-1 - SPECIFICATION NITRIDING METHOD FOR INSULATION FILM,
SEMICONDUCTOR DEVICE AND PRODUGTION METHOD FOR
SEMICONDUCTOR DEVICE, 5 SUBSTRATE TREATING DEVICE AND
SUBSTRATE TREATING METHOD TECHNICAL FIELD The present
invention generally relates to 10 semiconductor devices and more
particularly to the fabrication process pf:uoltrafirrerhigh-speed semiconductor
devices having a high-K dielectric film. In the technology of recent advanced

high- speed semiconductor devices, use of the gate length 15 of 0. m or less
is becoming PosEibkE Wit ¥hEfprogress in'the-aft sillfrafie serMéohdbcior OR

fabrication pracessesnGenenalty; oparationaispeesk ofusemieondusiobevIcE,
device Is improyed W&RFGV%%%A@&”'%N%\%%E?E’ whtedpers is 20 1) 34N
20 extremely miniatunized semiconductor ewces,% reduce the t |chness of
the gate insulation film thereof with the dE&fg&de of the gate length achieved
as a result of the device miniaturization. 25 BACKGROUND ART When the
gate length has been reduced to 0. m or less, on the other hand, the

thickness oﬂﬁ@&a@%@ﬁ% film has to be reduced to 1 - 2nm or less

when a conventional thetimal oxédesfilm is180rusiechfordhe gate insator $ilmo
In such,an %@&%‘&J@%Qa@ei@?&'@i%@%J}%WE\A%P&%rfa}rl%“@é)')éhe

arises a problem of increased tunneling current, while such an increased

tunneling ctifBRt $2EQTsES B proient of it de Hatd 1Ak &lrrent. In
view of the sénationmotedabove;therehaving a high-K dielectric film.

In the technology of recent advanced high-

speed semiconductor devices, use of the gate length

15 of 0.1lum 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
miniaturization, while there is a need, in such

20 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.

25 BACKGROUND ART

When the gate length has been reduced to
O.1lum or less, on the other hand, the thickness of
the gate insulation film has to be reduced to 1 - 2nm
or less when a conventional thermal oxide film is
30 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



has been a proposal of using a high-dielectric material (so-called high-K
dielectric material) 5 having a much larger_specific dielectric constant as
compared with a thermal oxide film and thus capable of achieving a small
Si02-equivalent thickness while maintaining a large physical thickness, for

the gate insulation film. Such a high-K material includes 10 Ta205, A1203,
Zr02, Hf02,:4r5i04, HiSiR4 candithe fike a By ugingesucih aigh-K dieleetric
material, it becomes po§sibJ,(el to use t@g %hé/lsjccuazl1 %Qiggnre]%% ogi a o@elor‘%rpeirrle
ultra high-speed semiconducfor devices aving a gate length o 1'm or less.
Thereby, the2E5 gate |eakageraitentéalsed By 2uhneling efféecisr ic

successfully suppresseds &~orexample; g Ta205 diilnmhasi been fermed )by a
CvD process while using%g(?CZHé)S and 02 as gaseous sources. In a

. 5 ayvil arger .specifl electric, constant as
typlcal exampYe,rfﬁeaC\I? process ISpCOI‘I uc?e under a reduce pressure

at a temperatpre of dbout 480Crormuoré. PhedraZ05 film nthushfosmeddisthen

subjected tg a therma/, angealing sprocess, incan oxidizing ambiantand the; 1 ¢
oxygen defects in the film are compensated. Further, the 25 film undergoes

. . g
crystallizatiBft Fhe FHIU5 filnt TS A€zt Shows Biarge Specifie® 9ate
dielectric constaritEromihénviewpomtof iicreasing: canrier L molilityde the

channgl regigny it is;preferablesto 30-providean extigmely, thin hasg.oxide, .
film having a t?hlckness of Inm or less, preferably 0.8nm orliess, between the
high-K diel&ctrit a8 oXitfé fiftn Ahéthe SiticoR Substrdie “ThisHase bxide
film has to be cGnextiemelyihin. Otheswise, ¢heeffect of using-thes high-K

(ﬂGbCUkﬁWg%%Héh?égﬁe{gs%ﬁgggfwygh_speed semiconductor devices
having a gate length of 0.lum or less. Thereby, the
15 gate leakage current caused by tunneling effect is
successfully suppressed.

For example, a Tay0s film has been formed
by a CVD process while using Ta(OC;Hs)s and O, as
gaseous sources. In a typical example, the CVD

20 process is conducted under a reduced pressure at a
temperature of about 480°C or more. The Tay0s film
thus formed is then subjected to a thermal annealing
process in an oxidizing ambient and the oxygen
defects in the film are compensated. Further, the

25 film undergoes crystallization. The Tay0s film thus
crystallized shows a large specific dielectric

constant.
From the viewpoint of increasing carrier
mobility in the channel region, it is preferable to
30 provide an extremely thin base oxide film having a
thickness of 1nm 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



is cancelled out. On the other hand, such an extremely thin base oxide film is
required also to 5 cover the silicon substrate surface uniformly, without
forming defects such as surface states. Conventionally, rapid thermal
oxidation (RTO) process of a silicon substrate has been used when forming
a thin gate oxide film. When such an RTO 10 process is used for forming a
thermal oxide fitrnwitly thé tesiredithickness afliemedifless, thfereds moneéc

of decreasing Jhe processing temperature at thgdine +of thedilmformatiom n
However, such a therﬂal (Qxidec filr(p forg}ed %tnlow EemBeraturehtends to

. 1 cance e ut. n the o Ir ana,., suc an
contain a 15 large amount of surface states an§ Is not suitable for the base

oxide film of ATHiGHNK WidlBEHicGae SXidE it I o T séhémalit
constructior@far higiespeéd semicehdbcmrdeiicd 400 havihgaigh-K 20
dielectric gatetinsulation-flam iReferrng t0 FlGhl, dbesemicoadsctaredevice

100 is constructed on a §Ei898r§é1p§£@ﬁa§l, andjngludes.a highsK;diglectric
gate insulati%rjfg m_such as Ta}205, A1203, Zr % Hf02, Zr}§i04 HfSiO4, %nd
25 the like, form d%rnot. & silicon %uﬁ% rate 1 v?él as%ﬁiﬁtbeaseagxila%efﬂmuie
Further, a gdt€'elécFode'd s forried?8h the higie- K ditTectlie Yaté HrdulafioR TO
film 3.1n thesemicondactoreevice- 1000f F1G. &, 30:=thexé ieonductetn with
nitrogen (N} depingsen dhe surface: partof therbase oxide, filen2 mithip theneed

extent that &-flatnjerface, s mintained between e slieon. substrale. L ang.

|
the base oxide film 2. As aTesult of the nitrogen doping, the base oxi

2 includes 85 ahSxymitile A2 AL if vielt BF Hife rargespetific: idetufe:+ e
constant of sukh & silieofl exyniteidetfilfrerature tends to contain a
15 large amount of surface states and is not suitable

for the base oxide film of a high-K dielectric gate
oxide film.
FIG.1 shows the schematic construction of a
high-speed semiconductor device 100 having a high-K
20 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
such as Tay0s5, Al,03, Zr0O,, HfO,, ZrSiO4, HfSiO4, and
25 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.
In the semiconductor device 100 of FIG.1,
30 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
the nitrogen doping, the base oxide film 2 includes
35 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



larger than that of a silicon oxide, it becomes - 4 possible to reduce the
oxide-equivalent thickness of the base oxide,film 2 further, by forming the
oxynitride film 2A in the base oxide film 2. As explained before, it is
preferable that 5 the base oxide film 2 has as small thickness as possible in
such a high-speed semiconductor device 100. However, it has been
extremely diffisaltiid eform thelbase oxidefilin@-with the tkickness okfrms10£
or less, suchras @8nMmarilgss.anaven 8.3+ RANMpwWhile simitanegusly
maintaining?g{ri}iglt)lr&igydgng . heprg ucibil'tx.elnotgseeca%%g%e t&lﬂ@@ the
thickness of 0. 3 - 0.4nm, the oxide film has actuali)y a thickness of only 2 - 3
atomic layers. 15 In ordérsthat e hitftf Kogiefectric Hate SinstiRt®RfAE3that
formedson thedasesexisieifilen 21 parformsassa high-Ki dielactia dibm, Hds
necessary to chyﬁjt?gize th(sa d%POSiH?Q kklligh-Kedéelgg%riic filmdSCtC)grat ermal

. O in C =spe con evice
annealing process and conduct 20 compensation process of oxygen vacancy

defects. HdWever, such a thermal annealing process applied to the high-K

dielectric gate insulationfilm-3 causes andngreaseLfthicknessdn the base o
oxide film 2, and the desired decrease of the effecti\él% thickrileis 25 of the

: ; h 1T h . th £1
gate msulaééjﬁrﬂlrﬁ, gcf%éé\slgdqﬁi/lﬁﬁ% use of h"élﬁ’lgh- %letlectcrlcngeé:’tse ob ~nm

insulation fitm 3, 4s moreuor less farcellet odt Buchrandnereaseof-thickfess
of the base,, gxide film,2-associated iﬁé%@cﬁlﬁ{mﬁj an{@@éimiég) RILGESS

suggests the possibility of mutual diffusion of oxygen atoms and silicon atoms

and associ&fed” foration oF & silfdat& tharfEitsn [dyerf ot thg'as the

thickness of 0. 3 - 0.4nm, the oxide film has
actually a thickness of only 2 - 3 atomic layers.

15 In order that the high-K dielectric gate
insulation film 3 formed on the base oxide film 2
performs as a high-K dielectric film, it is necessary
to crystallize the deposited high-K dielectric film 3
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, is 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



possibility of growth of the base oxide film 2 caused - 5 by the penetration of
oxygen into the silicon substrate. Such a praplem of increase of the base
oxide film 2 with thermal annealing process becomes a particularly serious
problem in the case the 5 thickness of the base oxide film is reduced to
several atomic layers or less. In view of the situation noted above, the

inventor of e presentirventiornohas previpysly proposed the useof
ultraviolet- excga%on OXygen . 0 radlcak(UV -0 radla%g substra%e QPE cebssmg
apparatus for the fo formatlon 0 tﬁe%ase oxide film. y using suc

ultraviolet- e%:itﬁﬁoﬁJokyg%nwra@ﬁaltb%ﬁ@%&lr@aﬁﬁéﬁﬁasm%émé@ComeS a

possible to grew a highquality oxide filpywithdow,growthdate upger 15 low
radical denst I]:<IG 2 sho s he onstructlo of a conventl%pal UV- 02 radial
substrate prOCEssinG apparatiis 10°Reféring to it 2° the StbStiate™20
processing apparatusat@inciudey arproeessimgsvessel 11 that holds a

substrate 12 therein undgr a,feduced pressure eRMEINMERLwhersin the ne
substrate 12 is held on a stage 11A having a heater lla. Further, there is

provided a SHEWRMHEad ﬁl@qﬁ tRET15BEsiNG B vE8sel L 86 Q6RALE the
substrate 12mmtirestagee 144 and an oxidizingegas such asioxygerny 93

N20, NO, qra mixtureghersotis supplied fodhe showerhead ;213.. 108 1 o+ us

showerhead 113 is formed of a material 30 transparent to ultraviolet

radiation suchras GEaf2r Hiid-the Bfoc@%%lr%a%s%ilfflsffbjr%eﬁ)(ntﬁSamg
window l1ll&sehquartz andathedike;, which is transpargnfdo radial

processing apparatus, it becomes possible to grow a
high—-quality oxide film with low growth rate under
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
11A, and an oxidizing gas such as oxygen, O3, N0, 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



the ultraviolet radiation, such that the window 11C - 6 exposes the substrate
12 on the stage 11A. Further, a ultraviolet squrce 13 is formed outside the
window 11C such that the ultraviolet source 13 is movable along the surface
of the window 11C. 5 Thus, a silicon substrate is introduced in the

processing vessel 11 of FIG.2 as the substrate 12, and an oxidizing gas

such as oxygenisintrogkicedpbsio dbe pracessingy/essetdl after evacuading a

the interior t? reof. By activating the ultraviplet 10, source 13 under this state,
active racicals bl B b Sou Tofmed i e Siising boc- The P dhis
excited by theQulfravivlétyididtion eatse oxidations ot exposed sifaee of

the silicon substaterl?, sand asAa sesult,dhare issfermed.an extremely thin 15
oxide fi!_)m of 0.5 - 0.8ant1iq1ickness o,nlthe surfaée of tpe silican 1§ubg,1tratedlz.
In the substrate processmdl ﬁppgrastﬁs 0°of F ?f,rt e-oxide film can be~ "

formed with-auriforre thickaess by<causing fo Mdvethesultrawiclebsdueee 12,

20 13 along;the gptical:\wingdow, 11C. Bacausgofthepxide film s formed by
the ultraviolet-activated oxidation process, the oxide film has an

advantageout featlife 8F Smafitetdct tetisity Such s SuRYeE Sthtedhd i
reported byi2d Zhang etralr €Afan@yd-¥ctetvalt Appl.tReysiltett v (20), 17

November 1997..pp 2964:2966).and is ;spitable for;the hase oxide flm.1p be
formed under the high-K dielectric gate insulation film. As explained before,

the base oxXide fififi 3°GHAEMEAththe Wigh-ke dRde&ifie gatBInSd@atica ftmtus
has to be extremnsdyi thin, ahd athiekiness etabaudti H:8rim has:beensachievech

forswj]aQﬂ?%%émggygggé surface of the silicon substrate 12,
and as a result, there is formed an extremely thin
15 oxide film of 0.5 - 0.8nm thickness on the surface of
the silicon substrate 12.

In the substrate processing apparatus 10 of
FIG.2, the oxide film can be formed with a uniform
thickness 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



using the UV-02 radical substrate processing - 7 apparatus. However, it has
been difficult to reduce the thickness of the base oxide film further, and it
was particularly difficult to form such an extremely thin oxide film with
high-precision and with uniform 5 thickness. Meanwhile, there has been an
argument that formation of a metal oxide film having a small interatomic
bond valeneganrd hencermuevergidity”,nap asutface of acsinglecerystaluce

silicon substrate, 10 which has_a large interatomic bond valence and hence.
a "high rigi %ﬁ, %%ﬁ%reea%stoog rﬁ%(%%)rﬁcszgl ?ﬁ{sﬁggilgf%rtnth%ﬁ%%r ake e
between th&aHiconr substrard andithé rRetdl oxide filtR, and thatsge-remely

mechanicakinstahility taay cause defestssisesrlor 15 example (i tuicaniskyrn

et al., Appl. Phy% Lett. 74, pp.2005, 1999). Further, in order to avoid this
thickness. " .

problem, there is a proposal to form a transitional layer of oxynitride at the

interface between the sHicenwubstraté Ercetheametalcoxide fimdayn20t that

introducing a-single layes of Nitregen atamse Farther, formation of sueh an
oxynitride film for the base_oxide film of a high-K dielectric gate insulation

film is thoudP &FEctRE for SUppreésing ditfusibR Bfffetarelentéht'oroXygeh -
in the high-Krdieleotric 25egaté insulatioh<itnrtosthelsikiddn substratesorate,

diffusion of silicon fram the,silicon sypstrate.fo; the high-IS diglectric gatg.ar.
for suppressm%(tiikg diffusion of dopant element from the gate electrode. In

order to forfh stct? An"oitte filnt’ 30 thefPHas Betns Propdsa to oxidize
the surfaceiofsanloxide filmtbytusingmicrawayerexcitecrerhetes plasma.

This teChnOA%%\é’t\ggng a‘ci%me\é%%tpr\%gg%irggide film, and that such
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



nitridation by using a microwave, requires a very - 8 high-degree vacuum of
the order of 1.33 x 10-1 - 1.33 x 10-4Pa (103 -.10-6 Torr) . However,
nitridation process conducted under such an extremely high-degree vacuum
state raises the problem in that minute amount 5 of impurity such as residual
oxygen or water in the processing vessel, provides a profound effect on the
process by miaynotiexitlationa Such axidatien ecautredr at thestisnelof the 1.33
nitridation process.ca the problem of unwanted increase of.thickness of
the 10 oxide fi r?w S rtj(oﬁtqe% béfoﬁ;g, sﬁg'urg% in\::ﬁr%g%‘éeorf’ thrllc%sfgr]relsd'sé%f1 the oxide
film at the proeess of forAiAgL e BRYNiTidefitm taneslsreiicthe éfedtofegree
using the high-K.dielectric gate dasulation i, Conventionally nit hasdesnunt
extremely 15 difficult to form such an extr_ec[ne thin oxxnitride film with h
reliabili%y ar?c{ rel[:r)nr%léﬁ%:ltl}flitflulﬁ a vacuum’ state easily achiéved Bﬁ%nln ©
ordinary senticorductos process, without dagsiaganereasedoffilrethickmedshe
by oxidation,, 20 DISGLOSURE OF THE INVENBQN Ascosdinghy, itis@ rred
general object of the present invention to provide a novel and useful

substrate pfocesding Msthdl aritf apparattid wirdkelit tHe 55 Gratisifig t7e
problems are ebfimated. Amothérand moreaspecific objedtrof the opresent
inventign is o provide, a substrate rogessing, methed capahle; afforming an
extremely thin insulation film on a substrate, a semiconductor 30 device
using such ariRSaREDNFINT HhdPfabication"pfdcdsstofdtifgs ©f forming
semiconductos dexicel Another object of the presenttinventidris 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 wvacuum
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 is 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



to provide substrate processing method and apparatus - 9 capable of
forming an extremely thin oxide film, typically having a thickness of 2 - 4
atomic layers or less, on a surface of a silicon substrate with reliability and
further capable of forming an 5 oxynitride film by causing nitridation in the
oxide film thus formed. Another object of the present invention is to provide
a substrate prpeessingappanatus;capablet oéfermingramexttemely thin,
oxynitride film 10 t Hcali}/ahaving a g}ickﬁl{ess of 2 z %a[onaicéig%rlsc Ofallesésf <

and furthertc%l%%l% e of formxfﬁa ganaoxynll'E:rldnee ?ﬁmohavmg a higher nitrogen

concentratien areba - desired thickness By causing Aifidatids bf #e initiah

oxynitride filra1 15 Anather object.of the presentinveption ds (oRyoyide a

cluster-type substrate processing system. including. a substrate processin
apparaius CAPAbIS of Torming an extremGRFit biddis fifs br Mtra i e

typically havingra thicknéss €2 - 4nm or less, on 20 the surface of a silicon
substrate with reliability xangd firthencapable of pitkiding the exidefilm ot s

nitride film thus formed with reproducibility and with reliability. Another object
of the presérit iRVERLT i€ 250 provide Br&fisstrit8 HrokBESIRG Hefifif ° 1
capable of dormmgranextnenselythimedxynitride filky ontar sifieon isubstrate

directly,with excellent.refiability, and ieproducibility. Another ghiegt ofithe.
present invention is 30 to provide a method of nitriding an insulation film

containing flerétoxyjeh, ‘charaGeriz@8aR omMprisitd i sispssfyn i tride

film having a higher nitrogen concentration and a
desired thickness by causing nitridation of the
initial oxynitride film.

15 Another object of the present invention is
to provide a cluster-type substrate processing system
including a substrate processing apparatus capable of
forming an extremely thin oxide film or nitride film
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-



forming nitrogen radicals by using high - 10 - frequency plasma; and nitriding

a surface of said insulation film by supplying gaid nitrogen radicals to said
surface of said insulation film. 5 Another object of the present invention is to
provide a method of fabricating a semiconductor device, characterized by
comprising the steps of: forming an insulation film on a silicon substrate
surface; 10feaninghairagensiadicalsdy high-frequency plasma; forming an
oxynitride film by causingidgirtr.ige%trilon Cjﬁn a st gaccee gf sasigii sglggig[? ficlm l?ly £ilm
supplying said nitrogen ra icals to Said surface of 55 sal oxynitrlge %i?m; ané
forming a higph-Kughelectrie fifin ioh saidr exghitride fifm 1 Anbtherdbjeetof e
present inventian is; t9provigeia substrate processing apparatus, 20
charact5erized by comprigingé}? nitro}gen r@dicfal fgrmation un1i:t formin%h ,
nitrogen radicals by high-?requ%ﬁci? p?aeéjma?ana a p%cee%es?ng vessel lo%}inlgS
a substratet forpyed with saidénsyiation fifmb25xdid proeessing vesderbeing
supplied with..said hitregen radicalsferm, said-pitrogen sadical foppatign part
and causing nitridation of a surface of said insulation film by supplying said

nitrogen radical to said SGFAc8 bf Faid fHutatior film 136 At otding tothe

present inventien rit tdecomés possible to nitride the surface of an extremely
th”]O@Qefmn\ijexce@gyﬁing 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
said 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



reproducibility by using the nitrogen radicals - 11 excited by high-frequency
plasma. Further, according to the present inygention, it becomes possible to
form an oxynitride film of high nitrogen concentration with a desired
thickness by nitriding the surface of 5 an extremely thin oxynitride film by
using the nitrogen radicals excited by the high-frequency plasma. By using
high-frequeagy iplasmiay ithegonmes pessibledoconduct dhe mitridatioBording

process at felafively. high pressutes, and it becomes possible (0 10 dite 2y,
impurity gas components such as residual’ oxygen remaining in the

processing ¥@ss&l by te dslasmergas byirerely evacantingthe proeédsing
vessel at the beginniag of dhe nitriding: pEOGessOra isUfficienty lewqressurss
Therebé/, the probéem of115 u wanted ox1i:dati n aLisecLby the resigltqjal
oxygen and ‘associated p¥ob &m of increaséd thicknéss of e ncC)nynlteride film
are successfully stppressed:aParticidaty dthevpresent inventiorcrables
nitridation of ansextremely, thin base exide film-20.formed yader a highke s

dielectric gate insulation film, and as a result, the problem of mutual diffusion

of metal elBHEMANY Sificit Bet&eh tie Silicon” Subitaté 8hatfe High-K
dielectric gatelinsulation fillhapd¢he asseciated problesrohformationibfa to

25 trangitiopahlayer are effgctively suppressed, \While itdg generally s 5 guay
unavoidable that an extremely thin insulation film such as oxide film or
oxynitride fiffiYsiergoBs hcieAst of it IMckTess &8 & fesiiitoPy the

incorporatigrn etniragen atoms at the 30dtme wf the tttsidationgrecess vitisse 1
possible in the present inyention fe maintainthe thickness of, the insylation
film after the nitridation"process, in
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 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, 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



other words the thickness of the oxynitride film, to - 12 be extremely small,
by controlling the thickness of the insulation; film before the nitridation
process to 2 - 4 atoms layers or less. Another object of the present invention
is 5 to provide a substrate processing apparatus characterized by
comprising: a processing vessel defining a process space and having a
stage in saigprocessspagedan 1nglding asubstrate o berarocessedetd aor

first radical spurce proviged onsalf pigecssing yessel, asecond adlcal. .
source provided on said processing vessel: a first evacuation path provided
on said 15%rocéssihgvessel forevacubting-said process space to a first

process pressure; and axseeand-evacuation pathhproyided on saidention is
processing vessel for vacuatiqgtsaic{i: process space to a sec%nd process
pressure. 20 ARGther Objéct of the preseft invention 1s o provide a
cluster-typecsabystraterproeesbingesystens ickdracterized by comprising: a

substrate transfer chamber; .and: aplugality of progessing chambers. 25
connected to said substrate transfer chamber, one of said plurality of

processing SERAMbaPS cBmpriding: & proesding TelsEraning a8aH&rate”
load/unloachpar iconrecteth ta saiceslstratertransfes €30 chamber at a first

e e S R e LI s
processing vessel;

a second radical source provided on said
processing vessel;

a first evacuation path provided on said

15 processing vessel for evacuating said 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

30 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



a stage provided in said process space - 13 rotatably between said first end
and said second end, said stage holding thergon a substrate to be
processed; a first process gas inlet provided in said 5 process space

between said first end and said stage, said first process gas inlet introducing
a first process gas into said process space; a second process as inlet
introducing & secandyprocess gasdeisaid firstrashical souree;i d0sa segandnd,

radical sourge. proyjded on.said progessing yessel. 50 As tp adtyajg said first
process gas between said first pr%cess gas infet and” saj stage; a first
evacuation pertproveded in said 15 process space at a part closer to said first

end with respect to saichstages a sacangsevagcuation pertgrevidesiinisaida i o

process space al apart closef 1o said, second end. with respet 1o sgid stage,
20 a first pdomp connected to said'first évacuation por? SO as to evacuate said
process spaee tofa first process prassuren assecondopumpiconriected 36 said

second evacuation,pgH-s0; as 40 gyagugte,saidyprocess space 25to a
second process pressure lower than said first process pressure; said second

pump being disposed inth& “GiRiHiy 5sa8 Setond et OFESW%%%%gi@
vessel. Accercimg! te thes presantsnventsen,dt 30 becomes pessibleitae ;

condug ultraviolet-excited fadical oxidation prgess.ofa silicon substrate 4o
form an oxide film and a radical nitridation process _ _
processing vessel so as to 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 said second
evacuation port so as to evacuate said process space

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

said 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-



of such an oxide film, formed by the ultraviolet - 14 excited radical oxidation
process by using radicals excited by high-freguency remote plasma, such
that the radical nitridation process is conducted continuously to the radical
oxidation process. 5 Although the pressure suitable for ultraviolet- excited
radical oxidation process and the pressure suitable for radical nitridation
process concluGteddy dising a highdsequengyrreraete pkasma ate vesy BrIch

different, the present inyention allows, o, conduct 10 these, o Progesses in
the common processing vessel by providing two evacuation paths on the

processing tWesset IParticutaity, ithe toreseRt inventioh erbleés chifiidation of
an extremelysthin Rasenxjde 40 be- fermed undexneathia Righ-K-diglectric
gate insulag%r%%S f”q"g‘}[‘d as a result, the, Er%bllem of mu{l%al dlffglsi%rl of
metal element and Silicon b&tween the Slicon substrate and the Righ-K
dielectric gatecirstlation filra ordsirmation of trarsitional lay eh assoeiased ©

with such mutual diffusioy, is 28 successfullyssunpressed ysioraingthe ca by
high-K dielectric gate insulation film on the base oxide film. Further, the

present invBAtGH ehabicd easy LEHERUCHTRCSFa RIGEIE R yPelsiétatd <P
processing dsystenewhile using the substratesprocessingl appatatus 028 byt

arrangipg the, ficst and second evacuation pathsin, jhe processing yessek ey

such that a turbo molecular pump, which is necessary for realizing high
degree vaciuminYAE precésking VesEat iSTodated at the totter ericPyar &7
the processiag yesseb dherehy athey30 substratespraceissing apparatusichss

be connected 10 g, substrate transferynit at gnpner gnd part thereof, |,
Another object of the present invention Is
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



to provide a semiconductor device, characterized by - 15 - comprising: a
silicon substrate; and an insulation film provided on said silicon substrate, 5
said insulation film having a thickness of 2 - 4 atomic layers. Another object

of the present invention is to provide a semiconductor device, characterized
by comprising: 10 a silicon substrate; and an insulation film provided on said
silicon substsate; saidénsulation film being formed by nitriding an oxide film
formed on said silicon 12 sgpﬂrg(t)%wsituhb%Egigggessagf 1 - 4 atomic layers.
Another object of the presentinvention Is to provide a method of processing

a substrate, characterized By'esmprisiy fhel stepr effotafing ans dkiblesfithi con
on a surfacgof & silieen substrate by an 20 oxidation process, said oxidation

process being conducted with .oxygen radicals having a partial pressure in
the tange of 193 - 153 X TOuhERT RHothE: St BT Tl Rrdeei L RVGRd RS

25 to provide a Methodnoffabricating a semiconductor device, characterized

by comprising the steps of forming g kase gxide.film,on & surface of@ion is
silicon substrate; forming a high-K dielectric film on said 30 base oxide film;

and forming 8 gat8 Bl8Etr6dé TAYSr 01T Baid high K it e fimt e 1289 by

comprising:
10 a silicon substrate; and
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 ‘mPa.
Another object 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



said step of forming said base oxide film - 16 comprising an oxidizing step
conducted by oxygen radicals having a partjg| pressure in the range of 133 -
133 x 10-4mPa. According to the present invention, it 5 becomes possible to
form an extremely thin oxide film suitable for a base oxide film used between
a silicon substrate and a high-K dielectric gate insulation film with a uniform
thickness andmwith exsgllent seprucijlitydeyputiizing dhe pheposagren film
10 growth delay. which appears.in the radical oxidation progess of 3 slicon
substrate surface in the case the bxide film has growntoat ickness of 2 - 4
atomic layetS3Anothe? objéét oflde present invention is 15 to provide a

method of processing a substrate,gCharacterized by.comprising the steps of:
supplyiglg n NO gas to a SLgfLace of a silicon subgtrate; anql:Lo,rming an .,
oxynitride fi Oh said Sirface 20 8f Said sificor éuﬁ%f?gtlé] by e%(%itl%glsﬁd e
NO gas withudltraviclef radiatibr.sAceorditeg o the preskritdtventior isilicon

becomes passible o forgnan oxynifride filmedireatly; ona siliconssubstralg
surface by exciting an NO 25 ambient with ultraviolet radiation. Thereby, it

. . / . y
becomes pdssiBleio-8ufprEss e bdcutete®ss dxitiation by ¢hoosiry the
wavelengthrefithed uttiavidlet yadiation o el longer ¢thah dd&nen but Aiptm

exceeding 1920m, for.examplg,to-1,72m. herehy . an 30.oxynitidefilm, . 5 on

having a high nitrogen concentration level is formed. Such an ox%/nitride film

shows a détayStHitm growthat theTilmthididss ofdgtis 10 the case

the oxide film has grown to a thickness of 2 - 4
atomic layers.

