE b f kAEDC
9S109%6& () - y@0%& () - mLOY%& ()-910%& () - 109%6& () - 910%& () -sSI~<hbC ! X&)
109%EEE () - yF( @O0YB&O( ptoad s 16yBEE - ( Fhig304 heoRxynityideosslm) cFhybe

L0055t (). @ Parc AGS SRR O S1L0°55 D LRE JIE (1101920 v0
109% & ()-Y-10% & (hizMEQ¥&'th)lckh@5s105XG A2V @y 10" - 10% & () -,y

10% & ()-10% & ()-9 10%P& ()-F '\9 10%6"6"& ()-F a9 10%"& ()-F
&z8_aBnN @y10y. 10% & ()-!& + 10% " & ()-g) 10% & () - &10% & () - f &3%



109 & ()-#109% & ()-_)*+, 3xmbC@y10: 10% & ()- 10" 10"
10"y9310% & ()-y710% & ()-y 610% & () - &410% & () - 3+7z[ <nbC@10% & () - L
10% & ()-f!SL 10%-& ()-f!7 ~109& ()-! °TOWBP&-()-Y, 10% & ()-z7c7n}[9InbC &
10% " & ()-!'k& " 10%EVEV& ()-y 10%& ()-!No@10% (& ()-!X9@
109R2" 2" & ()-,' 10% & () - >6aBnbCl y&0
109% & ()-y.-10% & ()-&) " 10% & ()-!a’&) 10%":"& ()-Y(10% & ()- &10% & () - 6k
ArstuaVK@ 10" 10" 10"y910% & ()-f710% & @Amglo%& ()-1\8&93
10% " & ()-2110% & ()-u] | aBVK@ 9s10% & ()-!&10% " & ()-f
10% & ()-S109% & ()-Ys10% & ()-MLO% & ()-H @?VK@'! 910% "& ()- @ 10% & ()-y10
% & ()-10% & ()-L10% & ()-!10%& ()- @: 0aBVK@ ! y& 10% & () - &3%@L0% & () - #10%
"& ()-y"10% & ()- t10% & ()-!S910% - & ()-0; q{ aB7@ 10pf 710%& ()-f! 1 &4
109%tK#K& () - gy&010% & ()-y. 10% & ()- & @O0% & ()-yY(- 10%K& () - #nV L10%B& () -
1096& () - &109%%& () - 1096& () - @109%& ()-MLO%E& ()- 10p 10p#C @EnNN L10%
1096& ()-10%6&° ()-9 109%%&' ()- 109%&' ()-sml0%& ()-, 109%& ()- @ ua?nN/ L10! "
10965& ()-S 10988& () - 109684 () w9 LAYB& 4( Y 0
10968 ()-u@thﬁVLlO'f&O@ﬂO&é&A(%Qéﬁ&d bf nﬁ%%QéHBQ Q% X@%ulatlon film,
10%m& () -fyY(- 10%&r@):tg&1@%&by) CQﬁM@%&U( )thfe- sted¥NGELI0! 105 105
105y910%&’ () - f 8- 1096& () 6 10968 8}7‘4 109, d%- L hiahef
10%&' () - @76f aBYNCL10! , @:’ft“)l g9EY- g %Xs& ) e rrequency
109% & ()-10% & () piLiERS: &aﬁ):l 597aBYNCL10' 9S109%&! ()- I N9S10% " (" & ()-10% & ()
-@10% & ()-L10% & ()-10% & ()-f 70Bx}[ <YNCLy9010% & ()-!\ &&
109%68688& ()-fYyR10% & () -! SOFREOININEYFriAations 18 @) SYT69EL8 Pf- RPavK@ 10"
10" 10"f910% & () 1u8hO¥t&oh) thdm3L8¥E&ininky! XGe3L0UPH2YEN) - 1@ 0% & () -5

supplying said nitrogen radicals to said surface of

said insulation film.
15
2. The method of nitriding an insulation

film as claimed in claim 1, characterized in that

20 said insulation film is an oxide film.

25 3. The method of nitriding an insulation
film as claimed in claim 2, characterized in that

said oxide film has a thickness of 0.4nm or less.

30

4., The method of nitriding an insulation

film as claimed in claim 1, characterized in that
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film as claimed in any of claims 1 - 4, characterized

in that said nitrogen radicals are supplied in the
form of being carried by a gas flow formed along said

10 surface of said insulation film.

15 6. The method of nitriding an insualtioni
film as claimed in claim 5, characterized in that
said gas flow is caused to flow from a first side of
a substrate formed with said insulation film to a
second, diametrically opposite side to said first

20 side.