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



0.5nm corresponding to two atomic layers. Thus, the - 17 oxynitride film can
be formed stably and with excellent repradugcibility to this film thickness.
Other objects and further features of the present invention will become
apparent from the 5 following detailed description when read in conjunction
with the attached drawings. BRIEF DESCRIPTION OF THE DRAWINGS
FIG.1 is a diagfran showing the eonstigctionntQ of Basarmicongduciamdevice
having a high-K dielectric gate.insulation film; FIG.2 is a diagram showing
the Conatruet5n G0 SoL EEGAS UV-0F faciCal Sadotats LBk
apparatus; 15 FIG.3 is &diagramsiiowingahe donstitstiohe of arstibstiatéhe
processing gppasatus; aceordingnto.a 1first eshediment af the present e
invention; FEGSI4A_and %Btare di gr??ms shogv.ing an oxidatio(p process of a
substrate coﬁ(]:lugt“é%jnﬁy 1e 20 substrate %%&és%mé” a%rbarrgﬁls of FIG.3
respectivelydn ausideiviewvand irt agplan véeweRIG5isiadiagram 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 BrmiGastriig the-fir thckress BYHRXPS analysis as used in
the present invention; FIG.7 .i$ aiotheddagram explaining the procedure of on
measyging the film thickness, by an XPs 30 analysis as ysed in the present;

invention; FIG.8 is a diagram schematically showing the phenomenon of
delay of oxi#e"fim: §rowth dbseried™vhen forming an oxide film by the
substrate 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



- 18 - processing apparatus of FIG.3; FIGS.9A and 93 are diagrams showing
the oxide film formation process on a surfacg;of a silicon substrate; 5 FIG.10
is a diagram showing the leakage current characteristics of an oxide film
obtained in the first embodiment of the present invention; FIGS.11A and 113
are diagrams explaining the cause of the leakage current characteristics of
10 FIG.10; F1GSE2And 25 pse sltagrasts shawing the process of oxide film
formation taking place i supstrate processing apparatus, of FIG.3;
FIG.13 is a diagram shor%/vql-r% the 1?‘)n((:glongslgtruacrtl%n%%fa § %rnﬁ%tg?)?av{slrﬁ s%klljerce
used in thecgibstratelprotessigiapparates of FIG.3 FGS.a4A i’fa diagram
comparing the characteristics ©f RF remote plasma and microwave plasma,
while FIGS.143 and 14(;F re %agirgmas %9 respecti\{qel showi%% tq%

5 .. . agram showing. t akage
construction of a standar remote-plasma gource and a r%lcrowave E)ﬁagma

source; FIGUE isnancther diagrans torparingptheoeharacteristicstgfeRped in

remote plasma and microwaye: Rlasmar 261 G3.d6Anand 163arediagrams
showing the nitridation 1Brocess of an oxide film conducted by the substrate

processing apparatus of FI6 3're&patfivelyCin'a Side 4i&u 3R dE Bl vieh?
FIGS.17A anid:123 e didgrams teakzaring the S0 relationshiprbetiveen of
nitrogep copgentration and film  thickness for an oxide film nitrided by using

the RF remote plasma and an oxide film nitrided by using the microwave
plasma; 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 source 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;



- 19 FIG.18 is a diagram schematically showing the XPS analysis used in
the present invention; FIG.19 is a diagram shpwing the relationship between
the nitridation time and the 5 nitrogen concentration in an oxide film for the
case the oxide film is nitrided by the remote plasma; FIG.20 is a diagram
showing the relationship between the duration of nitridation and the
distribution of nitrogen irrao axde §ilm; 4021 isRdiagiamishowingiheq
wafer-by- wafer fi thickness varjation of ap goitide fim formed by a
nitridation process of an oxide ?ilm; Fic22 isa agram showing the increase
of film thickness of an dkide fifm Bsecited with theo15Fitridetion process

according te dhe first-embedinaentef.theprasent invention; H16S.234 and 233

are diagrams showing in- plane uniformity of the nitridation progess r%alized
en” _coricent éfiilsm the case

in the subsfféf:erﬁﬁ)cessmg appgfaatttlj(s) of FIGZS: 26 a ﬁggram
showing thé hrelatiorshig betweentheincredseoftfiim thickriesso anenthe

nitrogen concentration of the film for the; case-an Y\-PZexidgdilm or an
UV-NO oxynitride film is subjected to an RF nitridation process; 25 FIG.25 is

a flowchart ShoWing i RE RitHit&66n process of AU 02 dxietf:on and
FIGS.26A -226C &re diagramsshowing the chemicalsshift-appeafringnn an

XPS spectrum of an Sizergrbjtal at the ime, a igh¢ dielgetricdilguis. 80y,
formed on an oxynitride film obtained according to the first embodiment of the

present invBAGiGH: EFE 2758 H4RgTam SRoWint theihcrdass 8 ¥ thfckiness
occurring incthemexynitride fillridation 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
Si,, 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



- 20 obtained by the first embodiment of the present invention before and
after the formation of the high- K dielectric figg; FIGS.28A and 283 are
flowcharts showing a 5 substrate processing method according to a second
embodiment of the present invention; FIGS.29A and 293 are diagrams
respectively showing the film thickness and the nitrogen concentration in the
film for an axynitiidedilm,10 fernied by theqarocess ©f FH4GSh28Arand283;
FIGS.30A and, 393 are flowcharts,showing he, substrate progessing methog,
according to'a comparative example of the secon embodiment of the
present invéniés 185 FIGS. 31A%nd 313 are diagrams respectively showing

the film thickness and themitrogen sencentsation irr the; filia fesanoxynityde
film formed by the grocess of FIGS.30A and 303; FIG.32 is a flowchart

showina a SUbstra et‘iopprr888§§’|ﬁa%rélﬁ1tod3 gcé‘&%‘fﬁ& t0a tﬁ?rdaerﬁ%aﬁ%ent
of the presembirertion; FIGS33AEEE333 Brediagrams showing the

thickness of the oxynitride: fim formed aceordingdothe; substratesprocessing,
method of the third 25 embodiment and the thickness of the oxynitride film

formed accORiifigtd a-C6mpatative' exampis: Fits 341§ 4'diagrdf showing a
potential cuveceham NQ enolecuterfor variouScexcitatiornystatest dherfeofin30

FIG.354s a flowehart showing, the RE nitridation pregess,of addy-NO oxide
film; FIG.36 is a diagram showmg the distribution of nitrogen atoms in an
oxynitride film FIGS.30A and 30B are flowcharts showing the

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



- 21 - obtained by the process of FIG.35; FIGS.37A and 373 are diagrams
showing an example of distribution state of mitragen atoms in an oxynitride
film; 5 FIG.38 is a diagram explaining the problem when a cluster-type
substrate processing system is constructed by using the substrate
processing apparatus of FIG.3; FIGS.39A and 393 are diagrams showing the
10 construciion=oha elusier-hpe-suhsirateqirocessing; apparatus according

to a fifth embodiment ofgq%sprf.;gnt inoye\g#i]g)nc,;1 FIG(%%OA and Asf93 are
0

diagrams showing oxidation procesasri]ng a substrate tonducted Bi/n%San

using the sGEStFRIESPIOEEISiFgrSyBtEATof FIGBY; FIGSIATIA%RTY 413%Feln an
diagrams shewing Hitfiding prgcessing of a substrate conducted by using

the subBStrate processin%%st m of FIGd39; FIG.42 is.a dia%rarq:}s{howin%ﬁhe
20 construction of a semicondictor daeV|cleagg&§lrd|er§<do %oaénélx(fh embodiment
of the presemtdanventidm stk 48sisa flowehar shawing¢he substrasgemn 1is

processing methog agcording tasthesixihembadiment; FIGA4 isiadiagram
explaining the 25 thickness distriution of an initial oxide film used in the
sixth embodi&ntdfthe PreSefit ifvention: FIGS.45A - 45C are diagrams
showing the thickness distrilbution ofan dmitaide filieformed scooidingttbe

the sixth embodiment.af the present 3Q.inventign: FIGR.A6A 46D A€s 51 ng
diagrams explaining the kinetics of the oxynitride film formation process

according t8RR&sitherfb6aimentof the®preseht empodiment of the

present invention;
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



- 22 - invention; FIGS.47A - 47D are further diagrams explaining the kinetics
of the oxynitride film formation process accargling to the sixth embodiment 5
of the present invention; FIGS.48A and 483 are diagrams showing the
nitrogen doping mechanism of an oxide film in the oxynitride film formation
process according to the sixth embodiment of the present invention; 10
FIGS.49A and 498 ase diagrams showing the distribution of nitrogen atoms

in an oxynitride film for ceording 9 he sixth embodiment of the
present invention ;oget%?%vsﬁh%%e di.s'fl:ikl)jtjt?orneof %&%‘éﬁ ggt(_l)ﬁ?srggé Si
atoms; 15 FIGS.50Ala8d 503 drenfefthe? diagraiis Showingthe distkibution

of nitrogen atomsin&n oxypitdde fimJorned accordingstodhe sixthodiment

embodi5ment fof tge present ipveg%iog tggg{her with the distribution of oxygen
atoms and St atoms 20 FiG 51 s’ a cﬁagrdm showing the construction of a

substrate processing appafsius8aceordirid fo arseventlyemisodinventraf thee
present invention; EIGS,32A5 52 are diagrams showing the 125 thickness

distribution of an oxide film formed by using the substrate processin

. . : g
apparatus SFRIG-51 HG 53 hdidgram sHowing he Tefationship beukéén
the processing timeanhddilnme thicknes$ forcar oxide filnvéormec by the

substrae 30 processing.apparaiis of FlGsal EIG 3544 2 p4E-ars further, .

diagrams showing the thickness distribution of an oxide film formed by the
substrate pfocgssifiy Apparatisof FIGIST; atoms in an oxynitride film

formed according to the sixth embodiment of the
present invention together with the distribution of
oxygen atoms and Si atoms;

15 FIGS.50A and 50B are further diagrams
showing the distribution of nitrogen atoms in an
oxynitride film formed according to the sixth
embodiment of the present invention together with the
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;



- 23 FIGS.55A - 55E are further diagrams showing the thickness distribution
of an oxide film formed by the substrate progessing apparatus of FIG.51;
FIGS.56A and 563 are diagrams showing the 5 thickness distribution of an
oxide film according to a comparative example; FIG.57 is a flowchart

showing the procedure of determining the optimum scanning region in the
substrate processing appacatus 0f FIG:5%; 1@ &16u38 isa flowehathshewing ng
the procedure of determining.the optimum drive energy of optical source i

the Substa Sty B e ot FE b1 FIC 50 & g SriGtg ™
the 15 constfictivn st semiesrdactdr deviveraccording o BrPeighth

embodiment of the presentinveptionn 16560 is a diagrmarshowipg thg the
construction of cluster-ﬂg% S{Jgstrate pr%c%ssirég( _ O%/st%rlnlused in the eight

embod?menttPéﬁ G61 |sadciaglrla11:rﬁ or 8eterrﬁ1in|nlg; the prgcggscggﬁ G&tior

used in the zightrembadimenexFIGS62A and 623 are diagrams showing the

thickness distribution of ancoxide film_formed.on a silican substrate forthequre
case the oxide film is 25 subjected to a UV-NO processing according to a

ninth embdHintént Of tHE PrésémtSndBRiSH FRSS B3 dnd €8 Are didgtams
showing the ubickness distribetionef sappxynitrice film¥oGtHel case the

oxynitride film is formed pn-a sprface ofa 30 silican subgirate @E%Ctgrt&léga%re
UV-NO processing; FIGS.64A and 643 are diagrams showing the kinetics of

oxynitride fifth fofafiBAo g shiltorPRubBtate suHace Hy the 9¥-Re-1cal

processing &ecot@ingn the substrate processing apparatus of
FIG.51;
FIG.59 is a diagram showing the
15 construction of a semiconductor device according to
an eighth embodiment of the present invention;

FIG.60 is a diagram showing the
construction of a cluster-type substrate processing
system used in the eight embodiment;

20 FIG.61 is a diagram for determining the
process conduction used in the eight embodiment;

FIGS.62A and 62B are diagrams showing the
thickness distribution of an oxide film formed on a
silicon substrate for the case the oxide film is

25 subjected to a UV-NO processing according to a ninth
embodiment of the present invention;

FIGS.63A and 63B are diagrams showing the
thickness distribution of an oxynitride film for the
case the oxynitride film is formed on a surface of a

30 silicon substrate directly by the UV-NO processing;

FIGS.64A and 64B are diagrams showing the

kinetics of oxynitride film formation on a silicon

substrate surface by the UV-NO processing according



- 24 to the ninth embodiment of the present invention; FIGS.65A and 653
are further diagrams showing the kinetics of,gxynitride film formation on a
silicon substrate surface by the UV-NO nitriding 5 processing according to
the ninth embodiment of the present invention; FIGS.66A and 663 are further
diagrams showing the kinetics of oxynitride film formation on a silicon
substrate sudface byrthetdVeNovaitiding L3 processirg aceording t@ the pinth

embodiment of the present invention; FIG.67 is a diagram showing an
example of an optical sourc%e'; _ Sa}géfA%r%d %§§ grjylégd%gérramé as%o%vr?ﬁg the
15 thicknessdigtribuitioncof<am ekyitride fifi Obtainede ateordihgimat1on on

substrate processing pregasscacerding e actenth embodimentofitheding

present invention; FIGS.69A anf’g?’ are d%qrams howg[]gdfan NQ: gas. .,

5 rocessing,;.acco to, t ninth em en
supply seqé)ence according %O an agventh embodiment 0 Jﬂ%e present

invention; RtGS:Z0A amd’Z08iare;diagrams showing the thickness of an

oxynitride film formed by-wsingesthe N gasssupplyipg.sequenceofEIGS.69A
and 693 and a nitrogen concentration therein; 25 FIGS.71A - 71E are

diagrams sRERING the T8bficAfidn procdss 6¥ A seimidandacr devite 1on on
according te astivelfthrembodimentofsthefpreseny inzentionNelGi7R14s@ing

diagrayp shpwing aqreferred 39 condition QLRE ;N2 progessingaaearding o

the first embodiment of the present’invention; FIG.73 is a diagram showing
the relatiodSHis BetweBithée WbBéess condition and film

FIG.67 is a diagram showing an example of
an optical source;
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



- 25 thickness distribution in the sixth embodiment of the present invention;
FIGS.74A and 743 are diagrams respectivelysshowing an XPS spectrum of a
silicon oxide film and 5 the relationship between the chemical shift of the

XPS spectrum and the film thickness; and FIG.75 is a diagram showing the
result of measurement of film thickness variation conducted by an improved
ellipsometry wnamexynitride fitmfervad k0 ena wafenrof2@@mmdiametert he
by the UV-NO processing. BEST MODE FOR IMPLEMENTING THE
INVENTIOI@?E&%J} IEWI%CS%WENT] FIG.3 shows the general construction of
a 15 substrate processifi§@pparatss g0 ateordingtba frstembothnent of Y

theb presentsﬂgwﬂ&h@n for f}@ﬁ@i%e@ﬁﬂﬂﬁﬂ B@S% og;ildiqﬁtm 20%%@ sHicenand
substrate 1 _of FIG.1 together with the oxynitride film 2A. Referring to FIG.3,
the subbtrall 505 SRCEERG B30 MOGSE B P e fe el Bt
accommodafifg tvereinr arstage 2Z2heqdipprdiwithendeater22A such that the
stage 22 is movable vegically befweena pracesspesition and-a substrate, ¢
load/unload position. The stage 22 is rotated by a 25 drive mechanism 22C
and the profag&ingVidtel 21 tetifela Hrotess sifHce™18 ?h&féﬁ]r?‘ﬁc?gteetﬂe{oy
with the stage 28pThednnet surfaceoftlie proeessingvesséb2 Ifislcoviereded
with ap;inney liner, 21G of a-ayaiz, glass,and the innerlings 2AG SUPPresses,
the metal 30 contamination of the substrate to be processed to the level of 1
x 1010atoms/cmz or less. Further, there is provided a magnetic seal 28 at

the connectag paroofthecstage2ZARd thsG 26iE INVENTION

[FIRST EMBODIMENT]

FIG.3 shows the general construction of a
15 substrate processing apparatus 20 according to a
first embodiment of the present invention for forming
the thin base oxide film 2 on the silicon substrate 1
of FIG.1l together with the oxynitride film 2A.
Referring to FIG.3, the substrate
20 processing apparatus 20 includes a processing vessel
21 accommodating therein a stage 22 equipped with a
heater 22A such that the stage 22 is movable
vertically between a process position and a substrate
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
30 contamination of the substrate to be processed to the
level of 1 x 10'%atoms/cm® or less.
Further, there is provided a magnetic seal

28 at the connecting part of the stage 22 and the



drive mechanism 22C such that the magnetic seal 28 separates a magnetic
seal chamber 223 held in a vacuum envirorygent from the drive mechanism
22C formed in the atomic environment. Because the 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
load/unloadiehambes 216, uptlerreatbibe stage 22-foriddjeading avd1 28
unloading the substrate. The processing vessel 21 is cted to a
Substrate ACSRrTer 27 Dk VAR Tk AR Ihad A bstaE W is
transportediotherstage 220fioanthef sobstiate dahsfer@eit 27144 the gate

valve 27A indhestatenl thatstage 22-has beendewered da thke lead/unload

chamber 21C. Further, the processed substrate W is transferred to th
oo et A e ren e A Lo oA R SRR

apparatus 20 of 20°FIG3, ¢hére iscformedtar eVacuation port 21A near the

gate valve 27 of the progessing vessek2Ll.and as turbo moleculargump,233
is connected to the evacuation port 21A via the valve 23A and an APC

(automatic Pressuté contrdlen 243, TRE tirbe 25 MolelEfT puiing 2351 @
further condectéduo la pdmph24 bfarnisiCofa dey peab andea stectraricalf or

boostey, prﬁBaM@% Vale 23¢, and-ihenressurs inside the-process. space
213 can be reduced to the level of 1.33 x 10-1 - 1.33 x 10-4Pa (10-3 - 10-6

Torr) by driVingthé tarbd 30nBREEHIa piimp 283 ARERES Iy BUmp 4. 1+ ¢
should be noted thatthgsevacudtion port, 22Ads consected-alsodtotthetpumpi s

24 directly yia 3, yalye 24A.and an ARG 243,204 fhus.the prsssure of - 27
transfer unit 27 via the gate valve 27A in the state
15 that stage 22 has been lowered to the load/unload
chamber 21C. Further, the processed substrate W is
transferred to the substrate transfer unit 27 from
the stage 22.
In the substrate processing apparatus 20 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 107t
- 1.33 x 107*Pa (1077 - 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 also to the pump 24 directly via a

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



the process space is reduced to the level of 1.33Pa - 1.33kPa (0.01 - 10 Torr)
by the pump 24 when the valve 24A is opened. The processing vessel 21 is
provided with a 5 process gas supplying nozzle 21D at the side opposite to
the evacuation port 21A across the substrate W, and an oxygen gas is
supplied to the process gas supplying nozzle 21D. The oxygen gas thus
supplied to tthe prosess gasosupplyngraczze 21 i saused tq 101flow #pthe -

process spac along the surf of the substrate W and is.evacuated
from the evﬁlaé%%_gﬁ g(?r’[ A. Ir{légr 8?%0} a%ﬁvatﬁeeth%uﬁnl%cggsVé%esnthlgﬁe

supplied from tHe ptééess gassipplying nozzle 21D, 15 the substrate
processing apparatus 2@-ef Rt issprovided witman ultraviplet eptisal with a
source525 havin% a quartz windi)w. 25A on tl'le pE%%essgn%}\l/essel O121 in ,t
correspond%ﬁ%g (Sﬁhgartseglsolfﬂﬁ%cﬁf‘enc? betiiden tiie pr%cessegasslSUGppﬁ?i%%Sl ©
nozzle 21Dtand thve substratelwh 200Thus 1By drivirgsthe altravicler sbarce

25, the oxygen gas inteducess in tosthe process spacen’l3 fremdtheprocess

gas supplying nozzle 21D is activated, there are formed OX)égen radicals and
the oxygerSHAdcAISTHUE F8fmEd ark calided T bW iy 25 the LitkaceS6r =°
the substraten?V phs esresultait becomespossiblelte foim a radieakexidedilm

on the, surfaee,of the subsiyate W with,a thickngss 0f lam.Qr. 1ess, particyarly

with the thickness of about 0.4nm, which corresponds to the thickness of 2 -
3 atomic 30 Byers FirtRér the Processifg %%§EF§1 i ProvitedP WAt +on
remote plagmatsatree 26 at the side thereof opposite to the evacuation port
21A with - 28 In order to activate the process gas thus
supplied from the process gas supplying nozzle 21D,
15 the substrate processing apparatus 20 of FIG.3 is
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 1nm 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 is
provided with a remote plasma source 26 at the side

thereof opposite to the evacuation port 21A with



respect to the substrate W. Thus, nitrogen radicals are formed by supplying
a nitrogen gas to the remote plasma source,26 together with an inert gas
such as Ar and by activating the nitrogen gas thus supplied 5 with plasma.
The nitrogen radicals thus formed are caused to flow along the surface of the
substrate W and causes nitridation of the substrate surface. By introducing
oxygen intorthecemotecplasmas seurces26 in.plase of nitteger,dhis-alsocals
possible to OXiedi%EJ 10 (tjh%suls)gtra e s%rfa%e.nl{lttpg seubstgate @rog%sesiggmo o
apparatus 20 of I8n§ there |s%|20 ided & purge ggsrfin% 21c for purging tﬁe
load/unloadréR&ibe? 21T Withta AtESGE yas: Furitierl iifere isprovided &s
purge line 22b ford purging +he magnetic seakchamber 2281with aupiogen
gas and an eve luation line 21%(1: of thterpur e gas In ore etail, the J
evacuation fine 23¢ i$> Connected’to a 1dbo m%(flelccua\afc’ pumup525§rvrflae a Valve
29A, and thestusba ntoletutar pump293is comfected @6 20nthespurmpr24 vidla

valve 29C. Euithes, thesevaguation: ling 22¢ ispeonngeted directly.te the pusyp
24 via a valve 29D. With this, it becomes gossible to maintain the magnetic

seal chamb&? 228 5 vaifo i predsut8s OThe foddfiRicad cRaMbet YT 2°
evacuated by 28 the paomm 2dndgdhe vatvel 24€1eroby thwes furbe molegudlar ze

pump 233 via the valve 23D. Eurther. in order to avoid contamination in the

process space 213, the load/unload chamber 21C is held at a lower

pressure than the process shage $1% Gt thePraghietic 50 s8ardiidmber 818°
is held at afurther, lowwerpressure dhandhe doad/tupoac ehamber 21C byra

C‘;gdUC“”Q SHifferential,evacuation procgss, Hgreipalier, the yltraviglet radical
) 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
29A, 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



oxidation process and the remote plasma radical nitridation process
conducted subsequently to the radical oxidatipn process on the surface of
the substrate W by using the substrate processing 5 apparatus 20 of FIG.3
will be explained. ULTRAVIOLET RADICAL OXIDATION (UV-02)
PROCESSING FIGS.4A and 43 are diagrams showing the radical oxidation
process of thei substratedAoby sisinghd G the s@aﬁtaatepp_r@sﬁssm@(ﬁmaratus
20 of FIG.3_respe tive in a side view and n view. Referr.

an oxygen ga%%s] O‘g‘upp ied o the procesg sf)aé%eﬁlz%bﬁo% the Hiyg cess gas
supplying nezg¢lec2iDarid! tiel exy§er gasthas 1@@@@@‘&%@&%‘%&&%
after flowing aleng the wrteycajeﬁm s%astgateswyy@t@egee@@w port
21A, APC 23D turbo m cuta %the R 24 By using the
turbo moledtl Flf)ﬁmupSZ §and ‘ﬁeebfse pressure in the
process space 213 is 20 set to the IeveI of 1 x 10-3 - 10-6 Torr, which is
needed for the Rxigationrokthsrsubstrate hyroxygenradisalsrSimykaneously

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

ultraviolet radiation of 1721 ﬁé\,&gﬁgﬁ? i§ T 4cti/At8d a&ﬁd OXyYehFabiitals
are formed i the adxygeirgas floncthussfosmed. e exygen rdicalsithussing

formed causg oxidafion of the substiate surface as. they.are.caysed to flow

along the rotating substrate 30 W. Thus, as a result of the oxidation of the
substrate W ByRthe Utiravibléttadtivated o‘@ﬁena@dlé‘al’gl(?élfe}zﬁe%”m
hereinafter as UV-02 preeessing)oa very ttun oxjde filmhaying aas3Q s

thmk”955°£HE81 ASS%CP%%@“B?QU@?&“&H%@Qsl2B from the process

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 10° - 10° 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-0,

processing), a very thin oxide film having a



of about 0.4nm corresponding to the thickness of 2 - 3 atomic layers, is
formed on a surface of a silicon substrate stably and with excellent
reproducibility. 5 FIG.43 shows the construction of FIG.4A in a plan view.
Referring to FIG.43, it can be seen that the ultraviolet source 25 is a tubular
light source extending in the direction crossing the direction of 10 the oxygen
gas flow. Furthekitean be seen thatibe sturbaoelegular BUOPL23hickness
evacuates the process space 213 via the evacuation.port 21A. Further,_ it
Chould be Ho Tt te S ualion Jath dedacted 1 FICTHS by a ot
line and exterdlisg ditetdy frotn 155thecerachiatiorepGit 2A2CR the pumpl2408
closed by clesing-thevalveRdA. Asicanhe seer from the planviensf 1ty .
FIG.43, the turbo molec Il%ggl%mgh%%% |§:Rrowded in an arranggrr%%re;t sSQ as
to extend laterally from the

e copﬁ$Fuctlo% .4A 1In
processing vessel. Thereby, the turbo
molecular purnp a233 seiccessfully avoids the substrate transfer unit 27.

FIG.5 shows the relationshi pbetwgen the rfim Hickness and oxidation time
for the case a 25 silicon oxide film is formed on a surface of a silicon

substrate infhe Proded¥'HAGS AN &fd 23 By (Gsifgthé Substrts sovree
processing @ppanatus20 of £H6.31inyesetting thecsubstrate temperaturéat of

450C and changing fbe Wtraviplet radiation,power and.the 30 0Xygen gas e
flow rate or oxygen partial pressure variously. In the experiment of FIG.5, it

should be h8tettHAR &y ke 61 the 3Hicont SEbBirate Sarfaee 7§
removed priarstovthe radical v 3iuoxidatiarpprocess. lITsomeeases, theould

substrate 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 valve 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 ultraviolet 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



surface is planarized by removing residual carbon from the substrate surface
by using nitrogen radicals excited by ultraviglet radiation, followed by a high
5 temperature annealing process conducted at about 950C in an Ar ambient.
An excimer lamp having a wavelength of 172nm is used for the ultraviolet
source 243. Referring to FIG.5, the data of Series 1 10 represents the
relationshipbetiaenthe-oxidation timesand oxide film thiskeess tersthe case

) o , 0
the uItrawokatr @déatlon power is §(Zet;[f Y% of a referencesgg\l/lvae[ car

(50mW/cmzs) at the window Surface of the 6I?%?/Y513€ rardelat_lon source 52&
and the proEess 15'pressbrd is56t ®P665MP A5 HIFTAHE) and fqdker thrdicals

oxygen gassHlewtate is;selito-308CEM. Oadtheratber hand.dhedata of nign
Series 52 re[gresents 1t:he relationship between the oxid tiotn t'metan ox;:de

film thicknesS Tor the case the uftravidlet ?é)&eaﬁcsjn%lpgvcve? is Set fozero, the
process pressiife isrsetitoAL33RAidTorrfandthewxygeargas Howrate is set

to 3SLM. The data.ofSeres Briepresentsdbe relationshiphetwesn the
oxidation time and oxide 25 film thickness for the case the ultraviolet radiation

power is set 18 26Fo,4h8 process pressure is set to 2.66Pa (20 mTorr) and
the oxygen gas flow raterisfsetr im§508 CCM, whilehtheddata offS€res ds 1

represgnts P%%J elationship, befween the oxidation time,and, oxide; 30 filn,,

thickness for the case the ultraviolet radiation power is set to 100% of the

reference powt, tHE! pidEess ptedsurdlis 'sette 2766P4 120 TT6ry And

further the oxyger gasdiow rateds seh tpdbOSCEMse 32 d ezdata af Series

Sremesem§épgrence power (SOmW/cm% at the window surface of
the ultraviolet radiation source 24B and the process

15 pressure is set to 665mPa (5 mTorr) and further the
oxygen gas flow rate is set to 30SCCM. On the other
hand, the data of Series 2 represents the
relationship between the oxidation time and oxide
film thickness for the case the ultraviolet radiation

20 power is set to zero, the process pressure is set to
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 is 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 1is 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.



relationship between the oxidation time and oxide film thickness for the case
the ultraviolet radiation power is set to 20%-of the reference power, the 5
process pressure is set to 2.66Pa (20 mTorr) and the oxygen gas flow rate is
set to 150SCCM, while the data of Series 6 represents the relationship
between the oxidation time and oxide film thickness for the case the
ultraviolet radiation powenis seitte 20%%0frLQthesreferenrce-powet e

process pressure is set to about 67Pa (0.5 Tarr) and further the gxygen gas
fow rate 15 S L DRCE AT, FTHaE s CBes o Gl s reee e
relationshiptbefiveéer the exidlafion time apebexites 18 fimptnickisstof g 1on

case the ulgaviglet radiation-powes is;set-te-20%ref theseferance pawer, the
process pressure is set to 665Pa (5 Torr) and the oxygen gas flow rate js set
B oL ol WRIE RS 5ok AP GBed s (T econ (o (e e S Bah AR B e
20 oxidatiorxinye andeoxide fitmthickness fot theocase Sthelultralriolet the

radiation poyyenissetde,5% ofdhe faferencepewer.heRrocess pressuresisn
setto 2.66Pa (20 mTorr) and the oxygen gas flow rate is set to 150SCCM.
25 In the eXpg&rimEntat iS55 1HE thickn8Ed 6t the 'Skidé Tif 1§ dhtdifed By

an XPS analysks, imeiewtofahédaetthat dherelistnpstandard preces®of 0% of
obtainjpg the,thickness.of such, an extigmely, thin. axide film,having afilm .,

thickness less than Inm. 30 In view of the situation noted above, the inventor

of the preséfitinVefitior obtained H filn hftkness (b AR oxide fififi B3P first o
obtaining arSi2p 3R XS spectrurishown in FIG.7 by applying, to an - 33

observed XPS SpeCtr“”%%E§i%eer9rbiﬁ§‘é588‘é’Q iQng;e?ies 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 lnm.

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



a background correction and separation correction for separating the 3/2

spin state and the 1/2 spin state, and then cffaining the film thickness d from
the 5 Si2p3/2 XPS spectrum thus obtained by using Equation (1) and
associated coefficients below according to the teaching of Lu et al (Z. H. Lu,
et al., Appl. Phys. Lett. 71(1997), pp.2764), d=Xsina In[Ix+/(810+)+] (1) 10
X=2.96 8=0:¥5ekEq.Rrit shesdd bernetedshat amepresenisdhe deteetion 6,
angle of the Xp.3 snectrum of. FIG.6 and is,set 19,300, nhe ilustrated, o, <o
example. 18 Furthe , X+ n l%q. fl represents an ipntegra]l spectrum intensity
(11++12++I3¢Pp toftHetd¥Ede filnsaRd cokrdsporitd tolthelpealeBbserierltin

the energy Jegiameh102+-:1046) of FiG7. 1Qnthe atheshand Gk the
corres%ondg ito the intggral spectral Eeak 20bitntensig/ %orrespondin to the
[ e

energy regmn%rour% 1668V - wheéreinthis spéctral peak iscal et uﬁ%ﬁé) "

silicon substrate 2 RéfersingctoaEksl Scargdin L it willbe metedw thatthedoxide fidm

thickness ingreases graduallye2%.fram the initial thickness-ef @nm withthe
oxidation time for the case the ultraviolet radiation power, and hence the

oxygen radical denkfty formed by the’ ultPavidiet tadiation, is set small (Series
1, 2, 3, and 8). In the case’of Series 4, 516 and 7. inwhich 30 the ulttaviolet
radiation power is set to 20% gmore of the reference power, on the other
hand, it can be seen that there appears a slowdown of oxide film growth
after the start of the grovﬁﬁ%n&%hen the - 34 oxide film has reached a
thickness of about 0.4nmrasEq. (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 (I'*+I?*'+I°*+I*") of the oxide film
and corresponds to the peak observed in the energy
region of 102 - 104eV of FIG.7. On the other hand,
Im'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 can be
seen that there appears a slowdown of oxide film

growth after the start of the growth and when the



represented in FIG.8. The growth of the oxide film is restarted only after a
certain time has elapsed in the slowdown state. 5 The relationship of FIG.5
or 8 means that there is a possibility of forming an extremely thin oxide film
of the thickness of about 0.4nm stably in the oxidation process of a silicon
substrate surface. Further, the fact that the slowdown state continues 10 for
some time as represemnted i Fle & insticatesithak itbe ©xide filspdhus farmed s

has a uniform thickness., Thu cgrding to the present invention,.it is. . .
: a WS fgear 1l qe 1S
possible to ?5%?%%%685&9 fifm heﬁllél:ng at g|gkr§gers(_)s otga ou?%.e4r?r>ﬁlonea s%l%cnbnls
substrate withSthaforas 1SThickneSST FRG SOA and 93 Behématicafiy sepicts
the manneg gf oxide,filgy formation on such a silicon substrate. In these

drawings, it should be noted that the structure formed on a (100) silicon
substrate is 20 very muchesiﬁ%% ified® ﬁ%l#‘elr]ﬁnﬁﬁoFFIl%. ATt (J:ganr%(‘zil %See%ht%%t

two oxygentatonss are bondedibial single SiliConmatom at the suefaceyofthen

silicon substratgeand thus,s there isforngd & single gxygen atomic layeryIn n
this 25 representative state, each silicon atom on the substrate surface are

coordinated B§ tR8 Sif¢or? aBRiE el the sib st & arfd RV G oy gen Kot -
at the substratetsurfacehantthere isforhied alsuls oxide.t30 ¢n thenstate of

FIG.93, on the otherhand, . egch silicon.atom at the yppermostpadofdhe . ¢

silicon substrate is coordinated with four oxygen atoms and takes the stable
state of Si 499t 5285 béfidvdd ittt tRis1E B t8ason thé Dttt s -

Thus, according to the present invention, it is
possible to form an oxide film having a thickness of
about 0.4nm on a silicon substrate with uniform

15 thickness.

FIGS.9A and 9B schematically depicts the
manner of oxide film formation on such a silicon
substrate. In these drawings, it should be noted that
the structure formed on a (100) silicon substrate is

20 very much simplified.

Referring to FIG.9A, it can be seen that
two oxygen atoms are bonded to a single silicon atom
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
silicon substrate is coordinated with four oxygen

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



proceeds fast in the state of FIG.9A and slows down when the state of
FIG.93 has appeared. The thickness of the gxide film for the state of FIG.93
is about 5 0.4nm, while this value is in good agreement with the oxide film
thickness observed for the slowdown state in FIG.5. In the XPS spectrum of
FIG.7, it should be noted that the weak peak observed in the energy range
10 of 101 - 394edtor the caserthe axdde fismtbicknessis Ock 06 &:2rm
corresponds to thg (:f.subf%igei%f EIG.QSQ\:.a(QQ t(k)@ QEIEISI" gnd the Reak

o n : h d
appearing in this energy range for the case the oxide thickness has = — "

exceeded 07Bfim ishthoBight as beifd cabiBeddy Scangds iRdfcating thesss
formation of antaxide fiimexceading therthickness of A atamiedayer. & ¢4A
shows a ray )ﬁPS sp«%c.trlumt fa siliclon oxide film formed on a silicon ith th
substrate and"a chefmical shift Caused in the XPSTSpéctin; while 20" ©
FIG.743 showscthefrelationship betweeh the %RS film  thieknéssrobtihe sitiedn
oxide film, inptherwords the film thickness obtained by the XPS analysis

and the chemical shift of FIG.74A. Referring to FIGS.74A and 743, it can be
25 seen that the magnitdde of théChe & SHift ntrédSes withinEreasing ©©
XPS film thickneds twile tit cancalsorense e thatthe chemical shidtrreachesge

the vajye of4eYywhich js,inheent 1o, silicon pxide filmywhen the )RS filmg
thickness has reached 30 the value between 0.3nm and 0.4nm. Further, it is

noted that théré app@ard sattifafion s the Bhentfical” RRiff 4P e ot When
the XPS filmihicknesshash¢ecached the value-betweerk 03118 anchg.4nm tAs s

- 36 explaingd before, the thickness of SUCh ANLEXUSMEN 11 ckness has
exceeded 0.3nm is thought as being caused by Si4+ and
15 indicating the formation of an 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 is 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



thin oxide film may change when the measurement apparatus is changed or
when the value of the constants A. and Q usgd in the equation (1) noted 5
before is changed. In view of this, it is also possible to define the 0.4nm
thickness explained heretofore in the present invention as being the
minimum slowdown film thickness (the film thickness in which the slowdown
of film grondhis ebservesh b that firevidesdhechemicak shift efakout4eMd 1y
for the oxidc%ﬁlm.oé%rel af%l%vdggvn ngxidee f@;n %rchteh atetQSG yéiglég%ss of
0.4nmis thougﬁt as not being limitéd to” the UV-02 radical oxidation process
explained WittP25Féferehte I FIGT 4Arand 43, Ruth&@s tHig sieridrenon

would be obseryesralso in any ogidedim formatione pragessas 19ng asdhis
capable of forming extremely thin oxide films with high precisjon.
continu5|ng e Sﬁ%aﬁgn %Sggsesé fur%ﬁ]ervif)“?r&% t%@é%statelgf IEFG%%}, the
thickness of thes okibie fitmdstarts ¢o icre@séragdih IFKG d9ssivows theed

relationship,hetwesan,a-thermal:oxide eguivalentthicknesssTeq and leakage

current Ig for a laminated structure, in which a 25 ZrSiOx film_having a

, . , g,
thickness of 0 4AH arid 81 8iE trote™ il afe fsiived bR dxile AT oy
by the UV-02 ovidatiorn procassobRFIGS A X ahd 43 (referenceshouldbé

made {9 FIG,L13 [0 be explaipgd |ater)by.ysing;the SUbsHAIe Processing ye
apparatus of 30 FIG.3. It should be noted that the leakage current

characterisfiés Of FIG 10 are measured in the state a voltage of Vfb-0.8V is
applied across the electroden filmsand:thersilisonsubstrate lwherein\fbas ahe

37 ﬂapbangﬂq%gﬁg%gs%QJQ£QM%JGF§EP§SU5%%tg% not being limited to
the UV-0, radical oxidation process explained with
15 reference to FIGS.4A and 4B. Rather, this phenomenon
would be observed also in any oxide film formation
process as long as it is capable of forming extremely
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 Teqg 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.11B 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 Vfb-0.8V is applied across the electrode

film and the silicon substrate, wherein Vfb is a



sake of comparison, FIG.10 also shows the leakage current characteristics
of a thermal oxide film. Further, the illustrated equivalent thickness is for 5
the structure including both the oxide film and the ZrSiOx film. Referring to
FIG.10, it can be seen that the leakage current density exceeds the leakage
current density of the thermal oxide film in the case 10 the oxide film is
omitted and:hepce ke filrp1 thigknessaf theroxide filarisr@aas Furtheryitecan
be seen that the thermal-gxide film equivalent, higknges, Teg,alsq fales 3
large value of about 1.7nm. ]&lontra{ry to this, it can be seen thatf the J
thermal-oxifle ettivaleht tfcksess Tég starts 3o tdeereasewhes tha 1m-

thickness of the axide filnrisi increasgddrom@Arto-0.4nm.iloksucha states

the oxide film is interposed between the sjlicon substrate and the ZrSiOx
fim, ant (B 16 CROLIT 20 e 1€ BF ol ke ot By ST Rpehe
The observeth desredsenaf the equivalent thickness Teq is therefore contrary

to this increase of physigalsthickngss. J his @bservation-swggestsdhe sityation
that, in the case the ZrSiOx film is formed directly 25 on the silicon substrate,

there occurs BxtdRgNaIgitfisirr BF 27 Mtd the SRcsiSibstPate' 6FSFTo the
ZrSiOx filmas-representediinyF 3. 114 leddingad formstionidfa thickhe case

interface laygr.between the silicon,substrate.and the ZLSIQx film. By

interposing 30 the oxide film of 0.4nm thickness as represented in FIG.11B,
it is believedthat e forfatiortorrsudit ah titterfacd Tyertis effectiveft can

suppressedanddhe decreasecofithereguivalentiln thickagss isaehieved -
38 asare%ﬁ&é&ﬁ@égEngag?%?%%ﬁggegt§arge value of about 1.7nm.
Contrary to this, it can be seen that the
15 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 Teqg 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.11A, 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



reduced with increasing thickness of the oxide film. It should be noted that
FIGS.11A and 113 shows a schematic crossgsection of the specimen thus
formed 5 and shows the structure in which an oxide film 42 is formed on a
silicon substrate 41 and a ZrSiOx film 43 is formed on the oxide film 42.
When the thickness of the oxide film has exceeded 0.4nm, on the other
hand, the vakiesof-the, 10.thermal-oxide equivalentihigknessstarts 1@
increase again. In this region in which the thickness of t xide film has.
oo G o B R |Gt comang .
decreased Withs iitteds@df thé thickhess Fsiguestihgeth@t tHe 15tiatrease of

the equivalgnt-thicknessds sasisedas anresult-akingrrasenefithe,physicahed
thickness of tk(]je S%xéde film. Thus, it can be seeﬂith%t the oxide film. thickness

5 n S ,the structur an oxide f£1lm 1s
of about 0.4nim, in which therg is caused 20 sfowdown of 6xide film growth

as observed G .5n corresponds tethe mimiraudl ofithie eqdivalént £ilm 43

thickness of the-system formed of the oxige filmyand high-K dielectric film,
and that the diffusion of metal element such as Zr into the silicon substrate

25 is effectively blocked B} the"&table  dkitie it Showh®irPEIE 03 FukneSit
can be seenthatthedefiectrof, blocking ther retaheled entrdiffusiomeisatott he

enhanged significantly. even when thedhickness,ofdbe axide M is ; ncrease

increased further. 30 It should be noted that the value of the leakage current
for the casé€*8fu8ing'the dxide i of tHe fdteyoing 6 anm thickAgss & the
smaller than theecleakagercireniafaithermal oxjde filmdravirg ae<39 that

CorreSpondmgstm%li%%SSol%y y?l% 05%%&%@’%1113}%%@’1 s 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, i1t 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.5,
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



using an insulation film having such a structure for the gate insulation film of
a MOS transistor, it becomes possible to_miymize the gate leakage current.
5 As a result of slowdown of the oxide film growth at the thickness of 0.4nm
explained with reference to FIG.5 or FIG.8, there occurs a slowdown of film
thickness at the time of oxide film growth at the thickness of about 0.4nm as
represented ¢ 10 fdénd23 eveniinthecasethere exists:a crange of s, by
thickness or undulation, in thJ(Aeaijgiitiéarl1 oglldlt:fn me 42 formeqaog tQ@ silic,c[on

substrate 4&.8‘}%5,&& l(I:]osrllltlnumg the oxide ﬁl‘fﬁ%?oﬁ/t% uring the slow o&v%r

period, it bécties possibie ta bbtainfan exwénrelY25 flatodde fifm 421 6f

uniform filmsthicknessas yepresented in fmG:12En Asexplainegkhefore theee t .

is no standard measuring method af film thickness for such.an extremel
thin oxide film at the mo@n%en?. Jf’ﬁﬁg?lg Z%fdiﬁcé?gn O\‘/Naﬂug%ﬁn};—i}}/1 %eoc%lt(glene%dy %or?

the film thickitessofthetdxde!filpka2 of FG. 28 wherxal diffeséntyith

measuring method,is uised. Heweyves beeause ofitbedeason.explainedydown
before, it is determined that the slowdown of oxide film growth occurs at the

25 thicknes&of td aforic187&%. Thus™ft is tHGudrt tRatthepreferdbryth &t
thickness of the okidekfilar424d$ aboutttwd. Atomicdayers: dtsshawld bennoted

thatthig preferablasthickness,includesalsothe casednawhich the gxide film
42 includes a region of 3 atomic 30 I%ers in a part thereof such that the

thickness of tho &ohica§erss mafitametcror e Ertirdty df fhle BXiHESfilm
42. Thus, itfis concludes-thad the preferable thickness of theoxide filnud? isy

inthe-40-ggggfﬁg§%§3gggnygi YEIB 11y growth during the slowdown
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 is
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



REMOTE PLASMA RADICAL NITRIDATION (RF-N2) PROCESSING
FIG.13 shows the construction of a remote 3jlasma source 26 used in the
substrate processing apparatus 20 of FIG.3. Referring to FIG.13, the remote
plasma source 26 includes a block 26A typically formed of aluminum in
which a gas circulating passage 26a is 10 formed together with a gas inlet
26b and a gas\gutletr 26c-comatusiicating therewith. Further, there is formed
a ferrite core 263 on a part of the block 26A. Further, there is provided a
fluorocarbon resin coating 26d on the inner surfaces of the gas 15
circulating passade }Sifas FeL 26b ShellthElgd ¢ NHENA
26C is formed in the gas gircutating-passage 26adnrsupplyiNG®a@ a remote
high-fr%quenfgi%RF) %ower 4§ngz perpen icular {)o ;[:he coil wound around
the ferrite coré 263. 20 With thé excitation of ﬁesplfassmraafgc?rnolt?gﬁgrll nd
radicals and =tz aittogetions arefoPmed in the gas circulating passage

26a, wherein the nitrogen jQns-thus fosmegshave asirong tendency-efna
proceeding straight and are annihilated as they are 25 circulated along the

circulating pasEage 26a HNa-tHe" gad St 26 8jettehitbgeh radickid N
primarily. 1alheconstructioh 0fF16. 33 scharged particlesosuctn @s Ritogen
ions arg eliminated ip $he Gonstryctign  of EIG 13 by pseyiding;aq ion filtsr, 26
at the gas 30 outlet 26¢ in the state that the ion filter 26e is connected to the
ground. ThéfsbyS SRR  the Aitraten” tadicaisdre EUppHEd to tHE pFocesst 0rmed
space 213.£vwir i the case thedondilter 26ets cot gteundedkthec241 ion
filter 26e functions as a diffusin plate and it becomes possitie ig eliminats,

charged particles such
resin coating 26d on the inner surfaces of the gas

15 circulating passage 26a, gas inlet 26b and the 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 are

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 is
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



as nitrogen ions sufficiently. In the case of conducting a process that
requires a large amount of 5 N2 radicals, it ig possible to eliminate the ion
filter 26e so as to prevent annihilation of the N2 radicals caused by collision
at the ion filter 26e. FIG.14A shows the relationship between the number of
ions and the electron energy formed by the 10 remote plasma source 26 of
FIG.13 in campafrisonawith dhe casetfdising & standard plasia seuecend it
shown in FIG.143 and a smﬁrﬁarggmiec{ciwave eIa%ma source shown in

1

FIG.14C. R%?gr?frﬁastoplgl%ﬁ e,ionlzauorql%)?i nitr%%re%emof)eaérlﬁésc is such

facilitated irthe'tasedve plasmaistéxcitedh by a-mictoWavePsiwerand as a

result, there areifermed averydaegasamount of hitregendions - iethencase ther
plasma is excited dby a hlgh-freqi Ser#cgsﬁ@l%ower OE 500kHz or less, on the

20 other ha%ﬁ,}iﬁelncuar% ér 611; the nitrogen ionstf8rr%e nblynéfﬁg p%s?méolg

reduced significantly2 4. the casetof usiny the highhfreguency nplasnid ehire

is a tendency. thatthe plagmacontaing relafively:large propartiometipnsee .
having large 25 electron enerﬁg and that such ions may cause damaging in

the substrate. In the conshtictioh of Fit>136n “the bthie? HahR, e Witrogen'e
ions havingrthelstrong téndeney of prececdingstraightareyeffecthaly by the

annihilgted jn the gasgirgylating, pagsage Z6ax apd30 if becomes possibla 1o,
introduce the N2 radicals selectively into the processing vessel. As noted

above, FIGE?f43aR8 PAC $hbWitie TomRttiction Gastaftiardhighown in
frequency pasmads42 nsour cetand arstandatitbacrowavesplassia SoHICe;own

respectively. | 1o 14c.
Referring to FIG.14A, ionization of

15 nitrogen molecules is facilitated in the case the
plasma is excited by a microwave power, and as a
result, there are formed a very large amount of
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



Referring to FIG.143, a process gas is introduced into a plasma chamber
426 covered with a 5 quartz liner 426d from,g gas inlet 426b provided above,
and plasma 426C is excited in the plasma chamber 426D by exciting the
plasma gas by a high- frequency power. The nitrogen ions and the nitrogen
radicals 10 formed with the plasma 426 are then introduced into a
processing shantkersprovided below thenplasma seupae, sand{Jasma,
nitridation isrggngggtie\geip the plasma chamber. In the plasma source of such
a construction, however,%t'is difficult to remove the nitrogen ions, 15 which
tend to proceed straightResmipletely éger ir théase & TapL426dis 1s

provided. Thetsaime silyationdalds alsonin thesgase- ofthedpickewaveith a
plasma source of FICfi%4C. %1%% ogﬁerence is that a micgg ave is us do{or

excitiné’ 20 ué—j”f) asma. Thus, it is HficUIf to’ remove the i r%g%%%ﬁs,ewhich

tend to procéed straight, froasithe 4ddicalss eveniinaieicasea traprisna

provided. Thygny using e radicalisaurgeshown inElG,13, 89 ianhi gn-
distribution shown in FIG.14A by a 25 dotted line is obtained, and it becomes
possible to TESHTE Bh Ri@%Ffemote plasma nitridation processing with
minimum amount of ionS:Ha the tasectheiplasmenpgrodessing: iscgendueted-by s

using g micFwave, 3 figh vacugm, 30 environment9f1,33% 10:3,2d 33 Xt o a

10-6 Pa (10-1 - 10- 4 Torr) is needed, while in the case the plasma
processing ¢ CORAGEHRY by Uiy a MigH-HEflentyC Blashia bit & PassiBIE (o
conduct theaprogesssat-a » 8- telatively high pressure-af 13.3Ree- £ 133kRa

(OJ'_101kg9amber. 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.14A 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 wvacuum

30 environment of 1.33 x 10° - 1.33 x 10°° Pa (1071 - 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



Next, consideration will be made on the plasma excitation frequency and
process pressure 5 suitable for the remote plasma processing. FIG.72
shows the relationship between the plasma excitation frequency and the
pressure interval in which ignition of plasma is possible. Referring to FIG.72,
it can be seen that 10 the pressure range allowing plasma ignition changes
with the plasgia exeitatiom fregueney siirthesgasesther plasmasxaitation. 1 -
frequency olf 4 kHz), the plasma ignition takes place in the pressure range
of 1.33Pa - 8.3 kPa (0.001 - 10 Torr). In the case the plasma 15 excitation
frequency is 2.45GHz, thie plasraa’igiitionatakes placé iRthagtessuretizmhge

of 13.3mPa,1 3 3akPa:(0. 1 1aTew Q.04 Eer): Here, sonsideration ywll be
made on the Prefe abI? dpres,}'slure. When th? a[orocess ressure is too 20 low,
b r, t

.5 S a S .r ote Sa rocessi .
thernnogenra|caS|nroduce8|n?ﬁbgwogb5$ngv%sse\Nouﬂ?cause

diffusion and there wouldl&ppgéaraavoh-thiform Fitridatiohigrobessiagrinthe
which only the, marginal pastatthersubgtrate, which dgdocated close to,theva1

radical source, undergoes 25 nitridation, even in the case the substrate W is

rotated in tﬁélsﬁB%ﬁgteiﬁfbjc%js%fhgong;?aiﬁg 20°%P #i&3 Fhus, in order to
achieve a uniform nitridationproogssingHi Ghe Substrate:processirg that

apparafus 20, of £|G.3by sing, the ramoie radical,3Q, sovree 26 9f Fifail3e s

there is a need that the flow of the radicals can be controlled to some extent.

For this, it I5hécd<ary 16 Tontror the Process pedstreYin the protessing the
vessel 21 t@ besapressuireofih01 £4dukarte {1 38PH) @sishowhdypa diseaA in

FIG.72. When, the progess Rressure is fo bigh in e processing. r 1.33pa

- 1.33kPa (0.001 - 10 Torr). In the case the plasma

15 excitation frequency 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 is too

20 low, the nitrogen radicals introduced 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 is necessary to control the process pressure

in the processing vessel 21 to be a pressure of 0.01



vessel 21, on the other hand, the nitrogen radicals would be annihilated by
causing collision. Thus, it 5 is necessary to ¢ontrol the process pressure in
the processing vessel 21 to the value of 3 Torr (399Pa) or less as
represented by a line B in FIG.72. Next, consideration will be made on the
preferable plasma excitation frequency. In the case 10 the plasma excitation
frequency becomes |essthane4kHz shovwsy by alling: Gy thererisccausedihen
acceleration %f iopscaensdstherrg asrilsrees a r(%lg)lelm1 tqlatir}!ggﬁener%cigggicrguse
damaging in the'substrate nthe case the plasrﬂa excitatlon]%requency d
exceeds 13/56FtHz 25 represerted it G728y o fige D, orP iR othet Hamhds
it becomes ifficultite condust the: plasma precassing owith darge. flawuate. i ¢
Thus, it is preferable to set the plasma lexc'tation freqsuenc¥ not exceediq:%
13.56MHz. 20 ISimimiary, itis preferdble o set the “process pressure and”
the frequeneydnthe hatched sarea’df FIG. 7Rdefinedeby the lifies A { BPivFthe
case a radical pifidatian pracessingds tg beconducted ;by the;substrate
processing apparatus 20 of FIG.3 25 while using the_radical source 26 of

FIG.13. In the present iNvétiorf A freqGEnty ¥f abbtit 400KEIE G8ed™™S a
representative=freqaehey pi/hte thisx represéntatioremeansythat the faregoirty

range js inchided; Inthe range of 40kHz - AMHz. supstantially 30, the same

plasma processing is realized. Table 1 below compares the ionization .
energy contéf&or &ffitie Ry, res8tre rarnge Eapable” df atsio aresiic 1on
discharge, plasma powet -4k constmjption andproeass gas flowratenergy

between the gase of exciing RIagma; By amicrWaye.and the, Ca%e case the
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



of exciting plasma by a high-frequency (RF) power. 5 Table 1 ionization
pressure plasma process energy range powgy gas flow conversion causing
consumption rate efficiency electric discharge microwave 1.00x10 0.Im -1 -
500W O - O.ITorr 100SCCM RF-wave 1.00x10 0.1- 1 - 10kw 0.1 - 100Torr
10SLM Referring to Table 1, it can be seen that the ionization energy
conversion efficiengy isrediucedtorabout Lxs10-1 swthesease ot the RF-16
excited plasma as,compared with respect o, te yalus, of about X 40-2 for.
the case of the microwave- excitec p asma.yFurtﬁer, it can be seen %hat the
pressure raffecatising the efectric klischdrgelis falseucn.ay- 166 Topever -
(13.3Pa - 13.3kPa) for the case 15 of the RF-excited plasma, while in the

case of the microwave-excited plasma, t?gb&rees§ure range is about 0.1

mTorr - 0. Ferr(13-3Pg—-13:3kPa)-Associated—with-this- the plasmapower

Ny J A (fonizatx@n fp essure TOCESsS
consumption is increased inthe gase p tﬁeeﬁfe-exc ted plasma as compared,,
with 20 the case of the micsowaveiexcited plasma anddhatihe jprocessrgas

flow rate for the case of thé RF-ptasivia prccessirg pecomes much Jarger

thanthepﬁoees&%a.s_tkw_na?%_tqr_cga * gwave plasma.
substrate procesdiig apparatus of 25 Fléj..?i,étg;@ou at ﬂl%gsECM
nitridation [ prOGESSINg Of the exide fitmiis conductednot by Aigtogen ions Dut
by the nitrogen radicals N2*. Thus, it is prefetable that the number of the@ SLM

excited - 46

SULITIUALLC U vvIrgrung L1 B A léludll A
S

Referring to Table 1, 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 N,;*. Thus,

it is preferable that the number of the excited



nitrogen ions is suppresses as small as possible. This is also preferable in
the viewpoint of minimizing damages causegkin_the substrate. In the
substrate processing apparatus of FIG.3, the number 5 of the excited
nitrogen radicals is small and is highly suitable for nitriding the extremely thin
base oxide film formed underneath the high-K dielectric gate insulation film
with the thieknasssefhonly?s- 3satampisdayets Hereimaftar, suchasaitrdation
10 processiﬂg.%f qxsidglfilm con%cte y tﬂ(]e r%igrgggn radi%llEs e ited by the

high-frequencil plasma is called RF- processmg.%Aeswggplalne before, it is

possible to MhfrbdugetHe Process gasusitld |arge v patesintthies 155ubstrate

processing apparatus2Q of FdG 3 hy using the remete plasma radical saukce
26 of FIG.13,_Thus, in such an RF-N2 processing, it becorrnne? pogg(ijple to

conduct a uon|fot—rmeni?fl‘:(fzajtﬂ%)endpP()lcters%?lnej1 stuchthatd umiforn ni rogen s
concentrationdistribationds 29 reatized onithiensubisteate:surface! ¥n the casese

the process,gag o fiate 4$ ncreaseds antherother hand, the segionwhete
the nitridation takes place is limited to the area near the central axis_of the

substrate ttf&t Contatts fe 98 plasa’sdurcE s SR e Eactash port ~ 3
21A of FIG 38, cocontramvterthe casesdhuagingra smatiprocess gasa flonnrate.

Thus, hy controlling, the, pracess; gas fow, rate, whieh fepiesents the gl of

the Ar gas flow rate and the nitrogen gas flow rate, it is possible 30 to adjust
the extension Of the fegidhViRefd tHe ittitiatioh Teaifioh Yakes pidte'in the
direction taveartetherevacuationperti2tA. Thus, by optimizing the foregoing

extension and rotating “}kessg%tf%%g\é _bzgfore, 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,



it becomes possible to improve the uniformity of the nitrogen concentration
on the substrate surface. In the construction ef FIG.3, it is also possible that
the admixing of the Ar gas to the nitrogen gas 5 provides the effect of
prolonging the lifetime of the nitrogen radicals. Thus, there is also a
possibility that the admixing of the Ar gas is contributing to the improvement
of the in-plane yatemmaity pvthe RFe N2 pragessiag of éhe piesentipyentiorhe

10 In the nitri.daation %rocessinrgcth t uses the Hwicro%ave léasma, the
n ro?e conce rﬁ.lo?]on the substrate .surface. ﬁn
other hand, there 1s also a possibility that an in-plane uniformity comparable

to the in-plahe uiforinitycacheved bylthe emidtelslasaie rinpiglatiphe that

processing isattaineddntheevantdhe 15, niridatiom progessing canhe
achieved under th co&%tlon %f Iarg%lgas flolw rate. FIGS.l?ﬁfand 163 SPOQAAe

the radical fitidation ( I\FZS perSEessingjrcoon%flu%Jt(IalﬁI b%/htﬁe subStrate ©

processing apparatss 26.0f HG3 20respettively ina sideviewrartbalplanty

view. Refering ta FIGS:h6A and 163.dhe remafes plasra fadical sourre-26
is supplied with an Ar gas and a nitrogen gas and nitrogen radicals are

formed as A'testftarE%eRalon of praSmaltvitd THE high™ 25 Rabtenty powet: -
of several hundredckitohiertz fréquéercy.rEye nitragereradicals thus formed are

causedto flow along theygurface of the sybsitate, W, and,arg evacuatediay o

the evacuation port 21A and the pump 24. As a result, the process space
213 is heldB0FaCY PYScESS PREssUTE ift ife PANGE of 1783P&A 29 83kPa0 T 2
10 Torr) suitabkleifor the yadicak nittidationlefithewsubstrate V. Particidatlye to

use of the PE%SSH{%?QQS qr@i?%fnﬁa%?%c(s%ggv_e]dob-g/or{}fe4§emote—plasma
nitridation processing is attained in the event the
15 nitridation processing can be achieved under the
condition of large gas flow rate.

FIGS.16A and 16B show the radical
nitridation (RF-N;) 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)



is preferable. The nitrogen radicals thus formed cause nitridation in the
surface of the substrate W as they are causggl to flow along the surface of
the substrate W. 5 In the nitridation process of FIGS.16A and 163, it should
be noted that there is conducted a purging process in advance to the
nitridation process by opening the valves 23A and 23C and closing the
valve 24A. Therehy,dheressute-intherprosess space1) 2434s redueed to
the level of 1 33 X 10 éL %1331)( 10 4 P% and d apy resrd%rau?xyge]% chrvgateervr]n
the process space is purgea fA the nitridation processing that ollows, on
the other harfd,tthey vakesZ3k ahdt23C e clésed), anfdk thivs; thé turbo 15¢
molecular pumR 233:-is REt included in the evacuation path of the process
space 213. Thus, by usrng th% substrate %rocessm% appar ajus, 2(%) of FIG. 3

5 S.16
becomes possible to form an extnemejry in ‘oxide fifm on the surface of the'

20 substraté %, and furtiverlnitriiding the Surface dfhthee oxidecindtiis=formed.

FIG.17A shows,thejnitregenscongentration prefilednan, oxidefilm for theccess
case the oxide film formed on a silicon substrate by a thermal oxidation 25

process with'a tHEKESs 672 fmissubiée@dtoar RENS procéssing
the substratespracessing dpparatus 20of Fi6s3 byeusing the RE semote space

plasmg, soyrce 26 of EAG- L3 upder the eapditioprepresented,in Table
Further, FIG.173 shows the relationship 30 between the nitrogen

concentration profile JH HaY 0§ Ebhceitatidnrofife A the’sdmé oxide
film. TableZo48snitrgger=At plasma pessuretiempearatur@ation

processing that follows, on the other hand, the
valves 23A and 23C are closed, and thus, the turbo

15 molecular pump 23B is not included in the evacuation
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.17B shows the relationship

30 between the nitrogen concentration profile and the

oxygen concentration profile in the same oxide film.

Table 2



flow flow power rate rate microwave 15 SCCM - 120W 8.6mTorr 500C RF
wave 50 SCCM 2SLM 2kW ITorr 700C Refgring to Table 2, the RF-N2
processing is conducted in the substrate processing apparatus 20 under the
pressure of 1 Torr (133Pa) while supplying 5 nitrogen with a flow rate of
50SCCM and Ar with a flow rate of 2SL M, wherein it should be noted that

the internal pressure of|thé pr8eess spdce AR Pedticediice|tbthRIE & ©

of about 10-6 Torr (1.33 x tAQDa) be é)rg) the commencement gf the

nitridation [0 praSESSSUICIF Nt @Xygen: or Walel reMaiNgigrethe procesg

space 213 rpwrged sufficieTiiycBecagsa of tus, any resikiyal oxyger jhe

process space 213is dituted-with-Arornitrogen-in-the nitridationprocess
(RF-N2 process), which is conducted at the 15 pressure of about 1 Torr.