25 7. The method of nitriding an insulation
film as claimed in claim 6, characterized in that
said gas flow is evacuated at said second side of

said substrate.

30

8. The method of nitriding an insulation
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10
9. The method of nitriding an insulation
film as claimed in any of claims 1 - 8, characterized
in that said high-frequency plasma is formed by
exclting said nitrogen gas with a frequency of about

15 400kHz.

20 10. The method of nitriding an oxide film
as claimed in any of claims 1 - 9, characterized in
that said step of nitriding said surface of said
insulation film is conducted under a pressure in the
range of 0.67Pa - 1.33kPa.

25

11. The method of nitriding an insulation
30 film as claimed in any of claims 1 - 10,
characterized in that the method further comprises,
prior to said step of supplying said nitrogen

radicals to said surface of said insulation film, the
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25 14. The method of nitriding an insulation
film as claimed in any of claims 1 - 13,
characterized in that said insulation film is an
oxide film formed by processing a surface of a
silicon substrate with oxygen radicals excited by

30 ultraviolet radiation.
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semiconductor device as claimed in claim 16,
characterized in that said oxide film has a thickness

of 0.4nm or less.
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18. The method of fabricating a
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diametrically opposite side to said first side.
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21, The method of fabricating a
semiconductor device as claimed in claim 20,
characterized in that said gas flow is evacuated at

30 said second side of said substrate.
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23. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
22, characterized in that said high-frequency plasma

15 1is excited at a frequency of about 400kHz.

20 24. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
24, characterized in that said nitridafion step of
sald surface of said insulation film is conducted
under a pressure in the range of 0.67Pa - 1.33kPa.

25

25. The method of fabricating a
30 semiconductor device as claimed in any of claims 15 -
24, characterized in that said method further
comprises, prior to said step of supplying said

nitrogen radicals to said surface of said insulation
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said insulation film is held to a pressure lower than

a pressure used in said nitridation step.

26. The method of fabricating a
semiconductor device as claimed in claim 25,
10 characterized in that said purging step is conducted
so as to evacuate said process space to a pressure of

1.33 x 107" - 1.33 x 107 'pa.
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27. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
26, characterized in that said insulation film has a

20 thickness of about 0.4nm.

25 28. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
27, characterized in that said step of forming said
insulation film comprises the step of processing said
surface of said silicon substrate with oxygen

30 radicals excited by ultraviolet radiation.
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provided a purging step purging a process space in
20 which said insulation film is held between said step
of forming said insulation film and said nitridation
step of said insulation film, such that said purging

step is conducted 0 - 4 times.
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31. A substrate processing apparatus,
characterized by comprising:
30 a nitrogen radical formation unit forming
nitrogen radicals with high-frequency plasma; and
a processing vessel holding a substrate

formed with an insulation film,
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sald insulation film to a second, diametrically

opposite side to said first side.
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34. The substrate processing apparatus as
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37. The substrate processing apparatus as
claimed in any of claims 31 - 36, characterized in
30 that said processing vessel is connected with an
evacuation system capable of evacuating an interior
space of said processing vessel to a pressure lower

than a pressure used in said nitridation step of said
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40. The substrate processing apparatus as
claimed in claim 38 or 39, characterized in that said
10 first radical source includes an ultraviolet source
exciting an oxygen gas supplied to said processing
vessel, and wherein said second radical source
comprises a remote plasma source supplied with a
nitrogen gas and causing excitation of said nitrogen

15 gas.

20 41, The substrate processing apparatus as
claimed in claim 40, characterized in that said first
radical source includes a nozzle causing to flow said
oxygen gas along a surface of said substrate held on
said stage, and wherein said ultraviolet source is

25 provided between said nozzle and said substrate so as
to cause excitation of said oxygen gas through an

optical window.

30

42. The substrate processing apparatus as

claimed in any of claims 38 - 41, characterized in
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46. The substrate processing apparatus as
claimed in any of claims 38 - 45, characterized in

that both of said first evacuation path and said
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49, A substrate processing apparatus,
characterized by comprising:
a processing vessel defining a process
space, said processing vessel accommodating a state
30 holding a substrate in said process space;
a first radical source provided on said
processing vessel;

a second radical source provided on said



| 41098 & ()- &3ml0YS & ()- | +t10%6 & ()-'!Br- |+t10%8 & ()- |+t 10%8

& ()-fF* 141098 & ()-) 141096 & ()- |1410%5 & ()-)?! =dB | 41095 & ()- |410%5
& ()- 141098 & ()-)}]1=* 141098 141098 & () 41098 & ()- |410%8