Thereby, the concentratiasr ©f resiguaboxyger, and heacethg, processing
thermodynamic_ activity of the residual oxygen, is very small at the time of

the foregoing it HatoN Focesy. e Cans of fi aiiidddort Rrocetaiy 2°
20 conducteddsrthehmicronaverslasmal ofrthe dthéed Prahdyhtheproeessying

pressuke atthe time of themittidation pracessdsgenerally the same; as the
purging pressure, and thus, residualh%%%en maintains a lar

e
thermodynamic’a&tiVify idtha BiasmA &hbiéht: 25REkHIng %o HEL7 AR
can be seenlthat e conteptrationof mtrogér imcorpesatesdatethiel hxide

film is limitgd.in the case-the. pitidatian procgssing jscongucted by {he 55
microwave £Iq§ma and that no substantial nitridation takes place in the 30

oxide film. IN%h& ThsBOTthE rittftlatiof|sTocessny S50 the nitridation

10 process such 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



that uses the RF-excited plasma as in the case of the present embodiment, it
can be seen that the nitrogen concentrations|lgvel changes linearly with depth
in the oxide film and that a concentration level of near 5 20% is achieved at
the surface part of the oxide film. FIG.18 shows the principle of the
measurement of FIG.17A conducted by the XPS (X-ray photo spectrometry)
analysis. Refesting 4e £16n28 ran - tay isdrasiateds 1040ithetspecinen iBf the
which the oxirdesglrrp 162H{ fgr.rpngglton the Sil;?%]eSUbStaatgh]a]tWitkbeanitro on
predetermiﬁe& ang}le, and detectofs JDtE‘Ff and DETZ are use& {o detect “the
spectrum of tHeceréEited Xoraysawith vakivuge angless Thereby: bk shealdbé n

noted that thedelectar 15 DE T setio.a deepetestion angle of 90 degreesar
detects the excited X-r géh%tté'nas traveled through the oxige fikllm 12 w
b

ith _,
minimum pz%t °Ielnsgtﬁl. as, eag(-rtayesﬁélc rim detected’ y%heedgf%lc%r film.

DET1 contains informaficry abdusttrerdeeppart ohthiecdxideffilth &2 20 with
relatively lafge proRartion. On thesother hand;,deteeter, DETZ setto @ shallow

detection angle detects the X-ray traveled over a long distance in the oxide

film 12. Thd8!thE deiE&Tor T2 Maifll? tetdcts the information about
surface part of the 25 oxieé §iim ity F1G.178 shdwsatheXrefatiorniship detween

the nitfrogep concentrationand pxygen goncentrafiondn ctheoxide filme 1n,. 4
FIG.173, it should be noted that the oxygen concentration is represented by

the X-ray 30"intéfisif¢oir88paHding o the 'Ols"drbital RéfeiinG 1816173,
it can be seemthat these occurs deeraasel oloxygaTeORCRNtIAKEN Withdetect

increase of yyitrogen conganyation dn the casg e -k ith various

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 DET2 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

30 intensity corresponding to the 0Ols orbital.

Referring to FIG.17B, it can be seen that

there occurs decrease of oxygen concentration with

increase of nitrogen concentration in the case the



nitridation processing is conducted by the RF-N2 processing that uses the
RF-remote plasma, indicating that there occrs substitution of oxygen atoms
with the nitrogen atoms in the oxide film. In the case the 5 nitridation is
conducted by the microwave plasma processing, on the other hand, no such
substituting relationship is observed and no relationship of oxygen
concentratian glecseasiag Wwith tacreasingi Nitregern covaentratior ixpbserved.

In FIG.173, itis 10 also noted that there is an.increase of oxygen . _ . .
concentratibn for the case E|1nawhlilcﬁweﬁit}:ogéerelﬁkrl%s_ Jfnecr:%)orpgrgftea with Sl-ng‘%cs; T
the microwave hithitlatien Cprotessiig: SThis widieatesfthax vesre gécurs with

increase ot thickness-otthe.@xdde film with nitridation: Suchrkb apndnergase: he

of the oxygen congentration assocg:\ted with the microwave nitridai[ion
. nitr atjon ,1s _con cted FhF mlﬁr?wave. %Fma

processing’is Befieve t0 be caused as a result of the igh activity of oxygen

or water reimafting $nthie procéssspatewhichdin trnds causedds awesoly

of use of high vacuym RO enviranment fof the fitridation progassing and
absence of dilution of residual oxygen or water with Ar %as, or nitrogen gas,

unlike the cR88Tthe High freqhehty P&imoté fadidal nitfidafich procassing.
FIG.19 showstthegetationstip between the 25itridationtimé& andithe, it is

nitrogep copeentration in thefilm,for the case an oxide film,is farmed,by the

substrate processing apparatus 20 of FIG.3 to the thickness of 4A(0.4nm)
and 7A (0.7Hf&RAT Aitrid&tidiP s EoNdGEtea fufthBR {6 the dkidd it by 30
the RF-N2 pracessingobBElGStI6A andck6d whilecusing rthearemateplasma on

source 26. EP%tQSE’sEE%?OﬁHOA"’%&Q%a%% £9atiop of nirogen to the syrface ;.
of the oxide film caused as a result of the nitridation - 52
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.(O.4nm) and 7A.(O.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



processing of FIG.19. It should be noted that FIGS.19 and 20 also show the
case in which the oxide film is formed by a rapid thermal oxidation

processing to the thickness of 5A (0.5nm) and 7A (0.7nm). 5 Referring to
FIG.19, it can be seen that the nitrogen concentration in the film increases
with the nitridation time in any of the oxide films, while it is also noted that,
because ofghe small ayider thickness sueh asR.dameorespanding-tarthes . 19
two 10 atomc fayer higkness for the case of the.gxids filp. formed by fhe .
UV-02 oxidation processing, or for the “Case of the thermal oxide film aving

a thicknessfofr 0Bhhhearthe forégoingahickiiess bf 0Umno asfighep to the

nitrogen copgeniratian is achidved ascompared;with L5 axide films formed
at the same condition. FIGéO shows the r UIié)f detection gf nitrogen

concenffration for the cagee e 6%?@&8% T1and BECIaZno FIcT artehé51ett

to 30 degreescand 90odegrees respectivelyn 200As canfied seendrom FI6.20Lh

the vertical cds feprasents the X-ray speclrgl intensity framdber nitkgenini 1e
atoms segregated to the film surface obtained with the detection angle of 30

degrees dividet®by the XCray SpetFal intersity Ot thé 25 fitdien afdms'
distributed ttirougheuattheaehtiresfilin. 4 Theamertiealcaxis of &1 Go2 @ s defined

as nitrpgen ; sggregafionratio, |n.the case the value. ok the, Nirggen . s ge £i1m

segregation ratio is 1 or more, there is caused segregation of nitrogen to the
film surface” 30"Refeingt6 FG.20, eatbe Yedn that Stheitrogent o the
segregatiorcratio becamestonre os Mareiidethe case the oxide film isktormed £

by the UV-Q2 pracessing tpthe thickness af /#,and he BItagn: 53 nigner
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
DET1 and DET2 of FIG.19 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 nitrogen atoms 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



atoms are segregated at first to the film surface and a situation similar to the
oxynitride film 12A of FIG.1 is realized. Afteg the RF-N2 processing for 90
seconds, on the other hand, the nitrogen atoms are 5 distributed generally
uniformly in the film. In other films, too, it can be seen that the distribution of
the nitrogen atoms in the film becomes generally uniform as a result of the
RF-N2 processittg 1O speontsed 04 theexpertnentoftk i 2duthieice and
UV-02 progessing and the RE;NZ progessing are, apnlied.in, the, sybsirate
processing apparatus 20 of FIG.3' repeate(ﬁy with respect to ten wafers

(wafer #1 - Wefer #10).755 FIG - shéwsthe Wafkr-tdwafercrsiistion oPthd 0

film thickness ©f the oxynitdde fiipHbusnhabtainedwhereindhe result of are
FIG.215is ogtfir%%qbfort e cage in ﬂhiChﬁh UrV-lOZ e%ocggsinfgii conIduct%% .
in the consffution of FT .Sg%yedrria\t/lnd’tﬁle tltraviotét sotirce 25 such that =

an oxide filmiismforntetbio have dve tivickress bh@t4rmeasimeasuped byn thre

XPS analysis andiipwhich the &f-N2 precessing is,Landucted te the pyide
film thus formed by driving the remote plasma source 26 such that the oxide

film 25 is cofvertéd'td* noxXynithde fith Eoitaltiing? nitfGgeiT atdis With *°

about 4%. Referring to FIG.21, the vertical axis represents the film thickness

obtaingd for the oxynitrigle film.thugs obtained by ellingometry, 30 whersin it

can be seen that the film thickness is_uniform and has a value of about 8A
(0.8nm). FIBE2S Showthe festiltofexdmirtiirivith” fegard AL RCredse
of film thickness dabtherease pbdcessing apparatus 20 of FIG.3

repeatedly with respect to ten wafers (wafer #1 -
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-0, 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 8A (0.8nm).

FIG.22 shows the result of examination with

regard to the increase of film thickness for the case



an oxide film is formed on a silicon substrate in the substrate processing
apparatus 20 of FIG.3 with the thickness of £,4nm by the UV-02 processing
while using the ultraviolet source 25 and further an RF-N2 5 processing is
applied to the oxide film thus formed while using the remote plasma source
26. Referring to FIG.22, it can be seen that the oxide film has increased the
thickness thereef ifltemdheninitial thickress {the thickness isdbe dfsstate n the
before the RF:N2 processing) of 0.38nm to about Q.5nm i tate nitrogen
atoms ate iSARGEE0 by T FE N e Witk e oo o
7%. In the EhsekheTitrogen etomstaretinfrodiced torthes f&vidl of 'dbblt 15%

by the RF-N2 processing. er the dbothes hiand, ftcabe seenqthat the filmy,
thickneéss increases.to ahout 1.3nm. én tthist%ase, it, ig bgl_iﬁveotl that the J
nitrogen atoms thi§ introdiiced nto “the SxideTilm form alnltrﬁdehfﬂf’n §rme

causing penetrationsinty thésiliconsubstrateadtes passing’ 20 through the

oxide film. In FIG.22, the;relationshiphetweenthe nitrogen senceatration
and film thickness is _represented also for an ideal model structure in which

only one lay&foffitdgeh’dBrs Sre HFstitited 25 Tntb the"8XiaE filmBre°t
0.4nm thickihess yhA. iReferdng tb F4Gn22 sit cahd e seef thats the fitrhe

thickness after intreduction of the-itrogen. Atoms; heGomes Aoyt 0.58m.i, .

this ideal model structure. Thereby, the increase of the film 30 thickness for

this model Casé'BecBmetCaldat . I " the* hitfoy et Condermratititd LY
becomes abaut R2%N, Using this thodelias.atreterencecit ts-eaneluded that 7% .

theinmeas%ﬁﬁgwgtggégeéﬁésﬁE%%ogen atoms are introduced to the

level of about 15% by the RF-N, processing, 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 1is



preferably suppressed to the value of 0.1 - 0.2nm close to the foregoing
value in the case the substrate processing apparatus 20 of FIG.3 is used for
the nitridation of the oxide film. In this state, 5 it is evaluated that the
maximum amount of the nitrogen atoms incorporated in to the film would be
about 12% in the maximum. FIGS.23A and 233 show the result of
measuremeitafdaiittogen coneceatadionddistrbution1 2 and fimithicknessn
distribution g{ asneoxcynitcrige t}l(r)n efo(r) :terlle case the {)gyggreide giérg i%];%rmed from
an oxide film formed on the silicoh substrate W in the ' substrate processing
apparatus 20'6f FIG B te e thickRess B 2nmt whikOrotating the silieorsed

substrate 1534 by the,drive maechanism 22¢. #:shauld bemnoted that thetate,
experiment ,otf F.IGS.23,1A ar%d 533 IS cor ducted at the substrtate %et erature
of 450C undér the Syeasslﬁ?e of f§]§15a w ellem?o%f?ﬁén tAé siliton substrate
formed withthe oxide filmwith theothickrresslofi2nine whike 20 Suppiying ane

Ar gas and aRijtrogen-gas, wWiththe, respgctive flow rates of 2SLM and
50SCCM. In FIG.23A, the brigzht art represents the part where there is

caused nitrogen concentrafion? FOrRRY, Fits 233%hdwis thetHickn@ss of the
oxynitride firaagbtameehby tife 25telgsometnycand the nitrogeinsconcentiation

obtaingd by the XRS analysig. [he sesult of FIGS.234 and 233 showshat it

is possible to realize a generally uniform nitrogen distribution over the entire
surface of th8™30-8Ghstrate W'EvEr 17 e taSe of tBing theStibStrafec™ an
processing @ppasattis1 20, finwkichan asymmetticoradicalkftow is caused;by

g%ta“r‘g the syhsirate W, and ontimizing (e tloyy satg, of the.A; gas,.and fhe -
) thickness of 2nm while rotating the silicon substrate
15 W by the drive mechanism 22C. It should be noted that
the experiment of FIGS.23A and 23B is conducted at
the substrate temperature of 450C 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.Z23A,
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



flow rate of the nitrogen gas. FIG.24 is a diagram corresponding to FIG.22
explained before and shows the relationshipsgetween the nitrogen
concentration and film thickness as 5 measured by the XPS analysis for the
oxynitride film obtained by according to the flowchart of FIG.25 in which an
oxide film is formed by the UV-02 processing (step Sl) and an RF-N2
processing 3 applied ¢o dte toxde fitmdhes formed (step S2). In FIG.24, it 10
should be noted that the_injtial thickness, of the _oxide film_prior.to the RE-N2
processing is changed e\ga?#daés%y.l I-See?er%haggt(r)aﬂGc.%,rSS B?éz{slenrﬁs%ﬁelé%'zz
relationshipretvderr theoXPS filmd thickhess ahdtheci8tikpgear Petween

concentratigndn the filgdar the,case the oxidesfiln hasman initial thickngss of

0.4nm and thus corr onc{ito the case represented in FIG.22 by . In the
e o e e Sl M un
oxynitride fillatthus <20 bbtakved intredases gemerdlholimdany with thecXRS fitm

thickness agHong asiths:filmethicknesssis4p - thesrange U toaboutd.8am: QR
the other hand, 0 in the drawing shows the case in whijch the injtial oxide film

thickness is' 25°8et 0. 3R, Again, Nec&h Bessen that theitrdgen t© the
concentration ini¢h€ obtained 0ximitride filmtkereases limearlywath, thetXPS

thickness, with &) gradient gegerally.identical with the gradient for fhe case
the oxide film has the initial thickness of 30 0.4nm. Thus, in the case such an

oxynitride fifit feuded fortheBade okide filht DeuRdereath e ightrnoed
dielectric gaterihsukatipn film as shown in - 57

Referring to FIG.24, @ represents the
relationship between the XPS film thickness 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



FIG.1, there is a possibility, in view of the relationship of FIG.24, that there
may be caused an increase of physical thickpess in the oxynitride film when
the nitrogen concentration in the film is too 5 high. In such a case, the effect
of using the high-K dielectric gate insulation film 3 is cancelled out, in spite
of the fact that oxidation of the silicon substrate 1 may be successfully
suppressedrhy .injrogueing nikragesvinta the base oxide film 2,0 Tbus, in
order to introduce.nitrogen in oxynitride film formed b plying an
RENZ. procstans 8 BExite Ao e b anc0IvE0n Sibceoant Lol
to hereinaftér @s9v=02 bxieley $ilfif it iSnedessaty 10 seb the itidltthickness1m

15 of the U¥rQ2 oxide film o herless tham 0:4nmeo i iotherwordsqit iss too
necessary Eg.s%t th? initial . thickness of ttge UVEOZ gxidg film to b%lles than
0.4nm in the case an o%ﬁﬁri&e fifmintrodticéd with- stich S@chonceen ration
nitrogen is tolbe esedifor 20ttheibvase exidefili dfithe highedietectliegatat,

insulation film. E}3 8264 - 26C shew thespegtrum of the ;SiZperhital s con
obtained by the XPS analysis for the structure in which the oxide film 2 is

formed on the™s5 §iicdn sulisirdte 1°WRATAE W02 prigessiiyant’a Hio2
film is formead oncthecoxide filra asrthértigh- 4 adiekestrio il 3, nerein

FIG.26/ shows the state.jp, which the pxide {ilm,2 alone s fprmedguhile ¢ o
FIG.263 shows the state in which the Hf02 film is formed on 30 the oxide film

2. Further, EIS.268 8howsthe spettiinm6f Y straetbved P wiic R thé Hfo2
film is anneated:cFutther teach 0bkIGS. 26Am 266 shawsya earresponding

schematic device sructure, 19 F1G2:264 -28G 0se<58 s uv-o0, oxide
film), it 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 HfO, film is annealed.
Further, each of FIGS.26A - 26C shows a corresponding
schematic device structure. In FIGS.26A — 26C, those



parts corresponding to the parts described previously are designated by the
same reference numerals and the descriptian thereof will be omitted.
Referring to FIGS.26A - 26C, it can be seen 5 that there is a low spectral
peak B of the Size orbital having a chemical shift in the state of FIG.26A in
addition to the spectral peak A of the Si2p orbital, while the intensity of the
spectral pesdB dncreasesgnthe siateoithls 26B; anddheri®strepgtvobthel v
spectral peak B is increased.tq the Jlevel comparable to the intensity of th
eak A after the L2 ST FTE I8 T Ao e Toed Annanliags brocsss e
conducted.deskauldBe hoted it the thentieaPstiftt @8 -corresponding to the

peak B is caused as a resultof- angi atom i the spbstrate-] ora SLAatas iReen
the oxide film 2 caHsirng a bond.with an o>§y eln atom from the HfQ2 film.

Assum|5ng tﬁgfj the chémical s"ﬁif% of th escpec ral %eeaa f%r?ﬁfe iZp %%Bﬁal IS
caused 20 entirely bytthe swfacecteatctionlorsthe silicon tSgbstratec] dfis

possible to eyaluaia the increaseoaf the film thickness, of the, exideflm 2¢
caused by the thermal annealing process of FIG,26C from the area of the

peak B. 25 Fiez. 27 §HdWiS the RUAfuation of Eraitge bf The fitn (RcKHgs of
the oxide filpe 2kbéfore Josmationiof arhkEIfG2 fitm and aftéer. adhermabl the

anneajing process for the Gase %}%‘éﬂ%ﬁ'%é%ﬂoﬁn?g an,apaxide filg qfy,

various initial 30 thicknesses and further the thermal annealing process is

conducted. 116, 2P BRIRGH orftal &k epresentytiefinftil thickihess dfter
the oxide filtmecartesponding 16 FIGC26A beforenthentormationaof theneb9ing

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 HfO, film. Assuming that the chemical shift of
the spectral peak for the Si,, 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



Hf02 film while the vertical axis represents the oxide film thickness after the
thermal annealing process corresponding ta §1G.26C. Referring to FIG.27, it
can be seen that 5 there is caused a decrease of the final film thickness or
slowing down of the final film thickness in the case the initial thickness of the
UV-02 oxide film has exceeded 0.4nm. Assuming that this slowing down of
increase ofthie filai thicknassecenespenrds to: 104he suppressiontof thee

interface reactign at the surface of the silicon substrate, there is a_possibility
that the PRt TR hi 2 B toc e St e tan
the foregoimy affckhessBfBART WHich thitckfiess ¢s thought as 15 being

optimum in the previousrerabedimgnt-of forming a Z¥SiQ4 fika fremathenat
ground50f th%obser.ved slowigg down of the filrp fg}qma%ion cc#l.lrﬁing at this
thickness of .ezfnem,lfgorcrﬁ}lnsl%lziﬁgdtﬁgrlreltae?Fac% reaction. 20 The dnegree of
the interfaceéhréaktien sclvangesdependivignor the ype ofithe higheKt tietécteies

film, its reagtivity, the degree of ;sulsequent thermpal:aniealing pracess, and
the like. Thus, there can be a case a film having a thickness 25 exceeding

0.4nm may ‘b Fediire forSiibptedsing the fitBracd réAetor. OF curds! the
overall processgrofo the: highe KsaieteTttit. gate. insulatiark fils shoutd beponds to

designgd sq as tQJEB?@E%% fhe interface rpaction, while the;thickness,of the

base oxide film 2 should 30 be ideally set to 0.4nm. In conclusion, it is

preferable that ti&'Basé dxide filmh Ha¥'a THickRhESS Sin thBFaRge D2 - 4

atomic layeps astiinote yprefierabty in thecrange oh2 ckhatomictayers. dMaste-

60 film 2 is located slightly larger than the foregoing
thickness of 0.4nm, which thickness is thought as

15 Dbeing optimum in the previous embodiment of forming a
2rSi0Oy 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



preferably, the base oxide film has a thickness of two atomic layers.
[SECOND EMBODIMENT] 5 FIG.28A is a flgychart for forming an oxynitride
film on a surface of a silicon substrate according to a second embodiment of
the present invention conducted by the substrate processing apparatus 20
of FIG.3, while FIG.283 is a flowchart 10 showing the process of forming an
oxynitride filrhe aceansling t@ Becaraparativieiexampie phEIG.28A.dritbes of
comparativ% eg(aﬁ%lgi%‘ ngé?é an oxide film is formed on a silicon
substrate in the Substrate p¥ocessing apparatus 20 of FIG.3 and the
substrate is 15 once taken out into the atmospheric environment. Further,
the substratesisc@turnagstonthesprocessing vessel 21 of the substrate

processing apparatus 2% I%n%ghe oxynitr%cie film is forp%d asa result of the

RF-N2 5processing of the oxide film- 20'Re é)r"rvi%gatrottheocomf)a?na]tﬁl% 3)?ample

of FIG.283catfirst; alsiticdn bxiderfikm i3 foraved oh thessuriface ofthetrate
substrate W, in.the;step 21 in the substate progessing apparaiis.2Q,0f FIG.3

while using the ultraviolet-excited ogggen radicals formed 25 according to
the UV-02 protessiny stepekpiamed® befdre. Rkt the-Subdtrag W dnoved
out from thegpracessimgessel R1Gnthevgtépof FIG.22andsthe fiiterohaf t

the progessing yesgel 2l is,euacuateddtor g, highzdegres.acuum state;
Thereatfter, the sub?strate 3% W is returneg to theggubstrate 21. Further,lélIrT11

RF-N2 pro2e&singusing thé RE2BREREd hitfoGeri radidart kpfainéd befdre e
is conducteddinthestep23andthe silicarn oxiesfilnais eanverted tamaisilicon

_61_0Xyn@g¥%gwnbn a silicon substrate in the substrate
processing apparatus 20 of FIG.3 and the substrate is

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
REF-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



In the process of FIG.283, the interior of the processing vessel 21 is
evacuated to a high- degree vacuum state i the step 22, and thus, the 5
problem of oxygen contamination during the RF-N2 processing in the step
22 is minimized. Thereby, unwanted increase of the thickness of the
oxynitride film by oxidation is minimized. In the step of FIG.28A, on the other
hand, 10 the:gubstrate-Wfinished with the UV-02 processing in astep 11,
which corresponds to th§ step 21, is held in %h%%o vessel 21 for 5
increasing the throughput of suebgjtrate processmg Thus, a ter condeuctlng
purging processin acstepiry & stepels 215 torespondimyitd-thexstep?s is
conducted andthe siliconaxide fim is.converteeio a sjliconq oxynigrjde fitm

as a result of tl_lb_lRF N2 processin 13 WhICh corresponds to the step 23
and uses the R exccéd n|t¥888n gﬁ dicals. %tf—'i)@ Zi%sﬁgws}}ﬁe%h%ess

of the oxynitriclesfilmi formied by¢he process of FIGI28A asdmedstred by the
XPS analysis with-the thickness-of, the gxynitride film forped by the processe
of FIG.283, also obtained by the XPS measurement. In FIG.29A, the 25
horizontal axis EhBsthet iation e N thé Step 13 of FIG.28A or in the
step 23 of FIG.283. In FIG.28A, 2 represeris the process ohElIG.28#&whiled,
represents the progess, of B1G, 283, Raefering 19,FIG.29%4y 'bcafpr%ecéggmaan

30 there is caused an increase of thickness of the oxgnltrlde Im with the
progress ofth@Tfiftidation” pr6CesSWhIERRY SibStantiafdiffeténde cahhee1d
recognized hetweengtheqrosess of E4628 A& antbthei nG2 cprocesstofe

FK;283'TQ@J@%@HE&Qa%§U@S%g%£g¥gegrocessing. Thus, after

conducting a purging process in a step 12, a step 13

f

15 corresponding to the step 23 is conducted and the
silicon oxide film is converted to a silicon
oxynitride film as a result of the RF-N, processing
13, which corresponds to the step 23 and uses the RF-
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



purge is achieved also in the process of FIG.28A. FIG.293 shows the
concentration of the nitrogen atoms thus incggparated into the oxynitride 5
film, wherein FIG.293 compares the process of FIG.28A and the process of
FIG.283. In FIG.293, the horizontal axis represents the nitriding time of the
step 13 of FIG.28A or the step 23 of FIG.283. In FIG.293, " represents the
process of Ec 28AsWhiler 10 reprasents shepracess ot Fia 283 Refering éen
FIG.283, it can be seen that there Js no substantial difference inthe , o,
concentration of the nitrogen atoms incorporated nto the oxynitnde't%lm '
between the process of FIG 2818 15rant tHe  process oftFre. 283, ahdthas, it

is interpretgddhatthe ncrease afithe film thiskness abserveddn HlGa29A iSe
caused as % lr?sult of the .intrggﬁgcg%% of nitro%ﬁn intg the oxynitride

ilm,
5 wherein . .com es TLhe ,process og FIG,28A
Next, the inventdr of the present invention B0 has conddicted an experimen

of forming amoxidesfilpr dneasingtheIsubstfate pro€éssingapparatus 20 of

FIG.3, whergin oxygenradicals are farmaed bywusing s the remeteplasmar the
source 26 rather than the_ultraviolet optical source 25 (this process will be 25

referred to R&findfteras RE02%rocess) SFrdmRtha” okide™iftr ks fotthed
by the RF-0Z processilly, aep oxynitride fitra is forreed byfcanductisly amile ¢

RF-N%Onitrp@Egins;ggggsﬂqg at uses the nitregen radicals formed by the

remote plasma source 26. 30 In the experiment of FIG.30A, an RF-02
processing is conducted i & 5t 91 1Y SUpplyity an FAF§as AndPar 02°gas
to the remote.plasma sovrea 26t dotoweddiy aqpuirgintg procass in a step 32

in which - 63, the processing yessel.21, is pUrged 19 a igh-degres st ea into
the oxynitride film between the process of FIG.28A
15 and the process of FIG.28B, and thus, it is
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-0O
processing is conducted in a step 31 by supplying an
Ar gas and an O, gas to the remote plasma source 26,

followed by a purging process in a step 32 in which



vacuum state. Thereafter, the processing vessel 21 is purged four times by
Ar, and an RF-N2 processing is conducted gxa step 33 by using the remote
plasma 5 source 26. In the experiment of FIG.303, on the other hand, Ar and
02 are introduced to the remote plasma source 26 in a step 41 similarly to
the step 31 and an RF-02 processing is conducted. Thereatfter, the 10

subs_trate W&mwe@&mow@k&mf the proGesstgd _vassal R1dmn adsigped?.
In this state, the processing yessel s evacuaed 10,8 high-degree vagyumy
state, and the substrate WI_S returned to the proc%ssmg vessel 91 again.
Further, antRENZ pfecessing simitar 15 to #€ one iRfth¥sepBFSing 1is

conducted. c5Ka:3d#Axg0mpades the thickpess: of the oxynitsidefim.obtained
by the XPS analgsis for the oxynitride film formed by the process of FIG.30A
with the thickness o% He oxynitride film obtained by the 20 XPS analysis for
the oxynitride film formedrbytthe proeessof FIGRB03dnFIB.32A, itishoutdbe

noted that Qcprrespondsitasthe process okl 30Awhile correspandsdo,
the process of FIG.303. Referring to FIG.31A, it can be seen that 25 there is

caused a sib5taRfarthctlase oF fiftn “thickiEssih the ‘Case the dxible Hitmaigd
formed on the Bubstrate WdnstheoRFs02 processing thateuses ther renicte

plasmg,source 26, accorging;tq the.pracess;of Kl 304 30 FIG313 shaws; g

the concentration level of the nitrogen atoms in the oxynitride film formed by
the process’6FERS.30A icEmpariRof with the RofAcéhttafion of the hitFsgen 9
atoms in the exyaitride -6/ dilmttoimed by tHeproeesssef FK=303, wherein 0
of and the substrate W is returned to the processing

vessel 21 again. Further, an RF-N, 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



FIG.313 corresponds to the process of FIG.30A while corresponds to the
process of FIG.303. Referring to FIG.313, it is;noted that the 5 nitrogen
concentration level in the oxynitride film formed by the process of FIG.30A is
lower than the nitrogen concentration level of the oxynitride film formed by
the process of FIG.303. This indicates that the increase of the film thickness
as observed in il Otlokm3d Adfpr the casedbeprocess of Fi6,30Ris-used ls of
primarily caysed hy residual. grgen- |Ls. pelisyed tnat such tesiddal oyoen
exists in the ‘rémote radical Source 26 an tehgoxygen radicals” promoting
the oxidatioft of ¢ XpARAde fitmtare 13 foraved 6T SGeh ¢8sidual oxygen
at the same time the nitregen radigals.arertormed inithe;njtridation step: 38ne
of FIG.30A. From the situation noted abolve, itlis ,corg%luded thag:it is(,j £
prefera%le {d'formhe iRftiar =20 oxide film %\ﬁeusiﬁgrf the %\?—P(i)}énﬁro%lesginglt%%t
uses the ultraviotet-éxciteldeoxygere radicdlstin the Cases tHeowsabstratn the

processing apparaius 20 REEIE.3 is; sseddor formingan sxtremely Hainaxide
film on the substrate surface and formlng an oxynitride film 25 therefrom b¥1
causing nitf@atioiT o the BXidRRTEY &n RF-N2’ Brocesainy A8 et i 2t
the flowchartef FiGr25.4FHIRDEMBODIMENTk30H&G32c@hows/ad in

flowchayt of-the progess,of  forming an eyniiride.film gecerding (@ a;thirds o
embodiment of the present invention, wherein those parts of FIG.32

explained befoRF aredesignated BY -5 the <ame réferéhce nlimérdls and
the descriptien itheseofowiltbe oittedsidual oxygen exists in the

remote radical source 26 and the oxygen radicals
promoting the oxidation of the oxynitride film are

15 formed form such residual oxygen at the same time the
nitrogen radicals are formed in the nitridation step
33 of FIG.30A.

From the situation noted above, it is

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



Referring to FIG.32, the process of formation of the oxynitride film of the
present 5 embodiment is somewhat similar g the process explained
previously with reference to FIG.28A except that the number of the purges
conducted in the purging step of the processing vessel 21 in the step 12 by
using an Ar gas is changed variously from 0 10 times to 4 times. Each purge
is formed byibe siep of Sfowingan Algassndheraroeassingsvasset 2drand
the step of evacuating.t rocessing vessel to a high- degree vacuum state.
FIG.33A sh%%vvesrﬁ%Pre%alt?gnz%elp %%%v%g%%?'the 15 number of the Ar purges
conducted in the step 126f FIGL82 dritl fhtthickndssofrthec®dmittitle film

obtained inthestep 43, whergin the thickness ofithe exynitide filmshown in
FIG.33Ais obtaiged b elliéosometvrw){x. 20 R,eferlrinrg to FIG.33A, it can be seen
1 t 1 milar . t

that the thi%ﬁ‘rkfé)ss Ofthe oxyr%?rlfl(fe ifify iS’ cOnstant ahd" takes & Valle of

about 1.4nrexirespective of tHe uiimbet bhthe Ae penges.telG.3332 8A thacept
other hand,.shaws the 2 thickness atthe,oxynitride, filp obtaipgdfor the

case the number of the Ar purges of the step 32 is changed variouslﬁ in the

process of FIt B0 R&fEPring 16 FIGT355 5t 8aR De'SESH that tHé' tHiBkn&sEP
of the oxynitddéfilmds deceeaded BGslighthhwithtievrumbers of parges, 0

indicating that e pyoing inthe step-32 j5,neeessary Jer SURRressingdhe, ¢
increase of film thickness caused by oxidation of the oxynitride film. - 66 EI)'he
results of FIGS"33Rand 333 ifditatd thaf itqs Pict afways hedesdanto?nd the

conduct thestep of evacuating the processing vessel to a high-
degree vacuum state.
FIG.33A shows the relationship between the

15 number of the Ar purges conducted in the step 12 of
FIG.32 and the thickness of the oxynitride film
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.



purging in the step 12 in the case the formation of the oxynitride film is
conducted by the process of 5 FIG.30A and ¢pat there occurs no substantial
increase of thickness in the oxynitride film even when this step is omitted.
[FOURTH EMBODIMENT] 10 The result of FIG.24 explained before
indicates that a thickness of about 0.8nm is inevitable for an oxynitride film in
the case the oxynitride filme is-tormedsby anrRESN2 Nikigaters pracassing of
a Uv-02 filnghso as o ngg %nitrovgden 15 concentrati?n I%\é%l d%fczcofﬂ/:ohWhen

. € ) :
the thickness %Fthle oxymt%deaﬁ m 1 to be reduced uorther, itis neceessary to

reduce the Riitigli®ddé thiekRess @ 0.2nkr of DSInAT6F eVEA salkert 3TloRg

as the nitridation is,startedsfrom ap UV¥-02 axigdedim. 20 knthepresent o
emboditameng inzg%%d of forming the UV-02 oxide film explained before, an

NO gasisin Fo’ uced irﬁdthtéhsautbstipa%eprcggecgsriﬁgngpsgrastﬁgléblg FIG.3 ©9°¢

from the gagthdzrie 21 andnexditatioryofiatoimie statenogygen ahdratohiie
state 25 nitecagen isccapsed 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 alréadyrath&B8onitid $tdte. Thus by nitriding such an UV-NO film

by wayof the RF-N2 progessing, it becomespossible, 1o, introdycednifrogen

into the film with high concentration while simultaneously minimizing the - 67
- film thicknE8S1 EfG 3% ShdWs Th& poténfiatiiie BPANNG Hhblettile for
various excitationsiates (see fen oxynitride film in the case the

oxynitride film is formed by an RF-N; nitridation
processing of a UV-0, film so as to have a nitrogen

15 concentration level of 20%. When the thickness of the
oxynitride film is to be reduced further, it is
necessary to reduce the initial oxide thickness to
0.2nm or 0O0.lnm or even smaller, as long as the
nitridation is started from an UV-0, oxide film.

20 In the present embodiment, instead of
forming the UV-0, oxide film explained before, an NO
gas is introduced in the substrate processing
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

30 initial state. Thus by nitriding such an UV-NO film
by way of the RF-N; processing, it becomes possible
to introduce nitrogen into the film with high

concentration while simultaneously minimizing the



example J. S. Chang, et al., "atomic and molecular 5 processes of ionized
gas" Tokyo Denki University Press, 1982). ikthe ultraviolet-induced optical
transition of NO molecules, existence of absorption bands corresponding to
the transition from the ground 10 state to the excited states such as Az E',
B2lIr, C2II, D2E', E2E" is known, wherein the transition takes place at the
optical wavelengths sberes than the wavelengths of 227nm, 218nm, 192nm,
186nm and 165nm, respelively. 15 On the olher1and, FIG, 3¢ also show,
the wavelength in which atomic state oxygen and atomic state
nitrogen (N2S} eanlise EREited Hatsuch: alvaverength Falfsin(trerafje

between 192nm@and 1450m chhus;,it iscpassiblertodformcthenatomyicstatea20
oxygen and atomic stateigitrio en by exciti,ngTar]\{ NO _molecule with an optical

wavele?lgthqjéﬁag? Yan 5nm.16\(fﬁer’?ﬂ$’e opﬁcglowg\%llléhg[t]ﬁ] Lebimes

shorter thak rE45nm]l 8B2he other hand, there starts excitation of radical

oxygen (O1D), and oxidation reaction is,28 expected;tQ.he predeminant at
the time of the substrate processing. In view of the situation noted above, it

becomes pbs§ibfe to fintthe Gedired TA-Rio fifdv'ad TRESnitial Attt By Using
an ultravioletrathationr 80 gourde aving ahwavelength irthefrangec0f192 cund

145nm for theulrayiolet,sowree 25 i e, suhstrate, pLacessing apparatus 49,
of FIG.3. FIG.35 shaws the outline of the substrate - 68 processing

according tB the présént emboaftient I Wich A RFEN2TbEESEingF& s
conducted subsequenthhdo dhe 1DA-N@protessings shorter than the

wavelengths of 227nm, 218nm, 192nm, 188nm and 165nm,
respectively.

15 On the other hand, FIG.34 also shows the
wavelength in which atomic state oxygen (O°P) and
atomic state nitrogen (N*s’) can be excited that such
a wavelength falls in the range between 192nm 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 (OlD), 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



Referring to FIG.35, the surface of a 5 silicon substrate is nitrided in a step 51
by the foregoing UV-NO processing, and_an; gxynitride film is formed as a
result. Next, in the step 52, the oxynitride film thus formed is subjected to an
RF-N2 processing, and 10 an oxynitride film having a high nitrogen
concentration is obtained. Table 3 below shows an example of the process
condition fosthe steps 51-anthba i whetein: Tabte 3elewealso sheows: then

process condition of the 15 UV-02 processing (step 1 of Fl .Z%in relation to
the step 51 Tablb 3'GAE Plon P T Tond A [PomT (e AL 2y
[SCCM] steprl Uhe-02V62' 30010625503 35-300 step 51 UV-NO NO 200 0.05

450 20-120 step 52 RFN2 ArN251600 0109 500 1560520 FurthessTable 4
below séhows_ e allowatélfet gr%cess conditio oo[ the foresgtoing g{e%s 5%hand
52. Similarfyl o Table’3, Table 4 shows'the a ieowallﬁjleaproce ss condition for
both the UV-029arocessivig-atd rtheddVsNQoprotessity. 25/ Tableld Gds: Flow s
Press Temp Jimey Rate [Topl [Gl [sec] [SCCM] step 1 UV-02 02 300- 0.02-5
300- 15-600 4000 750 1g,tep 51 UV-NO NO 10- 0.01-5 300- 15-600 69

ext, in the step 52, the oxynitride film
thus formed is subjected to an RF-N, processing, and
10 an oxynitride film having a high nitrogen
concentration is obtained.

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] [%H [sec]

[SCCM]
step 1 UvV-0, o)) 300 0.02 500 15-300
step 51 | UV-NO NO 200 0.05 450 20-120
step 52 | REF-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] [%H [sec]
[SCCM]
step 1 Uv-0, o]} 300- 0.02-5 300- 15-600
4000 750
step 51 | UV-NO NO 10- 0.01-5 300- 15-600




1000 750 step 52 RF-N2 Ar+N2 500- 1x10 300- 10-180 2500 -10 750
Tables 3 and 4 indicate that the UV-02 proggssing can be conducted in the
pressure range of 0.02 - 5 Torr (0.0266 - 665Pa) and the temperature 5
range of 300 - 750C and that the UV-NO processing can be conducted in the
pressure range 0of 0.01 - 5 Torr (0.0133Pa - 1.33kPa) and the temperature

range of 300-750C. Particularly the r ngbdto.67Pa 3.3kRES

13
A Pk u _\J A = i _
preferable] 10°Bn thd other ﬁanéﬁf%possﬁ@%do cgrﬁt%:t the R N2 L0180

processingin the pressure range of 10-3 - fOTorr (0.133Pa - 1.33kPa) and in
the temperature range of 300 - 700cC. Particularly, the range of 0.67Pa -
13.3kPa is preferable. 15Refesring back 40 G 24 exptained tiefore;-A.and

V show theg?@@@ﬂ%b%"%{e%% the nifregen, %%C&Qéraé@é‘s%'&%”@an%% of

thickness of the oxynitride film formed according to the process of FIG

Referring td FIG.22, 3t d&f be (Sbdtt tHat ~26 tRE dxkyRitFde Fimtareshp ture
contains nitragef Wwith a oconcertratioaref ahout 10% inthestatedpwsediadely

after formation thgreaf by the UV:NO process. Thys. by, applying g, RE-N2

a
processing of the step 52 of FIG.35 to sugﬁgﬁsoxynltnd% film, it becomes 25

possible to forfa ahloXynittitre filnd of higher ARbJErCcoHERREAICH. THeYRBY,

the date represented- indbeodravdng hy.AJepigsents the casedn whighithe -
oxynitride fi@ I&spg thickness of g)bﬁrém in the state immediately after the

SN

UV-NO processing, whileV/ 3 represents the case in which the oxynitride
film hag a thickness of @anphin tHestatd dmehediately afteps gle to

conduct the RF-N, processing in the pressure range of
102 - 10Torr (0.133Pa — 1.33kPa) and in the
temperature range of 300 - 700°C. Particularly, the
range of 0.67Pa - 13.3kPa is preferable.

15 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

20 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

25 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¥

30 represents the case in which the oxynitride film has

a thickness of 0.4nm in the state immediately after



the UV-NO processing. In the case of the film represented by V, in particular,
it can be seen that a nitrogen concentration-@f 20% can be achieved while
maintaining the film thickness to 0.6nm or less in 5 terms of the thickness
measured by the XPS analysis, by conducting the RF-N2 processing. FIG.36
shows the binding energy of a nitrogen atom of the is state contained in the
oxynitride fitlhe wihichiis pbtaired aggording tadhe d0-processof theprevious
embodiment in which the UV-Q2 processing and the RE-12 praocessing ar.
conciucted EOREabatut. Furter FIG6 Shows Simits birtingonarey it
the oxynitride filfafoaned IR eenddcting the UV NOrocessinglexpiamedh i 1e
before and alsohforian 1§ axyaitrderfilmformedsby adifferent precess.sinin

FIG.36, it should be poted that the vertical axis represents the full-width .
Palf masdimi (EWPIM) D10, XPoS-Shbalins WK e NOfZnAl Ak >

represents the dsindingtenergyhef tRe-N15catons 20 Referring to FIG.36, the

oxynitride film having particulaslyslarge bindingenergy coresponds fo the
case shown in FIG.37A in which the nearest neighboring sites of a nitrogen

atom are olclpi8d By & Fofms dntf the®sSEGHE nafgHisoriy sités bfthe 25
nitrogen atemyaretocelpied by, oxstgerh wihileothiea oxyditdde dilmivawving athe
large binding energy cerigspopdsfodhe cassshownin FIG373.in whichsthe,,

nearest neighboring sites of a nitrogen atom are occupied by Si atoms and
the secondHexrest530 hefghbdritiy Sftes oftheifrot/en atbf aré ard e
occupied by Gi eteimsi There exists Bedifferarceas of dindingsanargyrofiabotitng

0.6eV betwggn these fwo, configyrations, while, it is-noted that thaf tis : (1
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 N;5 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

30 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



difference of binding energy agrees with the distribution of the data points on
the horizontal axis in FIG.36. Referring to FiG.37A, the nitrogen atoms 5 are
included in the oxide film in this state, and thus, the state of FIG.37A
corresponds to the state such as the one shown in FIG.1, in which the
nitrogen atoms exist in the interior of the oxide film or near the surface of the
oxide film. lniFz343cendhedihathes hand; 4tsheuwdde noted that the state
in which the Si.atoms in,one or mare;sifes gircled.n, the draying,by,a dofted
line are substituted with oxygen as represe%teél1 %y arrows corresponds to
the case irtwhichithe Ritrogfen atoms are concentrated to 15 the region of the

oxynitride film near the interface; hetweenthe silicon substiateand the oms
oxynitride film. Refe{rig% éo fIG. 6, it cagebefﬁen that the value of the

.75 are 1nﬁ U n the oxi thn this ﬁtate and .
binding energy scatters over a wide range from the relatively’low energy side

of about 2039 6eVhto thedtighef eRéfgys Silecofralsoutca398: 18V inhthestase

of the oxynitride, filra foredhy heRE-N2 precessing, of the WV-02 oxdde ogen
film. From this, and further in view of the fact that the half height width of the

peak takes A1aFe VAlUE in'the Cse BF 35 SUichPdn bYnitide filrh X itTs °F near
concluded tiat thse rstate 0D FIGI8Y Aandehéistate 6hFIG.3737are mixechen

the filmy, In the,axynitride film inwdhich oply e LVNQ professing,s ;,
conducted, on the other hand, the 30 value of the binding energy is

distributed iPthe ol Enérgy?SidBFrom &B6ut597'86Y 1o 'atout 397969, 17
From this, and farthet inyview of the tast thattheshalf-sheight widthofithen

peakisredgg?%gﬁsgghégwpéééﬁ%ed by arrows corresponds to the
case in which the nitrogen atoms are concentrated to
15 the region of the oxynitride film near the interface
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 wide
range from the relatively low energy side of about
20 397.6eV to the higher energy side of about 398.1eV 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,



it is estimated that, while there still exists a mixing of the state of FIG.37A
and the state of FIG.373 in the film, the state,of FIG.373 is slightly superior.
In such a case, it is believed that the 5 distribution of the nitrogen atoms in
the oxynitride film is slightly shifted in the direction close to the silicon
substrate. FIG.36 also shows the result for the case of an oxynitride film
(RTO/RFN)iin whichsa thermal 10-0xidefitmds subjected 10 the RIN2 a

processingénthe case gf an o %/Qltgde fi %mf(l%D%)ﬂ@ whi thc% therm | oxpe film
P

is subjected to a "Microwave-plasma fitridation process and ?ort e case of
an oxynitridé it (RTNOY e which a silicorsabstrate I3 ¢s SuBjettedidahtly

thermal nitridation processingichn the-cass of the exyhaitride film tdesignated
as RTO/RFN andt e OX nltrlgef m desrgnated as SPA, the b|nd|n energ %é
observéd forjtﬁeﬁ\Jl s%ate IS reFa |vePy Iarg an |sqneﬁ|eved%théi he Safe
of FIG.37Afs predominanthinlthesbdde <of the oxXymitdideditmiRTNO cor the

other hand,:the observed binding epergy of the N13 state is concentrated
into the value of about 397.4eV. It is believed that this indicates that there is

a 25 concentration of nitrdgen atGrmain HE Gkyhitfide Sfiltt heaP thé iitefate
between the Dxynitdderfimr ahe thelsilid®Tsdbsiatel T hus] accerdingtodhe

formatign progegs ¢f; the 9§ygﬁ'ﬂcjr1%ély@cpfttgetﬁ{§3§9t iventionthat 30« ne

applies the RF-N2 processing to the UV-02 oxide film, it is possible to realize
a generally Giforfi distriBuHBNA of tHE nittdger Stdrhs iR tHE tsynitridBeif
with slight cenceatration indheside of e £t 732 microwave-plasma

nitridation process, and for the case of an
oxynitride film (RTNO) in which a silicon substrate
15 1s 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 N5 state is relatively large and is believed

20 that the state of FIG.37A is predominant. In the case
of the oxynitride film RTNO, on the other hand, the
observed binding energy of the N;s; 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



film surface. In the case of conducting the RF-N2 processing to an existing
oxide film, the nitrogen atoms are distributedjprimarily at the side of the film
surface in view of the result of UVO2/RFN, 5 RTO/RFN or SPA of FIG.36.
From this, it is expected that a generally uniform distribution of nitrogen
atoms is achieved in the oxynitride film from the interface between the silicon

substrate and the dilmr fo he filin susfacesay applydngithe RigoNZhpragessing
10 to the oxynitride film f(ﬁ\}rlmed bg}ghe UV-N(ng%%ge%iiﬂq asrepre ented in

FIG.36. [FI TR EMBODI %I\?ﬂ In tﬁ%tclz% _ ricating’a semic&ﬁc(fuoc%?
15 device havitis adtighdd dlicléétriesgaterinsaratior film BiFIS1Est 5 the
necessary teoiformstherhigh-K ndiglegtrie filmnd ondbe haseroxide, filkri2, thus
formed by the s rate processin paratus 20. Typically, a CVD process
is used’to fgfrﬁﬁﬁ%lgsu% asﬁ(l‘&ghqé (%(Ieaf’zt%ar(frc' fifrh 3" 1N thE casé of°for |ﬁ§taed
ZrO2 film, fohekample2rG14 or othéro gaseosssourte contdining-Zriscused

and the ZrQz Jilm isdepgsitesbby oxidizingsugh @ 9aseoHs1Spur e As kIS
preferable that the formation of 25 such a_high-K dielectric film 3 is

conducted ‘SUbsebaERt {5 THE RftriGAfor prdceds SHINE Fatiical®BRide fint + 1™
shown in FIESII6A andnl 63;wfitheutbgontactingrthetsubstiatd fortheederina)

air. Thys, itis prgferable thatthe subsirats nragessing30 8pParms 209k i ng

FIG.3 is integrated into a cluster- type substrate processing system that
includes a @YD" Ehamiber: 16138 Showthe schematic construction of - 74
such a cluster-type substrate processing system 30

[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 Zr0O, film, for example, ZrCl; or other
gaseous source containing Zr is used and the ZrO,
film is deposited by oxidizing such a gaseous source.
As it is 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



according to a fifth embodiment of the present invention. Referring to FIG.38,
the cluster-type 5 substrate processing system 30 includes cassette
modules 31A and 313 for loading and unloading a substrate W and a
substrate transfer chamber 32 connected to the cassette modules 31A and
313 via respective gate valves, wherein the substrate 10 transfer chamber
32 is furthes gennectetitora rsubigieate aleaningchambes 33ng hasetfilim 30
formation charg98534, a C\é/lch:l rHbg%ggcﬁndegtthegn%grocreggienrgc
chamber 3ba.thus, the substrate W introduced mto the substrate transfer
chamber 32 o tHe@assette module 31A or 313 is forwarded to the

substrate cleaning chambek 33 fifst fios removing adative axider fitgox
organic conta@ination therefrom. Next, the sugsotrate Vi/ ig transported to the

base o>5<ide ?i?m%%r?nﬁfooncgﬁgrln%%r %‘\ﬁs\t/_’lgr%he substrate vansier: ecﬁé?nber
32 and the bade loxide filmaXadd Bhé eitridea filmd 2N dreiforpsed.ng a
Thereafter, {he substrate W isi forwarded.tg  the. CYD ebamber 3% threugh the

substrate transfer 25 chamber 32 for formation of the hig}rh-K dielectric film
13. The sulsStPAt8 WAE thfth&F fortitael tThB therfrial procéSsing Chahiber
36 for crystalization and oxygenadefect compensationgprecessingt After the

processing in. the thermal processing chamber, 36, the,3Q substrate W is

transported to the cassette module 31A or 313 througﬁh the substrate transfer
chamber 32 RidaritiRil&, €ach 8Lt protessiny cRambirs 351 prmation
provided with ¥atieus Topperatig devitgesy - 5 and kecausenafithis,dhessing

processing chambersyequires
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,



an area represented in FIG.38 by a broken line, in addition to the area of the
chamber itself. Thereby, it should be noted that available space is 5
substantially limited at the side of the processing chamber close to the
substrate transfer chamber 32 because of the reduced separation to
adjacent chambers. Thus, when the substrate processing 10 apparatus 20 of

FIG.3 is to badiseddawsuch-a eluster-type stibstrate processing epparatysires
30, the processing chamber éggggoygeﬁe(g to.the sgb%g%{e trapsrf]eer

chamber 32 in Sfacae gfel?eriﬁa connected t0 the substrate transfer unit 27?n

wherein thet@dirisesn 5 a problemdan that thestuebemstectter Pump 283, eby

extending laterallyto the-processing shambes 2{1.at the side thereof close to

the substrate gansfer, chfi\mber 32, may cause an. interf rence with the |
. 5 substantial liﬂfte £ . the %ﬁd? [®) (f e groce551n%)
adjacent processing chamber. 20 In"order to conduct fast depressurization” of

the processihgvessel2dsit is-netéssarythat thees tarbomictecarpbamp 233

is provided glose,ta.ther evacuation Rost 214. whiiledhere exisis norspace
available for this purpose because of the fact that 25 various devices
including the ttah§Sortation robot are provided underneath the substrate

transfer chamber 32. Fuitlver, térenistic avaitedlesspacer areesieath the
procesging yggﬁg%%éorz@eo@rpq cmolecular pymp, 233 bgcause;of the fact

that various 30 devices including the substrate rotating mechanism 22C are
provided uridetiBafh the®procedsing vEsseI1 2L S FIG BIR BABEIF ard - the
diagrams shewirgs thiengonstsuneion 0f aisubstiate Precessing lappanatiisr4Q e

76 acconﬁggggg&@@hS@Q%%ggu§g(gghgfgggeg% 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

30 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



invention respectively in a side view and a plan view, wherein those parts of
FIGS.39A and 393 explained before are designated by the same reference
numerals 5 and the description thereof will be omitted. Referring to

FIGS.39A and 393, the substrate processing apparatus 40 disposes the

turbo molecular pump 233 at the outer side of the substrate processing

vessel 21, ineibes wordibe side opposiie dditesthe subsiratedransier unit 27
where there s an. valable space.uhen (e substiate processing, apparais,,
40 is used fo construct the cluster typey substrate processing system such as ’
the one shoWs ¢ IFIG-B8s Wik His, thieré 1§ forn¥éd ancevathiation sortas

21E in the progessingrvessel 2]-akthe oter sides thereafsin-ether werdsrat: s

the side opgggite 1!:106 thee S:~:curbistrtalte Igratq?(;gre ¢ amgﬂ. l;lértgeri, t@g rocess gas
nozzle 21DANd the uﬁlrawole?opﬁcal SOUrce 25 are prOVIdTédt'[O the side

close to the substrate tr&esfer 20rchambéer 27 witih respect 16 thé sebstrate W
such that the,oxygepdagicals ake caused 10 flav alongsthe, sukfacerQf therpo

substrate W to the evacuation port 21E. It should be noted that the turbo
molecular PAmp 233 Ts RReéted @ theBottothart bf theé 25 Pioc8EsingTate
vessel 21 viartheevalve2 34 sz alvetiicali stateharotherdvarids thedstateoposite

which,the inlgt and the,aulletare.aligned yertically Jhurther. dt should be
noted that the o_utle‘;ieort of the turbo molecular pump 233 is connected to

the evacuafidii B30AE exétiding frotn tHE eVABGATIGH Port 2TA DT thE
processing agsseb21 40 the pamp 24 \da the vatve.24Ac at the partdiehipddhe

valve 24A. In.gueh. a.su ?E%Sﬂ?ﬁgséi{)gtae%%@%s 49. 4L Inwhighthe ;
turbo molecular pump 233 Is located at
FIG.38. With this, there is formed an evacuation port
15 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 side opposite to the side of the substrate transfer unit 27, there is caused
no problem of the turbo molecular pump 233-causing interference with 5 the
adjacent processing chamber even when the substrate processing
apparatus 40 is used to construct the cluster type substrate processing
system as in the case of FIG.38. FIGS.40A and 403 are diagrams showing
the 10 process+afitorming the baseraxide filnrl 2 cepnductedi by using dae at
substrate prc%ceessir(ll%agﬁaratggemc.oR%fggig% 1o Fl Sﬁz}ll%ASargj 403, it can be

at :
seen that the valves 23A and 233 are opened and the valve iB\rI% closed in

the base oxXidéfifrhdormation 215 proeess. ks avesaft, the protessspace233

is evacuateghiedbertigh-degrees@agyum state of ih 33 4 - el 33 3194Pa
(10-3 - 10-6t'l;10rr) %he turbo molecular pym 19233 ate the foreg%gg
evacuation port ,Ca\ennot the oxygen gas is mtroduced ihtS the 2 process

space 213 frohsthe processagass no2zIeED drf uhisiState. Barthet; by driving

the ultraviolet ,souree25 with-a suitable-enerqy.while retatingJhes suhstrate
W by the substrate rotating mechanism 22C,_there is caused a flow of

oxygen raditald ('t 25 bvattalidipdH 12E%18Rg the substrate surface,
and the substrate surfagé & oxidhizechan#oBnbyr &Vith attisynisbetomesg the

possihlg to form anexieermgly thin, silicon, oxide film having,a thickpess of Inm
or less, particularly the thickness of about 0.4nm 30 corresponding to the film

thickness of2 - 4ESnic* fayereS bhhe it SaSFaePsitade anitGmly
and stably and with excelterd repraducibilityc Qf4 couese] itiggyossibledo foem

a silicon oxide.film 1, /8 < havipg A HUckNgss.excesAing IaM, e eq 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
107t - 1.33 x 10 *Pa (lO’3 - 10%Torr) by the turbo
molecular pump 23B ate the foregoing evacuation port
21E, and the oxygen gas 1s 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 1lnm 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



FIGS.41A and 413 show the process of forming the oxynitride film 2A by
using the substrate processing apparatus 40.0f the present embodiment 5
after the step of FIGS.40A and 403 by nitriding the surface of the base oxide
film 2 thus formed. Referring to FIGS.41A and 413, the valve 23A and 23C
are closed and the valve 24A is opened in the nitridation process. With this,
the turbo 10.salesular pruimp Z8Ssisadiseennected:fiom the evacuation

system and the process e 213 is _evacuated directly by the pump 24 to
the pressure of 1.33Pa Es]gg%lééé (8?){ E‘%O‘F%Fry Iﬁﬁtﬁlsp gt%%ee,%n %?r gas
and a nitrogery §as 915 e Stpplied t8Thé rémai/e Plashia Bufcee26andrate

nitrogen ragials-are; fosmesbhy applying adkighn fregrensy exsitatan-ie the
nitrogen gas. The njtrogen radicals thus formed are caused to flow .along the
surface’ of tﬁgtseulbs ri?sl e Wb tﬁ% ngag@éio%“ér }fyaﬁldl ﬁre%%ﬁg%a%}é%d
a uniform mnitridation o thésurface of:thégofatiny Sulystratef YWMAS a result

of such a nitridation proggss-the; syrfagerofdbe pase.pxide fim 2 s converted
to the oxynitride film 2A. 25 By using the substrate processi;:g apparatus 40

of the presént eMBBdimentor the processifig “ERarhber 34%n the TIa5E, Tpe ™
substrate ptacessing isistemnofidEl(s:885 it becomes possitihe ta forne the

high-K dielegctric film 13 such as-£rQ2, |02, Ja205, 30 £13i04.,{fSi04,
A1203, and the like, on the base oxide film 2 that includes therein the

oxynitride fifiieA2 fri the BXpldifatidnabdie Rh8 SUbStrERE procdssing
apparatus 40 wassexplainecewith regard te - gOnmthe formationeopverysthire of

base oxide fil; HOWEVE, 310, (0.01 - 100Torr) .
In this state, an Ar gas and a nitrogen gas

15 are supplied to the remove plasma source 26, and
nitrogen 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,, HfO,, Ta,Os,

30 2rSi0,, HEfSi04, 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



the present invention is not limited to such a specific embodiment and the
present invention can be applied to the process of forming a high-quality 5
oxide film, nitride film or oxynitride film on a silicon substrate or a silicon
layer with a desired thickness. [SIXTH EMBODIMENT] 10 In the
embodiments above, the technology of forming the base oxide film 2 in the
semiconduetes devige 10O0LEIGA tp theithicknessofabout Odnmiansker,
further forming the oxynitride film 2A on.the surface thereaof by using the
substrate proce<in 15 aparas 20 of FIB.3. On the other hand.itis also
possible to tReIhE SUbBMARE Preeéssing dpparatuzs20 tolforiera tsickepn be
oxynitride fippwhich eanhie-used Jfos a gateripstlationdfilm 3A-apality

represente% >i{nl ges%niwi%on%l{cttgri gevié:e 200 of FIG.42. 20 ReEer{ing to

FIG.42?the Semiconductor device 200 %jr(n)e%rnootx &' the" @h-li diel@ctric

gate insulatiohifilrn3 andstheagateceleetrodé i isfokaeer direttly oriteigate
insulation film 3A.J8F1G.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
semicondudtdr XIewida1200 DEFG142, it is not necessary to use the high-K

dielectric film 30 3, and {he gate igsyiaton film can.be formed by ap. o1 ogy of

oxynitride film which has been handled in the conventional semiconductor

process tectologye Therély? theprotess b fbricating thecgermrishictsr -
80 device isdactitatedo Osrtheratherthand, 4t ishneressaryoi tHigout 0.4nm

Senﬂconduggéd?MF%%%QOngﬂEE%ZThe oxynitride film 2A on the
surface thereof by using the substrate processing

15 apparatus 20 of FIG.3. On the other hand, it is also
possible to use the substrate processing apparatus 20
to form a thicker oxynitride film, which can be used
for a gate insulation film 3A as represented in a
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



to form the gate insulation film 3A, formed of an oxynitride film, to have a
thickness of about 1.0nm 5 or more by using;the substrate processing
apparatus 20 explained with reference to FIG.3. FIG.43 shows the process

of forming such a thick oxynitride film according to the present embodiment.
10 Referring to FIG.43, an oxide film is formed by the UV-02 processing of
the silicon gubstratei surface i the step 64 bynbeadtravialet €xcited oxygen
radicals, and the oxide film thus formed is nitrided in.the step.62 by th

REANZ 15 BroCsats n (e S Gt St s Fand her T6-42-
desired filnfthidkiesstisachiéved by ueandacting tHe processessd thé siéps

61 and 62 at:a felatively highitenperatuee af ahouk 730G ¥ views of theonm
result 05f the engerimekgt of FIG.32, the Z%QUEQ%QCEJ step between the stepgl

and the ste8r6 %r%mlﬁeﬁf:’f:]i@.ff Shows hé hickhess distribatioh “ovér the
silicon substtate:sukfaicesfor thé loxide filne nolstaired b§ the UV-02 processing

in the step 61. It 25 showlddbe poted that the thickness of FIGA4is,g such a
measured bx}using spectral ellipsometry. Referring to FIG.44, the silicon

oxide film i5Tofhed titerthd présslire6rA66PA Y3 T3 4t thé SSiktrate
temperaturerpI&0Cwhile rotating the 30 substrate. It can be seen that a

very upjform oxide film ﬁ@%@%@g%?yﬁ‘@% vasiancg &,0f Q729 far sthe film
thickness variation, is obtained. FIGS.45A - 45C are diagrams showing the -

81 process E5AditioR0fthe retidte PrashiAtridation Procéssingor the
oxide film of Btetdhconducteskid in the step 61 by the ultraviolet-

excited oxygen radicals, and the oxide film thus
formed is nitrided in the step 62 by the RF-N;

15 processing. In the present invention, on the other
hand, the desired film thickness is achieved by
conducting the processes in the steps 61 and 62 at a
relatively high temperature of about 750°C. In view
of the result of the experiment of FIG.32, the

20 purging step between the step 61 and the step 62 is
omitted.