& ()-)?21=d( 141098 & ()-( 141096 & ()-)3=>BHNyY9* |410% | 41098 & ()- |410%s
& ()- 141098 & ()-)?'=d 141098 & ()- 141096 & ()-NTZ[ _diyY9* |1410% | 410%8
& ()- 141098 & ()- 141096 & ()-)?'=d 141098 & ()- 141098 & ()-instyyY9*

| 410% | 410%8 & () prb4t¥Bn& (kssel;

a first evacuation path provided on said
processing vessel, said first evacuation path
evacuating said process space to a first process

5 pressure; and

a second evacuation path provided on said
processing vessel, said second evacuation path
evacuating said process space to a second process
pressure,

10 wherein said first processing path is
provided so as to evacuate said process space at a
side opposite to said first radical source with
respect to said substrate on said stage, and wherein
said second evacuation path is provided so as to

15 evacuate said process space at a side opposite to
said second radical source with respect to said

substrate on said stage.

20
50. A cluster-type substrate processing
apparatus, characterized by comprising:
' a substrate transfer chamber; and
25 a plurality of process chambers connected

to said substrate transfer chamber,
one of said plurality of process chambers
comprising:
a processing vessel having a substrate
30 load/unload opening at a first end thereof in
connection with said substrate transfer chamber and a
first radical source at a second end opposite to said

first end, said processing vessel defining a process
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20 a first pump connected to said first
evacuation port so as to evacuate said process space
to a first process pressure; and

a second pump connected to said second
evacuation port so as to evacuate saild process space

25 to a second process pressure lower than said first
process pressure,

wherein said second pump is disposed in the

vicinity of said second end of said processing vessel.

30

51. A semiconductor device, characterized
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52. The semiconductor device as claimed in
10 claim 51, characterized in that said insulation film
has a uniform thickness within the range of 2 - 4

atomic layers.

15

53. The semiconductor device as claimed in
claim 54 or 52, characterized in that insulation film
comprises an oxide film.

20

54. The semiconductor device as claimed in
25 claim 54 or 52, characterized in that said insulation

film comprises a silicon oxynitride film.

30
55. The semiconductor device as claimed in
any of claims 51 - 54, characterized in that said

semiconductor device further comprises a high-K
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58. The method of processing a substrate as
claimed in claim 57, characterized in that said
30 oxidation processing is continued over the duration

of about 5 minutes or less.
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61. The method of fabricating a

semiconductor device as claimed in claim 60,

characterized in that said oxidizing processing is
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172nm by setting the power of the ultraviolet

radiation to the range of 5 - 50mW/cm’ right

underneath the ultraviolet source and setting the
15 oxygen partial pressure to the range of 133mPa -

133Pa.

20
63. A method of processing a substrate,
characterized by comprising the steps of:
supplying an NO gas to a silicon substrate
surface; and
25 forming an oxynitride film on said silicon
substrate surface by exciting said NO gas with

ultraviolet radiation.

30

64. The method of processing a substrate as

claimed in claim 63, characterized in that said
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ultraviolet radiation has a wavelength of about 172nm.

65. The method of processing a substrate as
claimed in claim 63 or 64, characterized in that said
ultraviolet radiation is formed by a dielectric

barrier discharge tube confined with xenon.

66. The method of processing a substrate as
claimed in claim 63, characterized in that said
oxynitride film is formed with a thickness of about

0.5nm.

67. The method of processing a substrate as
claimed in claim 63, characterized in that said step
of forming said oxynitride film is conducted at a

substrate temperature of about 450C.

68. The method of processing a substrate as
claimed in any of claims 63 - 67, characterized in
that said step of forming said oxynitride film is

continued over the duration of 200 seconds or less.
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69. The method of processing a substrate as
claimed in any of claims 63 - 69, characterized in
that said step of forming said oxynitride film is
conducted under a process pressure in the range of

1.33 - 13.3 x 10°pa.

70. The method of processing a substrate as
claimed in any of claims 63 - 69, characterized in
that said step of forming said NO gas 1is started
before increasing a temperature of said silicon

substrate.

71. The method of processing a substrate as
claimed in any of claims 63 - 70, characterized in
that said method further comprises, before the step
of forming said oxynitride film, the step of removing
a native oxide film from said silicon substrate

surface.

72. A method of fabricating a semiconductor
device, characterized by comprising the steps of:

forming an oxynitride film on a silicon
substrate surface by supplying an NO gas to said

silicon substrate surface and exciting said NO gas
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with ultraviolet radiation;

forming a high-K dielectric film on said
oxynitride film; and

forming a gate electrode on said high-K

5 dielectric film.

10 73. The method of fabricating a
semiconductor device as claimed in claim 72,
characterized in that said ultraviolet radiation has

a wavelength of 172nm.