FIG.44 shows the thickness distribution
over the silicon substrate surface for the oxide film
obtained by the UV-0, processing in the step 61. It

25 should be noted that the thickness of FIG.44 is
measured by using spectral ellipsometry.

Referring to FIG.44, the silicon oxide film
is formed under the pressure of 400Pa (3Torr) at the
substrate temperature of 750C while rotating the

30 substrate. It can be seen that a very uniform oxide
film characterized by the variance o of 0.72% for
the film thickness variation, is obtained.

FIGS.45A - 45C are diagrams showing the



the step 62 of FIG.43 and the film thickness distribution of the obtained
oxynitride film obtained 5 according to the pkgocessing. Referring to FIG.45A,
the plasma nitridation processing is conducted under the pressure of
26.6kPa (200mTorr) at the substrate temperature of 750C while changing
the nitrogen gas 10 flow rate and the Ar gas flow rate in the range illustrated.
In FIG.45Agthedings Adepresents tbe upper bmitcef theaitragentgasiiewdate

in which ignition of plasma_can take place, while lines, B and C represent
the pressuETanoE AAE of i 12 cAtIGd by i (s Sber 1
processing Apparatis 26 0p FIGIS: -AS représehted at the-eérterdrawing of

FIG.45B, theidistributionef the nitrogep: soneantsation in the fikm, and henceeq
the distribution 20 of thicknetsg of the oxglnitride film, is uniform in the case

the Ar éas f?ocv(\:/or]é?el%ﬁdttﬁe nlterogér? CQ%SS tlow rate are chosen to be located
on the line D. In this casefavennsmall vafante’valtba of 67% is

achieved. 25 Inthe-¢case the-Ar gasflow rateandithe hitrogen,gas,flow rate
are chosen to be located at the position offset from the foregoing line D, on

the other HahTS fiére &isea HistribUtiBRTH Wiikh e thitrogenct-ate
concentratiorripereaseseatdhe marginah past 30 afithesubstrateiagogen gas

represgnted in,the left.drayingy, of £IG AR3 en g, distibution inyuhich the

nitrogen concentration increases at the central part of the substrate as
represented frt e fighfdraving df:-82 271G 483! i théser Easés St can be®

seen that therpe oceursiincegasenef thiec vadancerafor therfilmte in which
ignition of plasma can take place, while the lines B
and C represent the pressure range capable of being

15 controlled by using the substrate processing
apparatus 20 of FIG.3.

As represented at the center drawing of
FIG.45B, the distribution of the nitrogen
concentration in the film, and hence the distribution

20 of thickness of the oxynitride film, is uniform in
the case the Ar gas flow rate and the nitrogen gas
flow rate are chosen to be located on the line D. In
this case, a very small variance value o 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

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 in the right drawing of



thickness distribution. Thus, it can be seen that there appears a 5 convex
thickness distribution or a concave thickness, distribution in the oxynitride film
thickness, and hence a convex nitrogen concentration and a concave
nitrogen concentration, in the case the process condition is at the right side
of the line D and at 10 the left side of the line D, respectively, while in the
case the nitrogen gas flow ratesand dhe Ar gas dlow ratesrerchosen endhe
line D, a un(i)fg(r:mriszhicléré(%ses gies,tr(;l%ut%%ne isvgl%tlaén%% f%r tl%% oxylgitr;ge 1];ri1|m' 15
FIG.73 shows the rejfatlons?‘np between the unl?ormity of the RF-N2
processing ahtctesrocess tprdssuieat the substrate temperature of 750C,

wherein the horizontal axis@f FIG.73-shays the rogess pressurgidhedime
of the RF-N2 ﬁiocessj?,g, 20 whilg the vertical axis represents the ratio in

which the thickness of the Sxynitride fim thus Subsjected” @8 e nitridafion = >°
processing @t the centrabpaitis tdividedy by the dhicknéss Bl the nearginal part.

Thus, in FIG.43ean ideakinsplane uniformity s achieved,254n the casethec
vertical axis of FIG.73 is 1. When the vertical axis has increased from 1, this

means thal'the 8BfHINER BXGRitAaE fith had'a donvex Fim' thickhass s s
distribution ckmthetdase the werticad axisgissmaller tfart ¢ this means thiatathe

oxynitride 30,film bas a;concayve film thickness distribution. In FIG43, A 1y
represents the case the Ar gas flow rate is set to 800SCCM and the nitrogen

gas flow raté%s S8ffo HI5SEEMOH e T fepresintéiife 283 E&Se frie 925
nitrogen gas flow ratedsset te1dS50SCEM: hEutthee, pepresentsthencase in

Whmhtheﬁgﬁ%gkness 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 7500C,
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 M represents the



flow rate is set to 1600SCCM and the nitrogen gas flow rate is set to
1400SCCM. Thus, it will be noted 5 that the datal flow rate of the process gas,
defined as the sum of the Ar gas flow rate and the nitrogen gas flow rate,
increases in the order of A, 0 and . Referring to FIG.73, it can be seen that
the film thickness distribution changes from the 10 concave distribution to the
convex distebutionandc agaiy ¢a the eoncave gdisteabuton at the law presswre

side when the pressureis changed under the condition that the total flow
rate is fixe .Lf:tl%%heerr,' i'?wilf%Oer%tee#t%a%t}%ﬁer%ag%s%sntv% ﬁ?&ce%s%e[?riérss%?gs
in 15 each $ettirigraftheitota flow: PateGA e s bxynftridefiroshukiferm

thickness isrobtained.c Fusthes:it will beoneiedithat the curmes.QfiklGd3noted
shifts in the h(ilgher %%essure si% when the total flow rate is increased. 'ghus,

h ﬁ1att ined

S 5 F jo ta% w,rate of the process S
it will bé note aﬁjus ment of thie process pressure 2an 414 realize
the uniformaprotkssingrinthetRE-N2 precessing of the presepbinventiopy ém

addition to the-approachLafc contrallingLbe total flow ratg of the Akgamand, e .
the nitrogen gas. 25 It should be noted that the line D of FIG.45A explained
before corresponds to tHe p&int K bf FIG 73, The réfatichBhiiSof BfG. 734150

suggests théexisténce of anothrer optimuipointnThisapoint howevenedoes
not exjst in practice bacauss pf,the, 30,100 lqw pressute peeded WWhen, thisq

optimum point is to be used, therefore, it is necessary to use algump of

large power 8&pablecof st a Targe sVdcidtion™ oad. 184 Pf 48ES5ure

shows the relationghip betweendbheuAe gas flove riatedanch the- thickness.of theon

obtained that the total flow rate is fixed. Further, it will
be noted that there exists two process pressures in

15 each setting of the total flow rate in which an
oxynitride film of uniform thickness is obtained.
Further, it will be noted that the curves of FIG.73
shifts in the higher pressure side when the total
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.



oxynitride film for the case the Ar gas flow rate and the nitrogen gas flow rate
are controlled on the line 5 D of FIG.45A. In £)G.45C, too, the thickness is
measured by spectral ellipsometry. Referring to FIG.45C, there can be seen
an increase of thickness of the oxynitride film with increasing Ar gas flow
rate, and hence with 10 increasing nitrogen gas flow rate. This indicates that
the thickness of the oxymitride: itm shewmin i &1G45A 05453 indeedweflects e
the nitrogen, _concentration in the film. EIGS.46A - 46D sh he kinetics o
the 15 Ol BrORE0S Cor k158 by the TR 0D B ot e e
film of FIG.2& ¥t & i€mpetaturé of P5eCanfderthe pressare 6£200mTerrand

wherein it shouldihe pgtad that HG.46AIepresents dhe relationship batweeme
the thickness of the oxynitride 20 film obtained by the XPS analysis and the
time of the %niﬁ%aﬁi%%'ﬁlr%)‘%éséfﬁ& ]L—?G%) 3 ré:p?r%’se% S thtehrleﬁgﬁgﬁsshibs
between theconeceattativnafeher aitrogeniatorns incorporated into the

oxynitride film and the tigae of the pitridation preeessingrEIGA6G25scen an
represents the relationship between the area of the Q15 signal peak of the
oxynitride fith Gtafifed by theXPS Enaysisind the tife 8F the nitridtich
processing.land F6i46D Aepresents dhve relationship etweenithe peak area

of th? 1_%i2l0 EM% entl@fo%%ﬁf ga%n'%ﬁi%ﬂ%p&cwgg ’if%{'%%&é‘ée
the initial thickness of the oxide film is set to .Onm, 1.2nm and 1.3nm in

terms of the BiEkiéSs VaIE AS heaSurdtfby 2 mbhotAtorhs dligdsitigter In
the XPS - 85I @anabysisrtheshicknessvatees of abouh8.8nmrb@am and

1.3nm are Qhfained respegtively in corrgspondence
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
O1s 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



to the foregoing thickness values. Referring to FIGS.46A - 46D, it can be
seen 5 that there occurs an increase of thickgess and nitrogen
concentration in the oxynitride film with the time of the nitridation processing
irrespective of the initial thickness, while it can be seen also that there exists
a change between the behavior of 10 the O15 signal and the behavior of the
Si2p signal awithyrespecttosthentimerefdbesnitrigationrs pseeessing saependingm
on the iniia) hicknesg,of he uide fim. More sneciicall, |t can b seen il
the 15 Ols signal decreases wit the nitridation time in‘the case of the

RF-N2 prodessiritf of anosxidé filrh heting thevinitiad thickness of 1.3nm,

indicating that there is qausegdissocigtionef oxygen diying the pitridationcen

brocesging. In the case of the RE-N2 20 procegsing of the,0xide film faving
the initial thickness of T.Onm, on the other and, o suBstanrﬁaf change is

observed forithec9$8 sigmaleThissinticates that theoxygendtofislm with

dissociatedas.agesult of iptrodyction of the nitregen atoms cause-diffusion:
25 through the thin oxide film having the initial thickness of .Onm and has

caused pre€ipitation At e int&HAcS 16 e slitdbhsubstiats. Thefdshy! therd
is caused atfegrowtle of ap-oxide fimdtsush aatnterfacehSoihthel case 6f

the REN2 processing;ofithe oxide film paying,the ipitial thickness.qf,1,.3pm,
on the other_hané, it is believed that the dissociated oxygen atoms cannot

reach the intéFact BEtRebnthe™'S6 Siltor SubSfratetand $7é bXide film
because ofiihe clasge inrjtiabthiekneissoofthetoxide dilmiand arg ckness of the

oxide film.
More specifically, it can be seen that the

15 Ols signal decreases with the nitridation time in the
case of the RF-N; processing of an oxide film having
the initial thickness of 1.3nm, indicating that there
is caused dissociation of oxygen during the
nitridation processing. In the case of the RF-N,

20 processing of the oxide film having the initial
thickness of 1.0nm, on the other hand, no substantial
change is observed for the 0i5 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



escaping to the outside of the oxynitride film. With regard to the Si2p signal of
FIG.46D, 5 it can be seen that the Si2p signgl does not change much in the
case of the oxide film having the initial thickness of 1.3nm until the duration
of 30 seconds has elapsed after the start of the nitridation processing. It is
believed that this reflects the 10 situation that the nitrogen atoms introduced
into the oxiglelfilovcadse substitutionofthe @ggen aoms e dhedimoand the
nitrogen atgms to not reach the .interface between the oxide film and the
Siicon 5 bBEES OH Hae Sia R ne Eositof(eots Skl Ay hachg
the initial thickiressrsf L.onfiietieress dausédtditinerease of tve Sidp signal

with the start of the nitrigatian psgeessing, i{wécaﬂ@g thalthere has heervp,

caused5pre(l:[Pitationbof oxy It;:‘nt%t tt_’het Lntersfailce betvrvlecin he silirg:on sybstrate
and the 20 oxide filny andassociated rearowfﬁ of tHe oxide fifm! FIGS 274~

47D show theddasenintWhichathe RF-NZeprocessingofiokigeifilm ishconiducted 1
according to,the.processofFIG43.under the cangition that pitrdation onas

reaction is facilitated while sacrificing 25 the uniformity. More specifically, the

process pre&Sufe i8St to HOomhTER SN the Expehinténts b EE8T47A - 47D.
In order to achiewe the promotion ok thenidrdatien readtior ahtlauniforpiity at

the sape time,,gn fhe otherhand, it is.necessary Jpuse,a A01arae capagity ne

pump capable of handling a larger evacuation load is used for the pump 24.
Further, a ot powerfulvadical $obirée SRbuRI b8 usedsfor e Senistens 10
radical source=26.i Thisds @sseatially theje 87asame thing explained prawious

with regard g the case of conuQlling the Rrocess AIesiWe: ne 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 Si;, 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-N; 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



Referring to FIGS.47A - 47D, it can be seen that the Ols signal strength
decreases with the start 5 of the RF-N2 progessing even in the case of the
thin oxide film having the initial thickness of .Onm under the condition in
which the process pressure is increased for facilitating the nitridation

reaction. Further, as shown in FIG.47D, it can be seen that the 10 signal
strength of thenSi2m sighad ipcreases meratoneusly: fram-thebeginning.ef these
nitridation process in tE case %f the %xide film_having the initial thickness of

1.3nm. This md?gé]tiégqt afl,rllrgiI t%eeeﬁ)rer?rﬁarsnspgfﬁfcg LA - 47D, nitrogen is

15 introduced with an ametat eérrespondifgStohe nitfoden ébneentr&ors #en

the case ofthe expesinantss 0hFIGSA4A n 44D withr-short ime pariede start
because of tahe romoted nitridation reaction and thaf the nitrog%ntagomgh.
have reach@d the interface Between the 20 oxidé tilm and te sificon < Hh
substrate. Thuslavhien thé anitridatioreprocessing isheoridicted ander the

condition inwhich theanitridation; processing isy fagilitated,dbete js 8ssure is
possibility that, while it is_ certainly possible to reduce the time needed for the

25 nitridationprocessthd the ifitrddacéd hitfoddit atorhs ity reachihet 1or -
foregoing interfateunless teowitridationdinmeéls controdedloptiseem. FIGt48Ae

shows the meghanismm of the pniridation grocessigg.achigved by the RF-N2
30 processing of an oxide film estimated from the results of FIGS.46A - 46D
and 47A - 713 AhECR A8, Gt SRoliRFb& Fistéd st thbskParts- tridation

correspondingte: 4he partshdeserized previeusly iate designatedibyythe.e 88
same refergnce pumerals. and the deseripiion thereof; will be pmitted, . - 5,

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



Referring to FIG.48A, it can be seen that the introduced nitrogen atoms are
concentrated to the 5 surface part of the oxigle film by controlling the
condition of the RF-N2 processing is appropriately, and that the problem of
formation of surface states by the nitrogen atoms penetrating to the interface
part of the silicon substrate 1 and the oxynitride 10 film 3 is suppressed. See

Watanabe, iapet akrér Appd Bhys:20,pn4d08h2002 skirtheccase thereof
condition of Slﬁg ?n RF-.N%Q%!'ocessing is inappropriate, on the other hand,
S t

there is a 5«015 Ibi |§/ that the nitridation reaction 15 proceeds excessively. In

such a case, the nitrogeReafoihs tHay Pedcly tHe htefface betheepdhe silicon

substrate 1wand the-exynitride film 3Ayand drterlacer states smay bercaused. tne
Becausée of thisf it is grefgratgﬁ tt at the, process ofbthe ste@ 6 q:‘.FIG.é}:}% 20

is finished Within“30’ seconds. THUS, iﬁﬁﬁeepreéeﬁnt embodiment, the humber
of rotation ofatheéisubstraté Wiperiiinlteds set 16 120 in thesnbstrateately,
processing apparaus 26, of FlG3..anddhus, the-substrate Y is Jotated abaut

10 times 25 during the RF-N2 processing continued for 30 seconds.
FIGS.49A ahd 453 Sholw t7 eptit Profie 3F S N Ad 0 atdtfis 1855ty
at the centrabparto (C); lintesinediate sant{M) ard maxrgimat parto(E)nobtained
by a SIMS analysis for the case a,UY-02.30 gxide filp. haying the initial 5
thickness of Inm is nitrided for 30 minutes while rotating the substrate,

wherein it shiotifd bB'hoted that BIG 493 shdWS the surface part of the
oxynitride film of FIG.49Arnt@are- 89s<enlargetbscalei Refering thFEKGSRIOA,

and493’“8§%£§%sing is inappropriate, on the other hand, there
is a possibility that the nitridation reaction
15 proceeds excessively. In such a case, the nitrogen
atoms may reach the interface between the silicon
substrate 1 and the oxynitride film 3A and interface
states may be caused. Because of this, it is
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,
30 oxide film having the initial thickness of 1nm 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



seen that the peak of the nitrogen concentration is located at the depth of
about 0.5nm from the surface 5 of the oxynitgigle film 13A and that excellent
in- plane uniformity is achieved. Concentration of nitrogen atoms at the
interface between the silicon substrate 1 and the oxynitride film 3A is not
recognized. 10 FIGS.50A and 503 show the depth profile of Si, N and 0
atoms in the€aseqa)\&021flm having the initial thickness of 1.3nm is

subjected to the nitridatign processin angglgt y the RE-N2 .processing.
15 In this case, too, a re%ﬁﬁes?r%ﬁg?togﬁwe caségl% I%fé.g%\é\élln @49%5?1% &)g
obtained. [SEVENTR EMBODRMMENT] FIG5 1 shoNE theccorrstiictoniefa 29

substrate precessing apparatusdAthaceorging to a. seventhoambedimgptate

the present invention. Referring to FIG.51, the substrate processing .
apparaius §§O Fr%u&é? glﬁrﬁtl:(elggsiﬁbh\%sfsgezl%ﬁﬁgactc}barﬁm%%{d% ;%etﬁgré‘lﬂ_a
stage 321Acforelding o126l substratec322 e de processéed avhereinfthe

processing nvessel 32 1-isdxovided with s, showerhead 3213 formeds of a.on
material transparent to ultraviolet radiation such as quartz such that the

showerhead 82713 fices” 8 Subbfrate 392 hetd onthe stdge 321 The 30

processing messeh32tds evacuated from the evacuation port 321C and an

oxidizing gas such as oxygen is supplied e, the, showerhead 3213 fopman o ¢

external gas source. - 90 It should be noted that theUEZ]rocessing vessel 321
is further provideél th &h BpiESl wihdow® SZHI5 of athateriaft trAnSparet to1e

the ultravioletitial thickness of 1.3nm is subjected to the
nitridation processing conducted by the RF-N;
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
30 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.



radiation such as quartz above the showerhead 3213 5 such that the
showerhead 3213 and the substrate 322 ungierneath the showerhead 3213
are exposed by the optical window 321D. In the stage 321A, there is

provided a heater 321a heating the substrate 322. On the processing vessel
321, there is 10 provided a ultraviolet exposure apparatus 324 via a coupling
part 323 provided in cormespansiencede thet epticalawingow 323 B dtsshould

be noted that the lteayiolet, expasure apparatiis 324 fncludes Aquantz . ...,
optical 15 window 3 corresponding to the optical window 3% and a
ultraviolet séitée 3243 that radiatestthe” sepstrate 822With tHe tiFavidlet

radiation via the quaitz epticabwindow 3244-arnd the optisalwindow 321B,
wherein the ultli?vé%let s%%rece 243 i%ggl(g_% %9 aropbot324Csoastob

movable in The direction paraﬁ ertothe optical Win%%vg iASé%) ?é:ﬁrae%%n ech

by an arrownindiGBLhintihe iHbstrateteexamples thecukravicietisource 8243

is formed ofginear opficalsotsee extending perpeadicpiarly to,the-moying
25 direction. For example, an excimer lamp having the wavelength of 172nm

may be used foF tHEfindal Saptical $otifcd Ih thRTdnstruttiBR GFFIG. 51 the
connection part 323 is sQppliéd withoar szen gase 38suckras Nhfom an

externgl gag souree fnat shawn),yixa ling 3234, 50 ag f0.auid absorption of

the ultraviolet radiation produced by the ultraviolet radiation source 3243 by

oxygen in the 3 Bedre tie - 91° uFVioRt fadiationBé&ing IrF6aGEed thibthe

processing aessek32 ¥ throughsthepaptical window 321D. The inert gas thus

inUoducedﬂomsinK)aspgcgﬁggya 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 via 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



inside the ultraviolet exposure apparatus 324 through 5 a gap formed in the
mounting part of the optical window 324A of the ultraviolet exposure
apparatus 324. In order to suppress the mixing of oxygen in the air to the
region right underneath the ultraviolet source 3243 with the driving of the 10
ultraviolet source, there are provided blocking plates 324F at both lateral
sides of theuultrayiolet sourea 82430 anddhednerigasisuehiasnittogen is

introduced into a narrow gap region. having a gap ., width of about 1mm or |
formed hothbas o AL caP 18 indot, SIA A he Faviolet Sunich - 210-
3243 via a Puir 6ffiids 323btithis régioAL frslinelPyas from theSime823A4D

is also supplieg: @nd-as aresulls axygendhab sauses gbsorption ebthe:-hrough
uItravioget radiatior}is effectivel 1}?ur%ed from this gf%p refgigﬂ. 20 'I;:h,e infrt
gas passeaa th?gﬁgh?ﬁén %(floc]krlnng f:?laté)su 354F %G8 Hooded ints the Spac

into the space
324D and arenévacuated toftheroutsitiendd ianl evacuatichipert324E forwned2 4 -

in the ultraviolet exposurg,appatatus 324,43 the subglrale; RFOCESSING xy gen
apparatus of 25 FIG.51, it is possible to control the movement or scanning

of the ultraviBlet 3oufcd 3293'R thé SaItravidietBXpsaTterassaranis 324 by
the robot 324Cr anicbas a resultcit bstomes possible tor control thie the

distribytion of film. fhickness Qy.cantreliing the 30 %‘F@\‘/EQJ%BV%%MQQSG at
the time of forming an oxide film on the surface of the substrate 322 by a

UV-02 prodesetRshotfd betdtelthat Acontrotiees28 Subhasda coinpuer &
is used to centrothe palegt =921 324C i kurtherdbhesomraller 325ralgen is

controls the; driving of the itraviolet source 3243, FIGS 524 1 P2C.are
diagrams showing the
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 ultraviolet
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 FIG.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-0, process. It should be noted that a controller

325 such as a computer is used to control the robot



thickness of an oxide film formed on a silicon 5 substrate by the substrate
processing apparatus 320 of FIG.51 under yarious conditions, wherein
FIGS.52A - 52C show the thickness obtained by ellipsometry in terms of A.
In the experiments of FIGS.52A - 52C, a silicon substrate having an
eight-inch diameter is 10 used for the substrate 322 in the state that a native
oxide film opzthe .suhstrate:surtace isdetiraveckby 2 susfase preparation the
process to g% ie\;(PII]aingg I%Egeer. Iunl @relg\pi%fltgte esxcpuerimelgtzs %f.FIGS.SZA - 52C,
the interna pressu?e Inside the processing vessel 321 |sZ_}L set to about
0.7kPa (5 Torr) and the BlibsStrate® tempéfatiire islsegtr800EL psHsuld e

noted that thgillusteated, result isfordhe cage dn whigh &n axygen gas is
supplieg to thégroc%ssi%? vegsel 3%1 1Eor % minutes 20 with the flowtrate 9
1SLM, and = .%f& shows ﬁ1ee case’in'whicho tftraviolét radiation is ma e,
while FIGS:518 HhdP31Crshow thee cases fvowhich the  ultraviotetyadigtforPish

made by the ulFaviglet,, seyurce. 3243 such that the, Wiminangce flpedensity 29,
becomes 30mW/cm2 g%ht underneath the optical source. FIG.523 shows the

case in whitfith§ f6redding' UltFaliofstRotrdE 324398 catiéddoscan° 2 2@
uniformly withindhe range of Omavsuch thatdhetentire csudaceof the is

substrafe 32 yniformly. 30 Referring 1o FIG.52A, the axide film fgrmed gn s e

the silicon substrate has a thickness of about 0.2 - 0.3nm in the case no
ultraviolet radffion’is ade, diid thisS tHéteSs TauSaETd SubSTAmtiaf il -2
93 formaticrurdndhe gasecefalE.5623p oadheother handxdtleanbde Searethatin

gl‘ﬁg(jz L‘;”@ggha%%’X@ﬁeﬁ'&p"&@%%%@c%%e%% gkaboyt 0.8mp onthe
internal pressure inside the processing vessel 321 is

15 set to about 0.7kPa (5 Torr) and the substrate
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



the silicon substrate. In the case of FIG.523, it is 5 also noted that there is
caused a decrease of oxide film thickness aj{he central part of the 8-inch
silicon substrate 322 in spite of the fact that the scanning of the ultraviolet
source 400 is conducted uniformly over the range of 400mm. As a result, the
10 thickness variation of the oxide film thus formed on the silicon substrate
has a relativelyrlarge-valuenof: 2e7 2%sia terms af variancen Itdsdelieved thahd,

this reflects the specific peculiarity of the substrate pracessing apparatus
that has beoh o) £ (S 16 Tt P oD Bl G ot
hand, the thickhessdistribtiionsst thé ahee filh f8Rthetasd stheldlfravilet

source 32438rs causedda scapsaver: the eantrakbpad £f the siliconssustiate; s
322 with a 2Q limited strok%é%n%% of 100mm. Refgrring to FIG.52C,£’t car%gee
e

seen that tﬁestﬁicﬁl(?lté%g 0 oxide film this fornted faﬂFsCiﬁe ] r§ng§ )

0.92 - 0.93rmland thatkthe<itma thickress variatiords redudced to 8:35%lin
terms of 25 yariange shlGzo3-shows the relatiopshipsbetweanthe witaviples

exposure time and the thickness of the oxide film formed as a result in the

experiment€ Gi"EIGE.57A F B2 ortAd Casetha T iow Tate Of the 56°6xygeR
gas introduced ftotthe proeessimng vesset 321 #0hangéd varioaslyl As car

be seep from, FlG 3, dhelhickpess ofthe.xide film formed:as a respiff the

- 94 processing does not depend on the oxygen flow rate substantially and
that there appears Saftitation 4t e Falid dfagsutihmwhéndfiffe gftue of

minute has2.72% in terms of variance. It is believed that this
reflects the specific peculiarity of the substrate
processing apparatus that has been used for the
15 experiments.

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 variously.

As can be seen from FIG.53, the thickness

of the oxide film formed as a result of the



elapsed. When the exposure time is shorter than 1 5 minute, the film
thickness increases with the exposure timegLhe result of FIG.53 shows that
a very short time processing is sufficient for forming a thin oxide film to be
used as the base oxide film on the silicon substrate surface by using the
substrate 10 processing apparatus 320 of FIG.51. FIGS.54A - 54E are
diagrams shewings the diladhicknessadistibution efran exige-tilnt obiainedfor
the case the i n% ressy[e O(]; It]r(lje pﬁoccesajnq vessel Is set tot%l%% tl% g Pa
(5 Torr) and th % bstrate temperature is set {0 450C°in the substrate
processing %\fﬁﬁpa‘fa‘tl}gesw of PGB 1L Whileh stpplyirigan dxyyenigas withes

flow rate ofdiSlMeand wausing.a scanning of thewultrayielet sedrce-243 1
within the ran e of loomm lqthe drawings, the 20 thlckness q{ th% oxide film

5 1 SeS W
is represen{ne In terms Of angstroms @ur?h e S ICONn su ra e IS

represente@ by rectanhgfesfor the safketdftsn@fbllEiE@.-|5I33.514¢%\W§hc§\}vsith@ casey
in which the iscanning.is made-withinsthesrange-ot-3@mm with 25 respect, to

the center of the substrate, wherein it can be seen that there is a tendency of

the oxide fiff thickiess |ﬁ&ﬂé%\51fr?g o 85! cBhitdr tt theSSub&ttate ta?\}?ﬂdon
upward diredtionsadlbhgtheguaxisr and tewafd tke rightwardydirectiomlatangte

the x axis. 3Q In. this ¢ C@?G e varigtion of the oxide film thickness is 3.73%

in terms of variance. 3, on the other hand, shows the thickness
distribution of the same bXftfe-fift:- 95° fprEsBntEd i S BPARGS G for
the case the ianginhafthescanning is displacedin the dawawatd 1directien ned

from the Ce?!ﬁr %fhtgecsausbeSt@%g aJ%%%Eh%ressure of the processing
vessel 1s 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 =50mm 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



y axis with the distance of 12.5mm. As can be seen 5 from FIG.543, the film
thickness variation has been reduced to 3.Q0y9 in terms of variance.
FIG.54C, on the other hand, shows the distribution of the oxide film
thickness represented in terms of angstroms for the case the origin of the 10
scanning is displaced from the center of the substrate in the downward

direction alengthe yrads by the distance oh2btOmims As canthe seer from
FIG.54C, the variatior}o%hickness of the. oxige film_ is 3.07% iﬂ te(rj{”gvsv Ov];ard

variance sir%ﬁéﬂ)l/?o?he case 15 of FI&.543 Fuft grc G.54D shows the

distribution &f rttretdxide filwrthicknessrepresentetidn 16RAS 0f tangstromsTor
the case the afigin of the, seaaningdisa displaged in, thendowswasd directioan
along t@e y axis 29 If&o 4the Ce nterfoflthet%ub%rate by the distanc%of
37.5mm. In ﬁ?smcase,'t eEﬁIm ickness variation of the oxide fifm S redicec
to 2.70% intefmssst arianée.snithetcagesthefonginieistanning is 25

displaced from the centerof thgsuhsirate n the Jownpward gdiregtion;along
the y-axis by the distance of 50.0mm as shown in FIG.54E, the variation of

the oxide firhhickAes598 ifdreh88d 155 6894 i ters"'oF VariahtBr 56 FHofRt
this, it is conoludedtthab the: film tthicknesscvariatioreebthenexideifiimformetdhe

on the, subsiralg, 3222 canfie minimized 50 by optimizing the gfigin of

scanning of the ultraviolet source 3243 - 96 with respect to the substrate in_
the substrafé*'ptbtessing agpirattid’326'ct FETSERRES B5R I 55E sHoWw thé

distributioniof thée distance of 25.0mm. As can be seen from
FIG.54C, the variation of thickness of the oxide film
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 variation 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



film thickness of an oxide film formed in the 5 substrate processing apparatus
320 of FIG.51 for the case of setting the scapning distance of the ultraviolet
source 3243 to 100mm and setting the origin of the scanning at the location
offset from the center of the substrate 322 in the downward 10 direction
along the y axis with the distance of 37.5mm and by changing the luminance
flux density.tot Bm\Wierad: 6adNice2s 13sWiere2; 28mW/cm2 antht e
24mW/cm2 resgsectively. Refegi{‘QSt03E|§5%f5%@5§ , it can be seen 15

that the var%ﬁ%% ofgth%gfilﬁ?%cr:kness iS minimum “in the case the luminance

flux density is set to 3WHéMmz -arvd: thatThE vaiifioh st thesoxidefilrhon of the
thickness increases withhingreasing amauatofrthe. luminance; flux density. 20
The reséult of @Gts.5§A - 55E shows that the %hick@%%s v ri%til%n ggtt oxit e
film can be “mmimized a?éréjﬁﬁ%sb in izﬁjrogp%realulﬁﬁnance ux density ofthe '©
ultraviolet sotisce 3243¢ FIG 8B BAantcs63 showlcomparative examples 25

in which FIG:56A showstthecase ohforming aipexide filn under the t ne
condition identical with those of FIGS.55A - 55E except that no ultraviolet

irradiation RFat, While €1 583 sHBWS thé Basé of tormingCart Ssxidd i
by a conventienalaapi thernidl @xidaton 30RI) process. thrany of these

cases, @ filg; thickness yarigtion gxceeding 4% is,ohserved s FIGS.54and 58
show a flowchart of seeking the optimum condition of substrate processing -

97 conductetl Mthe*Sib<trate FFBe88ing Kppatatus326 ofEiG F1mVidw ©
of the foregeing tesyltsmwtiercin PG ErEpresemts the flowicharhforcseeking
the respectively.

Referring to FIGS.55A - 55E, it can be seen

15 that the variation of the film thickness is minimum
in the case the luminance flux density is set to
3W/cm® and that the variation of the oxide film
thickness increases with increasing amount of the
luminance flux density.

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



optimum scanning region while FIG.58 represents the 5 flow chart for seeking
the optimum luminance flux density. Referrigg to FIG.57, an arbitrary region
on the substrate is specified in the step 71 and the substrate 322 is
introduced into the substrate 10 processing apparatus 320 in the step 72 and
the ultraviolet radiation source 3243 is caused to scan the specified region
of the substrate1322cfiherely,can axide fila isfersred imuyrther, Hyrepeating

the steps 7O agqg% f\n.oxide film i§ f%rgeg on a new 15 subl trate 322 in.

1n ile O Qregol res S, W reiln
each cycle In the state that the Vfyoregomg reglonqs dtllsqplaceal. ext, in the
step 73, the' thicknessriistFibution i obtdineafer thef exideckikis ebtdised in
the experimgitsand thesregion thatgninimizes the-20 thickness distribytiene
becomgs m%'qimumhis dtet rmined in the s%eé) 74.tAfter ttle search of the
optimum scan%"l’]ngC condition o?‘ﬁé%lﬁ thesedrch of the %Hb imum- T
illuminationdsordition shown in FIG.58 is conducted. 25 Referring to FIG.58,

the optimum scanning regiQn-detgrmined Ry the procedurs of F1G.8%igion on
specified in the step 81 and the driving ene(rgy, of the ultraviolet source 2243

is specified'if Thé St 82 Next, Tt tive Stei83 e Sulistrate ‘322 1¥'36 1
introduced mtb the substrate processingapparatuso 32Dardtive: ukraviolet

source 3243 5 caused fo asﬁ%‘r over the specified optimym;reqion of the
ri

substrate 322 while being driven with the driving energy - 98 specified in the
step 312. Futthet by tépedtiity e Steps 312%ntt 823, &n GXidé& filhds Scar
formed on a hewssubstratel 322dneachtcycle i the statedhabthe Thereby,

an oxide film is formed. Further, by repeating the
steps 71 and 72, an oxide film is formed on a new

15 substrate 322 in each cycle in the state that the
foregoing region is displaced.

Next, in the step 73, the thickness
distribution is obtained for the oxide films obtained
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

30 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



foregoing driving energy is changed. 5 Further, in the step 314, the thickness
distribution of the oxide film obtained in each gexperiment is evaluated and
the optimum driving energy of the ultraviolet source 3243 that minimizes the
film thickness variation is determined. Further, 10 in the step 315, the
program for controlling the ultraviolet source 3243 of the substrate
processing sapparsius 320 isweteainestsuchrthatitbe filmy forpation is; the
conducted at such an.optimized.energy. Thus, the controller 325 controls the
robot 15 32 pasnd§1 ti:12e Sﬁ]r;%v% gf sgll?rc%xééﬂ%,%ﬁa] asa }‘Le%sruﬁlte, dth%n @ ne
ultraviolet sbuPce 3248 stahsithesostimantieyion shthessabstrateawitlyhe

optimum enesgyganddt becames passihle tosfarmmageaxtremely thin and

uniforrrl3 radical oxide filrg on’ hersutisntratl: e 3245: with3tll~|§ 20hthic&1es}§nof 0.3 -
1.5nm, preferably Inm or féss, ore pre e?abslyeO?Snm or Fes%, and most

preferably ithtthetthickressiofthgnax Similariodtheadasedexplafvedh

before, thereappeats a slowdown, gt exidefilm growthatthe g»ithickness of
0.4nm or 2 - 3 atomic layers in the case an oxide film is formed on a silicon

substrate &CEordingo stth 41V H2 Brocessitf b5 usfig the Subbtratdt 2s
processing Eppafatus 320 ok G5 akhus, ithe oxidedilprofithesithiekmesser,

can be formed s{ably, 30.and with excellens reproducibility. By,ombining the

oxide film thus formed with a high-K dielectric film, it becomes possible to

realize an extierdy e MgHSpeetMOS transfstor RV & rédacsFsing
effective - %ppthieknass3tor the gate dnsulatian filmh I the- presenti 1m

embodimeryt, explangfion has, been made fog the cage the gxide fim i the
one 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 1lnm 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



formed by the UV-02 processing. However, the oxide 5 film is not limited to
such a film but may be any oxide film as longyas it is formed with precision
oxidation process conducted under a low radical density. 10 [EIGHTH
EMBODIMENT] 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 axide film342- 1S gha siliconaddeditmehaving a thickness of
2 - 3 atomic layers is fo on a silico sub%tr e 34k and
1

high-K dielectric film 34 sucﬁ ]2663 fS? a205," 28§p a§%ion has
HfSiO4 is féesed Brdthe %sél”cfé(@é“ﬁﬁntslﬁz.qﬁiﬂrﬂ‘fér{falgatéfelééﬁOQQQO

344 of polysiliean g, metal isifosmes-endhe high-K dielestric file 343: qe
Further wh%e the |Ilustrat|o IS orr(I#tted diff S|on regilo are formed in the

silicon Substrats 347 Afboth fateral sides of the” gate Bléttrods 344525
FIG.60 showsitiie donistructiohcofca elusiér- typé substrate processing system

350 used for, fabricating the MOS tansister af Fiaa9. Refeyring tq £16.60,

the substrate processing system 350 is an apparatus configured to 30 form
a cluster sy@?é}ﬁjathyd includes a load lock chamber 351 for loading and
unloading a substrate, a preprocessing chamber 352 used for removing
native, pxide:filp);and Gagber ¢eptamination from the - 100 substrate surface,
a UV-02 processing chamber 353 formed of the substrate processin

apparatus 320 of FIG.51!§ CVDFrokessing AraiRber 35450r BEpésﬁﬁ%@ a
high-K dielectrie filmtsuch3as Ta205; M3, Zr&2,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
2r0O,, HfO,, Tay0s5, Al,03, ZrSiO; or HfSi0O4 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



5 ZrSiO4, HfSiO4, and the like on a substrate, and a cooling chamber 355
cooling the substrate in the state that the chgmhbers 351 - 355 are connected
to a vacuum transfer chamber 356, wherein the vacuum transfer chamber
356 is provided with a transfer arm 10 (not shown). In operation, the

substrate introduced into the load/lock chamber 351 is transported to the
preprocessmgochamber 3b2raleag apath-(l) and nadiven @xigdestipbe or gargon
contamination is remaved 15 therefrom. Next, the substrate thus pro ed

i the. preptoting Shatbat S L ane ey 1 e N2 Braceting
chamber 353 Glony apdtii{2randthe basecbxitetilng 342fefFIdeB99sting a

formed by theguhstrate 1 pracessing apparatys 3201ef, 51G.21 with gupiform
20 thickness of 2 - 3 atomic layers. The substrate thus formed with the pase
oxide fim F B OO0 B setiE chAvier S8 1 TheMTRbba e FIO e
CVD processingichmmbemds4 alongca patm@3)tand she higha-Kedietedtrie gate
25 insulatiog:film: 344 shown. in-E1G:59-1s fesmed onythe, hasegxidedilm. dhe,
substrate is then transported from the CVI33 chamber 344 to the cooling
chamber 355 816HY &% BAtH @) 16F 286fifg, “2id i thertretuirisd 16 tHE"30 load
lock chamber 854 falongreepatir (5)or itramsportatich tai tie eutsidersdhthearm
substrate progassing system 350 of FIG.60, it is also possible to provide a -
101 preprocessing chamber for conducting a planarization processing in an

Ar atmosphere by way of high Sefip&rature”anieRiid processt FRE s anto

diagram explainingdbg¢radicathamber 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



5 oxidation processing conducted in the UV-02 processing chamber 53.
Referring to FIG.61, the horizontal axis shows a_logarithmic representation of
the partial pressure of the oxygen radicals excited in the 10 processing
vessel 321 of FIG.51 by the ultraviolet source 3243 in terms of Torr. Further,
the vertical axis represents the process time until the slowdown
phenomengi showndaFlkn8appesss after thesdart of nthesproressingzand on
also the process time until such aA15 sé%v(\)/gogg eh%gorwenogy%{shes, in
oufd be noted that t h[

terms of Ioé)éﬁrﬁﬁ%slcs ‘scale. 1t sh e o%ygen part?a

pressure ort P RBAZOMEI AXIEEdrreSperds &5 the oxygen radical density
and is determined by the  idriving powerar-diravialetradiation; pewerofdhe a1
20 ultraviolet source 3243 and the ultraviolet \évagelengépt. Hereipafter, the
relationshipoffétv?eelnofhéO u tcr§\§isoféiqfaa?aI}|olhcpgwe%%n he Tadical density
will be explaineckfos the cakendfasing the 25 wavelength of 172nm. In the

substrate processing apparaiiis 320 of F&:5k.1and thus, in-the,pracessing
chamber 353 of the substrate processing system 350 of FIG.60, the

ultraviolet SOUPEE 3243 VFBULERE HophGIInTHIX bf 30434 t0T6RATS $8¢ in
the case a ultravicletsodrcerproduciag thediltravioletradiatibni powee of

50mW/gm2, at the logatiop rightiunderngath: the window ip the ) state, of 100%
driving state is used for the - 102 ultraviolet source 3433 and an oxygen gas

is supplied $84theSrocaSsihy Vesse? 3210 With a-fldw Aot 1560 ST rier
the processpressiike0f €02 I orh2.26Pad.s Assimingrthe casecofusing @n

tmearkﬂnBHgH@%%ﬁbn 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



5 width of 2cm for the optical source 323 and irradiating a silicon wafer of
20cm diameter with such a lamp, the average,photon flux on the silicon

wafer surface becomes 4.34 x 1015cm z, which is about 1/10 the photon flux
value noted before. 10 On the other hand, it is known that an oxygen
molecule has an absorption cross-sectional area of 6 x 10-19cmz with

regard to thelulraviolet radiationcofthesl Z2nmaravaleggth. s, dhe upplied
transmittance of the ultraviolet radiation in the 15 process_ambient, which i
given by e SatoR T e, o S oBeindh o GoSd8 Rt ot i 50
assumed tht¢He proeass pressine ¢ 0.0 Foru(2.66Pd) -divd thergag 2 - 26Fa) -
molecule dersitnn g the.process ambient is assumed-to he 0o xdHAem
3.20 Fgrther., Oilttig as ugned %hat t@g ultra}:/i,ole radiation pgggagat s the
distance of 20cm in the 6rrnoceosrsing Veddel 321. Thus, the’amount of the
radicals correspdhding to thes absorptionadkthecdltraVioletd Poneidiation th

propagating;in.the;precessing,vessel 32l fqnibe distance of2QaM is i 1icon
evaluated to be 3.65 x 1013 cm 2. sec by multiplying the factor of 0.0084 to
the foregoifl§ VafueSF theshStonTiticof'4 34 £ 10156 2, 4Ad xyg8n3Pout

radicals arelfortechin thiec30 prdadessing Vesseb32t withtthis rate. On the
other hand, the flux of the, oxygen .gas in the processing vessel 321 becomes

7.98 x 10 3 cc/cm 2 sec in terms of volume in the standard state, - 103

assuming tREVAE SHGWEFHESd A3 Ras te ared SP3LAGRS T Rf A 6ithe
number of motecules cthis Maltieis converteddartbhevaliue of 21138 xkdilsticm

2 SeC-Th“%aﬁ?%kﬁ%%“ﬁ%’?H@eﬂyﬁ%%a%§§é¥é%9§h. Thus, the
transmittance of the ultraviolet radiation in the

15 process ambient, which is given by the equation
I/Ip=exp(-o0onx), 1is 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
107cm™ * sec by multiplying the factor of 0.0084 to
the foregoing value of the photon flux of 4.34 x
10°cm™®, 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

3 2 . .
cc/cm” ¢ sec in terms of volume in the standard state,



5x1013/2.138 x 1017=1.71 x 10-4, the partial pressure of the oxygen
radicals formed under the process pressurg ©f 0.02 Torr (2.66Pa) is obtained
as 3.42 x 10-6 Torr (=1.71 x 10-4 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 108%uanddherprocess psesswe (Féternalpressurenef dhea of

processing yesseh of 0,02 Tarr (2,66Ra)- By 15 copdugting similar ;.
procedures, the rad_ica?densny is calculated also for other various L
conditions. FIGWE1 tepresents tirdrélatiGhshipPbeiweeh the fadical dertsity, -

and hence the-radigalspartiabnpressure; @l the duration of theislewdewn 65

phenomenon %81@1‘ El%t'é explférlle_d lief%[e a e(g,the start of the, substrate
= c§<6 . t%e t

5. X . ; . ar a ressure
processing Ts représented. Referring to it tari be §6&n that the

slowdown effectiappears immediately aftep the dstandsfithelproeess similarly
to the case,0f £1G.,5 25Jp theevens the radicabdensity i3 the processing 42

vessel 321 Is large. In the case the radical gensity is small, on the other
hand, the stodotyif phéndmendh Bppedrs aftél a long time has elapsed
after start of the proces$hiikis carréspends! toethedsituetionttivat 30 the

growth yate of {be.axide fily is jargeindbe, case of largesagical density.and

the stationary thickness of 0.4nm is reached in short time, while in the case
the radical BEASIHF 5SMaliSi takes’ 2 104 IBAG ke thtiPtHe’ fofegBing Tor T
stationary thickbess of 00.4pum IS achieveddecatiserokthersmal Dxidevéibm o £

gnmNﬂ]ﬁﬂel§g¥”§ﬂ&’Q%%§@¥g%¥@%dggggghggﬁngg§ernal 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



5 the duration after the appearance of the slowdown phenomenon up to the
vanishing of the slowdown phenomenon_chayges also with the radical

density such that the slowdown duration is decreased when the radical
density is large and is increased when the 10 radical density is small. From
the viewpoint of the actual process of semiconductor device production,

there occursa probtem of tlecrease obfabyicatipnsthasughputwhencthess of

process tim@.g}rr]ltrir! the occkg{reencg %f the 15 forlggg}lln slovﬂoyggi e feec ilsltngo

long. Thus, there should be a lower limit for the ra |C§P§1en3|ty. n the other

hand, wherptie'dlirativreof the slowdown phenomenon is too short, it

becomes difficult to forny the nxide filnaef desirgddhicknesstof - 3atomie as
20 Iaye5rs or % -4 éatomtic Ieyerf,.tThus there is an upper 'mtitﬁqfor tge rgdical
density: From FIG.61, \}V%IChaShgvr\/SttHS e%ﬁl]éa& Conduc ir?g the Oxidation
of the substratenan450C e the rabical oxidatiohoprotestavhileusivignthe 25
ultraviolet radiation-ofdhe d7znm wavelgngth, it ¢ap. he seen thatthe:lower,cn

limit of the radical partial pressure is determined to be 1 x 10 4 mTorr (133 x
10-7Pa) asSting BiTatthe IoRIAbEPOCESS tinfe 7§ &° ARG (300 $&onds)
or less. Furthet] tiza upper 80Jimit of theeadicdl partiah pressige ishen the

determjned,.to; be 1k mitorr (1.33;% 10:3R4) assuming that the necessary

slowdown interval is 100 seconds or more. The ultraviolet radiation power
corresponding to this - 105°Ts Heferiifidd % 'be 51 sOMWEFih theYegich ©F
right underseath theloptical seurce2(hdndG:6bpit may seencthat 4he

interval befyyeen the two lnes respectively,defining e + 1y oughput 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 450°C 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
10 '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 10%Pa) assuming that the
necessary slowdown interval is 100 seconds or more.

The ultraviolet radiation power corresponding to this



5 appearance and vanishing of the slowdown phenomenon is decreased

with the radical partial pressure. This, haweygy, is merely an apparent effect
caused by the fact that the vertical axis and the horizontal axis of FIG.61 are
represented with logarithmic scale. The 10 duration of the stationary interval

is in fact decreased with the radical partial pressure. Thus, in the foregoing
UV-02 processing; dtris peeferabledo set theexygen partiakpressuta & fall dmt
the range of 6. 65 I)1( 1 133Pa 0.05 15 100 gnTorr) more preferably
the range 011311 33 .13, aﬁ mll'or% Ttis also possible to conduct the
radical oxidation proces%ncaﬁdiﬂﬁéd bytusinyg thesubshate throcessiigra L

apparatus 320 pEEiGalealspdy using 2Q sliravioles radiation-afrofhene
wavelengths In this case, |t is necessar toch the drive rgy of the
proapcial R e gt ACT i B A
foregoing radicak dessitydfvlix 104 e Terki(¢B3 Ra0-zmP arorsmore but2bs,

not exceeding, L atorr {133mRa), For examplenin thercase of using the ne

ultraviolet radiation source of 146nm wavelength for the ultraviolet source

3243, it is netebsaRfto S8 tiEbygen sl &%%sEPeetc?ﬂ?el FARGE Of 8705
50 30 mTorw{6F7IRPal- 6.7P a) ¢ view of ¢hie lerge dpticat 1absarptiondargerThe

by 25 fimesas compared with the Gase of the;wavelength of 1,72pm. It is

also possible to nitride the oxide - 106 film having the thickness of 2 - 3
atomic layers thiFs $6rmBd 0 foHR &if OxyAitridé filn 2BeBAGSE Of e larger
specific dielectric constartiuthe use ofisuchragoxyygitrite finpenablesifusthet t

demeaseogg“%referable 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, 1t is 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 lOQmPa) or more but

25 not exceeding 1 mTorr (133mPa).

For example, in the case of using the
ultraviolet radiation source of 1l46nm 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 thermal oxide film equivalent thickness of the gate insulation film of a MOS
transistor. [NINTH EMBODIMENT] Hereinaftgg, a ninth embodiment of the

10 present invention will be explained. 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 processiagsidiilanto the eneexplained beforet EHzH2M4 sBOWSt hus

the thickness distribution of..2 fim obtained,for the case an.gxide fim. formed
on the silicon substrate y using _tﬁe sujbs'grate processing apparatus § 0 of
FIG.51 with!thesthickiess 200f0-4hAT; IS sStbsenaently subjeeteéd o ah such

oxynitridation psecessing by supplyingan NO gasdacthejshewerhead 3243,
wherein FIG.62A stiows the %hii?[kness obtajneq: b%/ eilli sometry. Further,
a

S Shigws thicihessof the substrate ot 35 FIG62K for

Table 5 below Shows the actu
the central partuard: thennfarginad part Yhereof obtainedrby 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, th@&ﬁ%e@@%&%%&ﬂwined conveniently from the ratio of the
peaks corresponding toHSICY anek Sed,. Ehen oxyhitrddatiohi nprocessinghwas

condugted gkféHQHchi@Ql@éh'@@oga%{q 1thgshawer.head 3213 with the flow
rate of 200SCCM - 107 and driving the ultraviolet source 243 for 3 minutes

within the foregoing refefénd& poiiet Siife SHRMTAMTY the" terfEl Préddice
of the processing svassel 321-at=3.99Pz2(0.03Temd . Fhe substrate S5and an

tenuxnaun%¥§%%§§g%£4§qgm 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



Table 5 90 degrees 90 degrees center periphery SiO+ 89.45 88.13 Si4+
10.55 11.87 Si4+/SiO+ 0.117943 0.134687, J-hickness (nm) 0.43 0.49
Referring to FIG.62A and Table 5, it can be 10 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 that there is no substantial difference
in the film thicknessJrom thednitied thickaess o abeut 024 £4% Furitietutes
XPS analysvivsi {_EQQQUE eed Qn rtrele gi%de filn%etpgg Cperocgvsvg%d Vchg}r]iq%tection of
nitrogen atoms revealed that o sighal from nltroggn atoms has been
detected. Thislmeahsithat therelrasbeen caisedwe mifriddtorrrexetivnia
all in the oxidefilm i the 20 foregeing axynitridation pracessing: FieH523
shows the thicknesstdistribution oft atfilm4%l§1t%f\jned for the case an oxide film,
formed-on the ilicon substrite Ss(lamilaﬁy with the thickness of 0.7nm, is
subsequently subjected to an oxynitridation 25 processing. Further Table 6
below shows the actual thickness obtainegy. elipsometry for the central
part and the marginal part by the XPS analysigrwhile Sefting the deleglials |
angle to 90 degrees. - 108 - Table 6 90 degrees-90 degrees certef pesipnery
SiO+ 83.4958{3588 Si4+ 16,51 16/12 Si4+§i0§+§0 197748 O 1921??- é%

Si4+
Si4+/S1i0+ 0.117943 0.134687
Thickness (nm) 0.43 0.49

Referring to FIG.62A and Table 5, it can be
10 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 that
there is no substantial difference in the film
thickness from the initial thickness of about 0.4nm.
15 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 foregoing 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.



Thickness (nm) 0.69 0.68 Referring to FIG.623 and Table 6, it can be seen
that the thickness after the oxynitridation 5 prpcessing is 0.69 - 0.68nm in any
of the central part and the marginal part of the substrate, and that there is
no substantial difference in the film thickness from the initial thickness of
about 0.7nm. Further, XPS analysis conducted on the oxide film 10 thus
processed for detection of nitrogen atomg areveated that no signal from

nitrogen atoms has been detected. Thidmgéamsevat there hasobeer cassed

no nitridation reaction at all in the oxide fitihdhe foregoing oxitrelation
processinq.sﬂ}‘@?:rom the result of| Table 6 4Ad Also from lthe resuﬁﬁaf%}b@sf
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before, it |‘§§@gl/t'gfji%‘+that {Acor

possible bytthe gxyrutEdatgm protessing congdcted by the UV-NG 53

processing on the oxide film already 20 formed on a silicon substrate surface
however small the thickness of the oxide film may be. On the other hand,
FIG.63A shows the thickaéss distabaton of the Filmridrried lon &, silitoman be

substrate fardbg Gase:thensiliean suhstrate, 25ds directly subiected 10 fhe
UV-NO processing in the substrate processing apparatus 320 of FIG.51 after

the native BEQE fiftfi 18 Ferndved® Wher8inlfiETiliT tRickn8Ss ot FIESE3A S
obtained bypeltipsemetnheFuethet nEdble3- showstthe thickness of the fitmt hat

thus - 109 pptgiped at the cental partand margingl part gf the, subsjrate by

the XPS analysis while setting the detection angle to 90 degrees. In the
experiment'dt: FiG B3A, it SRoldche Roted thatthe diperiménts 5F5 FiG B3k
is conducterhindhersubstrate poeessingonducted on the oxide film

10 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 foregoing oxynitridation processing.

15 From the result of Table 6 and also from
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

20 formed on a silicon substrate surface however small
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

25 is directly subjected to the UV-NO processing in the
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



apparatus 320 of FIG.51 by supplying an NO gas to the showerhead 3213
with the flow rate of 200SCCM and driving {he ultraviolet source 3243 at the
foregoing reference power for 3 minutes while maintaining the 10 internal
pressure of the processing vessel 321 at 3.99Pa (0.03 Torr) similarly to the
previous case. Thereby, the substrate temperature is set to 450C. Referring
to FIG.63Apibcanheiseen that thererisifopmed afitn on-thensilicen substratee
15 surface with a geperall iform thickness..From .Table 7, it can be seen
et the Hin s oG 0 B S A el aart o g
marginal patt b fiel sibstrates 20°T 4Bl ? 90degrees 0 degrecy tentér of
periphery Si€t 86:81 86.9 Ridd k32r%04 Sidw/SiQz :1p2056:150368
Thickness nrr%) (8355 0.54 Further, FAG,GS%}?how thte filtr;n thickness .
distribution ob aiine% blysem%%olrlncettrey for'the case" the Biyﬁitﬁéé)t(foerf’ sing
processing éeenductediuiderttheIZb pressureudi65Pa (5T 0%0) [mpsettingt he
the NO gasdfipyycrateda 155 and driving thedytrayvioletsouree 243, at.the

foregoing reference power for 1 minute. Further, Tagle 8 below shows the
result of thé filhy *thickriesstheagiirsiheht ESRATCed o tHe film thds~ 990 "9
obtained byrthe=XPS-analysisrwhile setting thee detedtion aaghe to.80ng the

degrees. Tabled 80 degrees 30.degreas. CEPIRIREIIPEYessel 321 at
3.99Pa (0.03 Torr) similarly to the previous case.
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
15 surface with a generally uniform thickness. From

Table 7, it can be seen that the film thickness is
about 0.5nm at any of the central part and the

marginal part of the substrate.

20 Table 7
90 degrees 90 degrees
center periphery
Si0+ 86.81 86.92
Sid+ 13.2 13.07
Si4+/Si0+ 0.152056 0.150368
Thickness (nm) 0.55 0.54

Further, FIG.63B shows the film thickness
distribution obtained by ellipsometry for the case
the oxynitridation processing is conducted under the

25 pressure of 665Pa (5 Torr) by setting the NO gas flow
rate to 1SLM and driving the ultraviolet source 24B
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



SiO+ 87.78 87.57 Si4+ 12.22 12.42 Si4+/SiO+ 0.1339212 0.141829
Thickness (nm) 0.50 0.51 5 Referring to EIG £33, it can be seen that the film
thickness distribution is generally uniform for the film formed on the substrate
surface and that it can be seen from Table 8 that the film thickness 10 is
about 0.5nm at any of the central part and the marginal part of the substrate.
Table 9 belewtshoews the result Qtelememl_a/samlyeis cenductechgnthe film
obtained by thce experlment of FIG ey the XPS analysis. 15 Table 9
atomic % center perlprhery 8 degree 3 3egree 90 degree 30 degree 015
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 Referring to Table 9, it can be seen ihat the signals corresponding to

the Ois orlEtal, N1s 20 orbital and Size Drbiakate=ebservied in ¢he dbyrthwus
formed and that the film shows the oxygen<toriic concentratigrepf BZc23%,

the nitroger® afbmic_concentration of 11.18%:-d/d the silicon ;a'rnrrﬁr7 57

Concentra :gﬁ%? 21 B OA at tha can Iv‘al ngrilg\f 25 cuihetrata i]f'& 42

o
l +/_S:.F-_U\: Gt aaTe  ourTit \:l rUAI 392]_2.\.1 STUNOUTUALG IU tl:l_lzl829
measure QUL{ M)DCLLIIIQ e ut:'@l:xg[}m angle 1090 ucgo,ﬂ

Further, it was - IT11 confirmed that the fiim has the oXygen atomic
concentration of 66.88%, the nitrogen atomic
Referring to FIG.63B,

it can be seen that
the film thickness distribution is generally uniform
for the film formed on the substrate surface and that
it can be seen from Table 8 that the film thickness
10 is about 0.5nm at any of the central part and the
marginal part of the substrate.
Table 9 below shows the result of element
analysis conducted on the film obtained by the

experiment of FIG.63A by the XPS analysis.

15

Table 9
atomic %
center periphery
90 degree | 30 degree | 90 degree | 30 degree
O1s 67.23 63 66.838 66.13
Nig 11.18 10.19 9.13 9.63
Sigp 21.59 26.81 23.99 24.23

Referring to Table 9, it can be seen that
the signals corresponding to the 0;5 orbital, Nig

20 orbital and Sijy, orbital are observed in the film
thus formed and that the film shows the oxygen atomic

67.23%,

11.18%

21.59%

concentration of the nitrogen atomic

concentration of and the silicon atomic
concentration of at the central part of the

25 substrate in the measurement conducted by setting the
it was

detection angle to 90 degrees. Further,



concentration of 9.13% and the silicon atomic concentration of 24.23% at the
marginal part thereof. 5 Thus, it was conclugled that the film thus formed is

an oxynitride film containing nitrogen. Similarly, Table 10 below shows the
result of element analysis conducted on the film obtained by the experiment
of FIG.633 by the XPS analysis. 10 Table 10 atomic % center periphery 90
degree 30 degreer22 degree 30mdegreen Qis 6 7t3 6384 6412 H4chiNis 11.66
10.36 11.44 %ché%tsgg%b% g?'%%18387°/25%3 Rgfeﬂrpng to Tag)ol% 10, itis also
noted that the S|gna?s corresponding to the is orlblta(f, Nis 15°orbital and
Size orbital&resEservéd o tiee fiftn tRGs o éd antlithaE oie fifmshows the
oxygen atomne concentration,ef 67.3%6 sthecnitiegen-atomis 1coneentration-of .
11.660/?3 an }t_lhe silicgn atomic cqncen&r%gjon of 1.2f4_°/ at tﬁe central gg\rt,of
the 20 3ubstrate in the fRcasitement condticted b?/ se]tgﬁngft & “detection *°
angle to 90ategregsiFudther fit Wasceohfifmeddhatitheofilamhas the oxygen

atomic concentration of7,2%,,the nitragen atemic ;capcantiation.ef 11.44%
and the silicon atomic 25 concentration of 21.37% at the marginal gart

thereof. THUS, ft WaS Confifiéd that e €ompositithal \iforniity8f the'fith ©¥
is improved-fusther mndi that taw DXy nitridé ilmyhavieg 6Peniforal gemposition

is formed on the silicon substrate surface. - 112 In the measurement of

Table 10 in which the

Table 10
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
Sigp 21.04 25.8 21.37 25.36

Referring to Table 10, it is also noted

that the signals corresponding to the O;5 orbital, Nig

15 orbital and Si,, 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

20 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 67.2%, the nitrogen atomic
concentration of 11.44% and the silicon atomic

25 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.



XPS spectrum is detected with the detection angle of 30 degrees, it is noted
that the nitrogen concentration is decreaseg;slightly as compared with 5 the
case of using the detection angle of 90 degrees both in the central part and

in the marginal part. In such a measurement conducted by using a shallow
detection angle, the signals caused by the photoelectrons emitted at the
bottom part of the 10 oxynitride filta Amndesge aitentiationias theyiarevhich the

transmittedfg ugh the film obliquely. As a result,, the composition of the
nper part A e Ies K iy SOt by i £ o e TR e
result of Tabfe $0HISE ndiéatesthae fivs nitfogert 1S atéfmscare mainly

concentrated in-thecexynitride; filny dhus forned atdhe part seartha interface n

to the silicon substrate. A similar t&ggenc is observed also i e result of

analysi5s of 1i’%t%lec 9For the ‘Central part 81fe %wa%cgu Osriraat%%(@ Iﬁé&t, héj kifietics
of the oxynitddé film fdrenatior-on suehra sliconsubstratesueface bythe: . In
UV-NO progessing will he,explained. f1G3-64A apd 643-shaw ihe thiskness

of an oxynitride film and a nitrogen concentration in the 25 film for the case

an NO gas T 5G0pIEd 16156 Showethédd 3213 SFHESlbEraté processing
apparatus BROtafRIS: 8nwitts thenflowerate of 200SCChMranddhe wvifraviclet

source 3243,is drivepquith the reference, pawer forvasipus.durations while

maintaining the 30 process pressure at 3.99Pa (20 mTorr) and the substrate

temperaturé st 450 tl@@fe‘fﬁﬁ(j’ 19FIG64A it BaRbe §l='}§|13fhat7*?hé1 tRicRHeSs

of the oxynittide fitmpnereases with £1d 3utitee whiledt isralsbenatedrthakthere
occurs a mainly detected by such a measurement. Thus, the
result of Table 10 also indicates that the nitrogen

15 atoms are mainly concentrated in the oxynitride film
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.

20 Next, the kinetics of the oxynitride film
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

25 film for the case an NO gas is supplied to the
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

30 process pressure at 3.99Pa (20 mTorr) and the
substrate temperature at 450TC.

Referring to FIG.64A, it can be seen that

the thickness of the oxynitride film increases with



slowdown phenomenon of film growth similar to the one explained before
with reference to FIGS.5 and 8 at the mament the film thickness has reaches
the value 5 of about 0.5nm. Further, FIG.64A also shows the case in which
driving of the ultraviolet source 3243 was not made during such a nitridation
processing by 0. In this case, it will be noted that there is caused no growth
of the oxynitride film atallias candes10 seendremaflGibdAe Qr the other
hand, FIG. 643 also ndicates ihat the pitiagen conceniration detedted fy, o
setting the detection a]ﬁgFe of the XPS ana ysisgto 3 degrees appears
smaller thaftReé Thasethesdfeteetion Bnghe o153t td 90fdédgreesdndné at
period immediatelyraiter thee start @f the exyritidation processing:nkhisalue
indicates tha% tg% nltEO%e %rtno.mdf are maml;g IconFcEntr%Eed to the interface

m and t ra

n eS| e. Futthél, 20°FIC 543°°

. 5 Q . . r .
region of the oxynffrlde fi e sificon su%s
also indicates that sticlibainomaniformh distribator of aitragery irethe2 4B was

thickness difection dis gradually reselved.by-cantinuing the .exynitridation © .
processing. The result of FIG,643 indicates that an 25 oxgnitride film of hig

h
nitrogen conBefttatiof 7§ Sormed immediatdly Hiter tha stat B the hitriation
processing andothat tihe nitragen cemeoentratien in the dilmedécreasesn be
gradually with time, while this; jndicates that oxidizing reaction becomes
dominant in 30 due course with time in the film growth mechanism. After 200

seconds from the start of pro&&s<ing Sthe dbderved nbAfuriifot ity 6f- cates
nitrogen conaentratien i tthedédm thicknessrdirectiordistresob@edy ek ting

FIGS.65A %%6é§@égtdf%gra§g%fgr@§p%gI%S analysis to 30 degrees

appears smaller than the case the detection angle is

15 set to 90 degrees in the period immediately after the
start of the oxynitridation processing. This
indicates that the nitrogen atoms are mainly
concentrated to the interface region of the
oxynitride film and the silicon substrate. Further,

20 FIG.64B also indicates that such a non-uniform
distribution of nitrogen in the thickness direction
is gradually resolved by continuing the
oxynitridation processing.

The result of FIG.64B indicates that an

25 oxynitride film of high nitrogen concentration is
formed immediately after the start of the nitridation
processing and that the nitrogen concentration in the
film decreases gradually with time, while this
indicates that oxidizing reaction becomes dominant in

30 due course with time in the film growth mechanism.
After 200 seconds from the start of processing, the
observed non-uniformity of nitrogen concentration in

the film thickness direction is resolved.



to FIGS.64A and 643 respectively showing the case in which the
oxynitridation processing is conducted by setting the driving power of the
ultraviolet source 5 3243 to 20% of the reference power. It can be seen that

a result similar to the case of FIGS.64A and 643 is obtained. Thus, there is
caused a slowdown of film growth when the oxynitride film has reached the
thickness of about 0.5nm argl. et amexyitride-finy 150 ek high-Bittogeonding

concentratipn s formed gt the, beginning ol he flm o, Mt e .e 5,
concentration of the nifrogen atoms in the vicinity S/f_tﬁe |_nteﬁaceebetween
the oxynitridé fitth aritbtiegiieon 1ahstPateP 1S FISS BBALand G831 cted by

respectively shewthe: relationshippetwesan the filna thickness andipreeasse
time an5d thg t2rg}lgations éﬁbeg/ve%n the pitrog{en concentra{ign in thg film and
the process time fof the case ﬁ1eeo>r(§ni?r|r(fa ion BPOVE%%Sing of &'silicon 26"
substrate stifate 4s tonduttetiatithersitystidte temperdturd 6£560€. and 64B

Referring to E1G1663 fitsy, it eanpe seen that the copgentration @ffhe or riim
nitrogen atoms incorporated into the film is substantially smaller 25 than the

case of FICZE44 'of FI&853 17 any ot the* €asés iitwhich fiie GBfettibncangle
of the XPS tanalysisds sef te.90udedrebsora3@ degeee s, ninghicating thét the 1m

oxynitride filrp thus,fopmed hias.a COMRAsItan claser Lo thatafan oxjdg film. It
is 30 believed that this result has been caused by the promotion of oxidizing

reaction at BRESUPLrate° tempRratutd oF 530E by FeSuaP BxFGEH FeMERTIG"
in the processingevesset 324n- 445min FIGHEA vt isinated that the slowdown

interface between the oxynitride film and the silicon
substrate.

15 FIGS.66A and 66B respectively show the
relationship between the film thickness and process
time and the relationship between the nitrogen
concentration in the film and the process time for
the case the oxynitridation processing of a silicon

20 substrate surface is conducted at the substrate
temperature of 550TC.

Referring to FIG.66B first, it can be seen
that the concentration of the nitrogen atoms
incorporated into the film is substantially smaller

25 than the case of FIG.64B or FIG.65B in any of the
cases in which the detection angle of the XPS
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

30 believed that this result has been caused by the
promotion of oxidizing reaction at the substrate
temperature of 550°C by residual oxygen remaining in

the processing vessel 321.



of film growth takes place at the thickness of 0.46nm, which is closer to the
thickness of 0.4nm in which the slowdown ef film growth takes place for an
oxide 5 film as explained with reference to FIG.5 or 8, wherein it is believed
that this result is caused as a result of the oxynitride film thus formed having
the composition closer to that of an oxide film. It should be noted that the
thickness of 10 the oxynitride film ds.pbtained hyckgdl)explained betarexand
associated parameters that are derived for an oxide film. ‘Thus, there_is
ossibiity thit e I LHDeGS (& SalcLTSiod ™D o0 SILHy IGaF ToF fas o™
oxynitride fitfhs Bechtiselsithe éffects? 115 és&aping depth of photdelekirohs.

In any casey iifds sheligvachthat the oxygitgderfilmfosmesh by the: presentbxide
invention h%s thickness_controlled to abOL%t two atomic IEa ers. Meanwhile,
v 8 Jroce #L/?S 328

in the case of a%p?yﬁnﬁ %ﬁé %0 'Sibslrate pr%ceggirﬁ%jeaﬁﬁara "of FIG.51

to the oxynitriclation processipglofey sificohasubstrate rit sis preferabluteedse s

an optical spurce capable of, producing.ultiavielet radiatiorein theqwayelength
range of 192 - 142nm from the consideration similar 25 to the one explained

already witfr P&feT8RES to FIE ™34 P Giewr 8f SPplyirtg the' stbstiate” - 1™
processing apparatus 320 of HG /51 tearsingle-waker semiconductoss of

produgtion process, it;is praferable, that guch anoptical sgurce 324318 theq
one capable 30 of elnf% turned on and turned off as desired. Currently,

excimer lamis$ Aavir ea\ﬁlé%lje?\‘g‘fﬂs B TSOSTHAT 220RAT. FAghCIABRM for
and 126nmaareccarmmercially availgbleras-a ultsaviolet sousce capableaef the

being - 116 furpeg,an.and furned off as,desited . These eXEINen v 1arger

for those oxynitride films because of the effect of

15 escaping depth of photoelectrons. In any case, it is
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

20 substrate processing apparatus 320 of FIG.51 to the
oxynitridation processing of a silicon substrate, it
is preferable to use an optical source capable of
producing ultraviolet radiation in the wavelength
range of 192 - 142nm from the consideration similar

25 to the one explained already with reference to FIG.34.

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

30 of being turned on and turned off as desired.
Currently, excimer lamps having the wavelengths of
308nm, 222nm, 172nm, 1l46nm and 126nm are commercially

available as a ultraviolet source capable of being



lamps have an advantageous feature of having a very sharp spectrum
simultaneously. On the other hand, only the gxcimer lamp having the
wavelength of 172nm 5 and the excimer lamp having the wavelength of
146nm are the sole candidates for the lamp that satisfies the foregoing
requirement. Thereby, it should be noted that the lamp having the
wavelengthtefr-t46nman has@ half-heightrwidil of @bott d 3nmhcanrd hus,ee10

part of the sRectrum becomes ghortgr than 14§nmt. In su%h a_case, therefore,
. am] . Ve n adavanta ou eature O havin a VvVery
there is a possn]%lsllty that the oxygen radical excitation may not be taused,

depending 8hake starcoitie [anip ofF i peedNaritynof fife MdhduaRRMps.

From thesegonsidetations; 4564t isse@ncluded dhattheuse of ag@axciper lamp

of the %72nrg w%%elengthlrig rpoI%t Qrefgrablg for the ulga iOIIFtt ource 134%4I13m
of the subsfaraije proeceess?ng eappa‘—jra us'320'0f Iﬁ&e.Sf n the cdse of choosing

the excimertamprfermothe comdiateialy dvailable exeinrert 2@t aasis. FIG:67
shows the sghematic gonstiuction of - excimelklamy (dielectric badrigk

discharge tube) 341 producing the ultraviolet radiation of 172nm (reference

should be M&8& Yo thE JapRRes8 TG IPET 25 B atshi Puiblichtion 7-166383
or 8-85861h Refertiag fo HGHE, thédxXcimer dmpt34Brhas addubbers, a

cylindrigal vessel inelydipg an. inner, auadz fuhe 342.and apoufer gyarz tupe
343 and a Xe gas is confined into a space between the inner quartz 30 tube

342 and thé Baterqu@ts w343 iltt a présstre HfXEGas di83ia8kpaa"
(250 Torr). Fuethexy amnalvminual thin film=slectiode B4o0is foemedwrethe

inner surface of the: inner qualtz twbe 342 ang,a - 117 mesh-glatg electiads .
344 is formed on the outer side
of the individual lamps. From these considerations,

15 1t is concluded that the use of an excimer lamp of
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

20 lamps.

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

25 Patent Publication 7-196303 or 8-85861).

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 1s confined into a space between the inner quartz

30 tube 342 and the outer quartz tube 343 with a
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



of the outer quartz tube 345. Further, a getter chamber 348 is formed at an
axial end of the space 347 and a getter 346 {s;provided inside the space
347. 5 The excimer lamp 341 is turned on and turned off as 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
UER20-172nmarketest by dhe &SR op 4he 110 medeldHES 1703 Somesketetie
by Hoya Schott. Of course. the ullraviolgt sqyece is nt, limited {9 those
mentioned above and ot%er%ptlcalZ sources such as a]ilow-’presgure mercury
lamp. Furtherarifape sittiatioh difowsdt istalsd possidletddiset 15°an exeitder

laser. [TENTHEMBORIMENT]LNext, formation of @uniferna oxyniride ofm 347 .
on a wafer igrface b%/ the 'EEV'NO Brocesatné_:]r 20 accordlngg foa tegth o

embodiment of tﬁécprrélgén ‘:ilrrln\?er%tioln will be e&e?aiﬁgdéﬁefé:r?ﬁwﬁeto Taple®”

again, it is netedr tishtttheamyhitride film formed andepthef processepressure
of 3.99Pa (@83, 19} and-the LA0%HdV A5 radigtian powershows & generally

uniform thickness at the central part and marginal part of the . substrate,

while it is also noted thaf tHe Fe¥lt 6 1%5bte 8 ¢howd tHat'theté ekisis 8>1¢ ©
difference ofsaboute2%utetheUnikogeh /Conceritrdtion ayd the distribationm 3the

of the pjtrogen congenryglian i%Q?kQ@@‘&r%yTHH%a Table 9ndicates that it is
y

an important issue in the oxynitride film formed by the UV-NO processing to

achieve the uniformity oPfilnt tiERResS BRditro§8n 2 L18 SeYAREENtHaLSH at
the same timen FHE&I68A shiovesthesthickness distribkutiomobther optical

sources such as a low-pressure mercury lamp. Further,
if the situation allows, it is also possible to use

15 an excimer laser.

[TENTH EMBODIMENT]

Next, formation of a uniform oxynitride

film on a wafer surface by the UV-NO processing
20 according to a tenth embodiment of the present
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

25 radiation power shows a generally uniform thickness
at the central part and marginal part of the
substrate, while it is also noted that the result of
Table 9 shows that there exists a difference of about
2% in the nitrogen concentration and the distribution

30 of the nitrogen concentration is not uniform. Thus,
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



an oxynitride film formed under the same conduction as noted above except
that the duration of the 5 oxynitridation is_set{g 1 minute and 30 seconds. On
the other hand, FIG.683 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 10 forth. In FIGS.68A and 683,
the numbercefineasurement Jointsdsdnereaseddo seventeen. In the

experiment of FIG.GSS,#E% b&% arfldogvosrthcmeovt%ng%qt %fstshe luét@ﬁigl% iarrqpo £
is conducted such that the UItravicﬁet lamp is move from a first water e(fge
to 15 a secénd CappasingiRafer Etgerseparated front Hise Sfasewatecedge by

the distance of 200mmawith @ speegd:oftelmny/sec aneis aved bagk after
stopping at the switcgback Boint for 0.1 serionds. The ulr'ggalvg%let lamp.is algo

steppe for’T $8CGRd Bt the Center ot 20 the warer tC,eor%panng AGS. %i\'anén
683, it can béeseehhthatha noretursitorABfith thickhess distribotien is

achieved inthecexpgriment of-FIG.683 as compared: withdhegxperimentef
FIG.68A by adopting the back 25 and forth movement sequence of the .
ultraviolet I&MP %DrHer 13 EH8uke atEuracy b theStohelusiioraias 11t o

and 12 are presentedtzelonh showing the kesult efifilm thiokness back and

measygement, candyctediby the XP3 analysis ardhg, 3a50ples0h30 s urement
FIGS.68A and FIG.683. In the results of Tables 11 and 12, the measurement

at the margittalpait intiddes f7S SheaSuniRg POiRE? Futther"Tabie £ Bt
shows the sesult of ArEEgsuremend dar theinifragen concendrationt- 146 in the

case of the sample,of FI5.68A, while Table 14 belgw, shows the result of
measurement for the
ultraviolet lamp is moved from a first wafer edge to

15 a second, opposing wafer edge separated from the
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

20 the wafer.

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

25 and forth movement sequence of the ultraviolet lamp.

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

30 FIGS.68A and FIG.68B. In the results of Tables 11 and
12, the measurement at the marginal part includes two
measuring points. Further, Table 13 below shows the

result of measurement for the nitrogen concentration



nitrogen concentration in the case of the sample of FIG.683.5 Table 11 90
degrees 90 degrees 90 degrees center perjphery 1 periphery 2 SiO+ 87.76
87.2 86.11 Si4+ 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 SiO+ 87.26 87.13 87.31 Si4+ 12.74 12.88
12.69 Si4+HQiIGHO&.1468. J;%E?&Z@Osbéﬁa’:ﬁéé dthieknasss@.53+0. 580 520 (am) 4

10 Table 1%

tomic % center

degree Ois g%%% gg%% 76

Teeras Nigo s s

ree 30 dgg

& Sun 8 b8

899

S|z

egree 30

%0.29

23.86 20.14 28173 <Falsle I (Cominbed) Btoimic ot Jeripery 290 dgteée 30
degree 0is-69.98:66.42 Nis 9.95 9.36 Siz 20.06 24.23 Table 14

5

10

Table 11
90 degrees 90 degrees 90 degrees
center periphery 1 | periphery 2
S10+ 87.76 87.2 86.11
Sid+ 12.23 12.81 13.89
Si4+/Si0+ 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+/Si0+ 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
O1s 69.89 66.76 70.98 67.52
Nisg 9.82 9.38 8.88 8.75
Sigp 20.29 23.86 20.14 23.73
Table 13 (continued)
atomic %
periphery 2
90 degree | 30 degree
O1s 69.98 66.42
Nis 9.95 9.36
Sigp 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




atomic % center periphery 1 90 degree 30 degree 90 degree 30 degree Ois
69.61 66.97 68.19 67.12 Nis 9.86 9.21 9.43 8,73 - 120 Siz 20.53 23.83
22.38 24.14 Table 14 (continued) atomic % periphery 2 90 degree 30
degree 015 69.1 66.99 Nis 9. 79 8.93 Slz 21 11 24. 08 Comparlng these

results, it

a back and forth movement in the uItraV|oIet Iamp By domg So, itis also
possible to achieve the unlform qlgg@éjtlgg f?EJ;'PFE 1%%@5 ogen concentration.

The foregoi
over the w
ultraviolet

iolet radlatlon is realized
afer surface by causipgrsygteayback and [forth movement of the
lamp. 15 [ELEVENTEOEMBOBIMENTEEIG.69A shows a NO gas

sequence
present iny

tRat has beemn useétfinlthe ninth®ndfenth embodiments of the
j r WZ-?{* %E\,m“ere*'ﬁiﬁgﬁéof.!e T. 20 Referring to

FIG.69A, ulclﬁpeaung of the—stbstrate' 3225 s-started immediately after
incorporation of the substrate 322 into the processing vessel 321, wherein it

will be noted that a nitragemn-gas ig;intreoucecinta the precessinthe seen

5

10

15

20

25

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
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.

[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.

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
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 1is driven for a predetermined period when the



25 vessel 321 at the initial state of the heating process. This nitrogen gas is
switched to the NO gas when the temperatuse has reached a predetermined
holding temperature. Further, the ultraviolet source 3243 is driven for a
predetermined period when the - 121 - concentration of the NO gas has
reached a predetermined level in the processing vessel 321. With this, the
UV-NO proeessisgexplaineddrefore isicongucted S dhereafter, the
ultraviolet sour 243.is turned off, and the supply of the NO gas.is
ntermupted T RG S EEAS 323 Taor Takars of o 1he breesehg sl
321 when tHé Substrate tehfpéfatdie Phasseam fovweirtrtorth rodhr1® 1s
temperature oRKz.693: on the other hand, shows a NO gas sequence
according to an eleventh embodiment of the qrgsent invention used ié%alace

lolet souf (% ig

of the sequence of FIG.BYA i the substrate Procassing Apparats 3
FIG.51. Referringdo HG.693cthebkeatingp of thed substidbe 322 isstarted

immediately after the +ipgorparation;of the substrate 322/jptp the. Hocessingon
vessel 321, wherein it should be noted 20 that introduction_of the NO gas is

started at tHe" a8 Hhi& thE stibsiiate 322 HAE Bedh ncotBora@tESn the
case of thetpresentinveatidnhThubewhehdher sdbstratentenmperature T has
reacheqd a predetermined temperature, the ultraviolet source 3243 is driven
25 for a predetermined time and the desired UV-NO processing is

conducted. Thereafter, théUiftafiol& sdutte Z243 s Wiitied S “thesupply of

the NO gasdsdumetoficcording 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



further. The substrate 322 is then taken out of the 30 processing vessel 321
when the substrate temperature T has beenJewered to the room
temperature. FIGS.70A and 703 show the relationship between the process
temperature and the thickness of - 122 the oxynitride film thus obtained and
the relationship between the processing temperature and the nitrogen
concentratigndn the oxynithde filmmire Hd &S 50Ai ard 7834 itshould be noted

that0 5 represents the}glaseboftusin t@ eNOrsoe&uence of_ FIG.69A while 0

on W emperature and
represents the case of us ng the N sequence of ﬁljél%9§ r sp_ectwe?y.
Referring td- FfGI70A, dDean beiseart ! thererexists s ninteriaPdifferéfce In

between the case7dR oflsing the NO sequenceofldt:69Aanrd @e case of
using the NO sequence of FIG.693 as%)ng as the supstrate temperatgre IS

set to 500C 6Fles Th the Case the stibstraté femperaturé 1as éxcecded

500C, on thé®théPhahd it can bersesrethat there icaused 15amvincread®

in the film thickness of the pbtaiped  oxynitride filpa when the sequence of
FIG.693 is used. Comparing this result with the nitro,gcen concentration in the

film shown in FIG.703, it €art be88eh that the'dtomit corentiatidnsr that
nitrogen in tiee120 filnd i Mcneased substantiafly dyeusingithe NOrseguences e

of FIG,693. khig reqylt showg-that the observed ipcrease of thigkness of the
oxynitride film in FIG.70A is attributed primarily to the nitrogen atoms that
are incorporatedantd thé Oxymititie fiffn ©25 Frhaus® By iAffodtemgan NG gas

into the progessing vessehpréoratothe processinge itdeomes pessibleto the
incorporate a large, ameynt.of nifrogen, atoms,jpto the.oxynitride film gtdhe
time of the UV-
the other hand, it 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.



NO processing. 30 It should be noted that the NO gas sequence of

FIGS.69A and 693 can be used also in the syBstrate processing apparatus

20 of FIG.3 for achieving a similar effect. - 123 - [TWELFTH EMBODIMENT]
FIGS.71A - 71E show the fabrication process of a semiconductor device
according to a twelfth embodiment of the present invention. 5 Referring to
FIG.71A, diffusrrregiensc33laand 331b are formed in a silicon substrate
331 by an ion implantatj s of an.im urity lement, .and a surface
region 331c of the &hco%%%squ:ﬁzﬁr 33 %s egposg§a'[n§1bofpen%g F3process
formed in afflGirktildton file 335 &ied apSnsaletionifiln 3362 THeeexpdsed

surface regionb331kds theyr subjegteddora process:afyiemoving a native
oxide film, and the UV- NO proceSS| tg% %On%ed éh reafter in the .
substrate processing apparatis 350 15 ' uhdérihie Sohdifighons

explained b&ldre by dusingthe wdtraviolettadiationsafliz2mmewavéhength.3 A

a result, there ig causgd sipwdawn-affiim,growths ondthe surface of the-silicen « ,
substrate 331, and an SiON film 332 having a thickness of about 0.5nm is

20 formed ﬁﬁﬁ?or?nlﬁuﬁé%ﬁnrtﬁg & of ﬁeoﬁé § High-kE die REHTEfimy ©
333 such a8 ZrSiQ, HfSIGcarG2, Hi02,pfa205, A1208panddhedikenis

formed.on the 3iON film 332,by;8.LYDprocess <23 Luriierametals
electrode layer 334 is degﬂ sited on the high-K dielectric film 333 thus

formed in the step of FIG AR &P 8 metHl ate &R8HBteB34G 1S fériéd by
conducting abgtebtlack o a process of removing a native oxide

film, and the UV-NO processing is conducted
thereafter in the substrate processing apparatus 320

15 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
SiON film 332 having a thickness of about 0.5nm is

20 formed uniformly.

Next, in the step of FIG.71C, a high-K
dielectric film 333 such as ZrSiOy, HfSiO4, Zr0O,, HfO,,
Ta,0s, Al,;03, and the like, is formed on the SiON film
332 by a CVD process.

25 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 is formed by conducting an etch-back
process in the step of FIG.72E.

30 In the present embodiment, it is preferable
that the UV-NO processing is conducted at a
temperature not exceeding 550°C under the process

pressure in the range of 1.33 - 1.33 x 10°Pa.



process in the step of FIG.72E. 30 In the present embodiment, it is preferable
that the UV-NO processing is conducted at &, femperature not exceeding
550C under the process pressure in the range of 1.33 - 1.33 x 103Pa. - 124 -
[THIRTEENTH EMBODIMENT] In the case of measuring the thickness of a
very thin film formed on a wafer by way of ellipsometry, there is a case that a
thickness valuers tanger thantoe actual value is obtained because of the
adsorption of organic malecyles and the fig.on. the fim surface,dyring the .
measurement process. In the case of measuring the film thickness af a
number of pofitstinipartictiart fareds @tehdentythay 10akie Mheasured

value changes dysisgdheymeasdrement and it ds difficultta gvauate thea1ue
exact uniformilt)é{of the film. In view ofih% s'ituation nated above, the inventor
i

5 Ll er than the gctua alue 1s obt eqd,_because o
of the presenat véntion has made an 15 Improvemen of film-thickness

measuremeritprodesssolas toersure exacttdss on ¢ise umiforinity lofithe on

film thickness. In the improvernent, of the inveniel, the entire pathofdhe 1,
substrate from the load/unload 20 gate of the deposition apparatus up to the

wafer stage 8faff &lifpsomBtet i piated (Rdér tHe d6WR RoR stiéam SFA ™
chemical filtet that istused for semovingorgariie molesukest dctendingttoat

such g ,consfruction.[tis ROSSIRIL (@ SYRRLESS ihe; apParent 25.0GIRARE,0f ang
the film thickness within 0.02nm (0.2A) even in the case the wafer is placed

hin | )
in the meastrerieft-ambientfor 3 ROGrsE $WRen STcR ST EllipSontEti isusdd,

about the film.
In view of the situation noted above, the
inventor of the present invention has made an
15 improvement of film-thickness measurement process so
as to ensure exactness on the uniformity of the film
thickness.
In the improvement of the inventor, the
entire path of the substrate from the load/unload
20 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
removing organic molecules. According to such a
construction, it is possible to suppress the apparent
25 increase of the film thickness within 0.02nm (0.2A)
even in the case the wafer is placed in the
measurement ambient for 3 hours.
When such an ellipsometry is used, about
ten minutes are needed for conducting the film
30 thickness measurement at 49 points on the wafer
surface, while it is evaluated that the increase of
the apparent film thickness during this interval is

about 0.001nm (0.0lAJ. Further, it is confirmed that



ten minutes are needed for conducting the film 30 thickness measurement at
49 points on the wafer surface, while it is eyalyated that the increase of the
apparent film thickness during this interval is about 0.001nm (0.01A).
Further, it is confirmed that - 125 the measurement apparatus thus improved
has the reproducibility of 0.006nm (0.06A) in terms of the variance value a
from the repeated-measurement gonducted et adixetbpointdd INow thKs.75
shows the result of measurement. o xynitride film formed on a wafe
having a df%‘?ﬁét%r%?]z%]o%%n zvi%tfthéeitﬂ?c r%élesggzifoé.?n)m Jb?/ %eslrrﬁngstho:ff the
UV-NO protess ander tive eanditi6h €xpldinedepefored Theaneastirstent

was conductedRy-usingthe:1G measusinahfixture explained above. In FIG.76,
the film thickness was measur 9a%§9 oints on the wafeir surface.
NEM t Tof

Referriﬁg to FIG.75. it céqr? be seeGn' Oewi"?'l-ﬁ ane'Variance a of the fifm <"

thickness i215 :65%y 1n terms of tHe tHickness, ahissmeahstthas the film
thickness varigtien is-inthe-grder of0-0065am: (O Q6RA)s I, ptherswards, the

variation of the film thickness has been reduced to near the detection limit.
Thus, it shdtiid B2 Adtedthal' a dompftsly B ahifofn oxynitribe timsgPtatned
obtained overftheavafehof mibhes20@men diarmeteroithet sivhilar measgrement

of the Wid%ég@JPE'E‘?dftM% U0 pronessing, 00 the ptheg, hand, itwas

also confirmed that a film of excellent 25 uniformity characterized by the film
thickness Varidhce'a of &hfy’ aBbiit B748'S tbtainedtoP the* (okidé filhalAng ™
the thicknessiof 84nm. Further, the present invention is not

Referring to FIG.75. it can be seen that

the in-plane variance o of the film thickness is

15 0.65%. In terms of the thickness, this means that the
film thickness variation is in the order of 0.0065nm
(0.065AJ. In other words, the variation of the film
thickness has been reduced to near the detection
limit. Thus, it should be noted that a completely

20 uniform oxynitride film is obtained over the wafer of
the 200mm diameter.

In the similar measurement of the oxide
film formed by the UV-0, processing, on the other
hand, it was also confirmed that a film of excellent

25 uniformity characterized by the film thickness
variance o of only about 0.7% is obtained for the
oxide film having the thickness of 0.4nm.

Further, the present invention is not
limited to the embodiments explained heretofore, but

30 various variations and modifications may be made

without departing from the scope of the invention.

INDUSTRIAL APPLICABILITY




limited to the embodiments explained heretofore, but 30 various variations
and modifications may be made without departing from the scope of the
invention. INDUSTRIAL APPLICABILITY - 126 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 5
excited by high-frequency:plasma.d-urthen aceoedivgt to the-present it
invention, it ecomes ROssile Lo f%r%%QPéé’.r(‘ﬁﬂgesfl'l@ﬁc%'ggﬁ“ggge”
concentration with a desired thickness y nitriding the surface of an
extremely tRiCERyHitridefilER by tisiisg fid 10"Hitrbger Tadicals excited by the

high-frequengy-plasma iBY sing;high:frgqueacy plasipanit becomess _
possible to conduct tq%{ Inl%qd%tl_ofnr process at [%IgtlvelyFrggpkpressures, angd it

becomes pgéﬁbfee 0 dilute any’imp lﬁi%r/1 (é%\spcomf)nghents such as tesidual 18

oxygen renainingeinthegsrotessingnessel byttheeplasasa gastiyparersly form

evacuating the processing vessel, at the beginning ofdhe nitriding precess to
a sufficiently low pressure. Thereby, the problem of . unwanted oxidation

caused by the fesid (i Hxygen and 205ss ddiaRd ProdidH Jf ificredsedcs ©f
thickness o# thes-oxyaiteite filmiareosyccassiuky suppresseds iParticudarly, the

present invgntion goables, nittidation gfian,exremely thinbase. gxide fijm
formed under a high-K dielectric gate insulation film, 25 and as a result, the

problem of RitEARiffeisioH oF et 'eldment anasifdats Bétwedn B Silicdn
substrate anddheihigh-4< dislectrictgatednsulationafilerand the assaciated

problem of formatien. of a, rapsitional |aver arg eifectively SupRressed pie to

dilute any impurity gas components such as residual

15 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
sufficiently low pressure. Thereby, the problem of
unwanted oxidation caused by the residual oxygen and

20 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
formed under a high-K dielectric gate insulation film,

25 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
transitional layer are effectively suppressed.

30 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 While it is generally unavoidable that an extremely thin insulation film

such as oxide film or oxynitride film undergpegs increase of film thickness as

a result of incorporation of nitrogen atoms at the - 127 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 oxynitrdde fitm, tn5 hei extramely smatl, bysontralling the thickness of
the insulatigq, fim before the nitrdation process o, 2. ¢ alomslayers.or less.
Further, accordirﬁ)g fo the present invention, it becomes POSSiI fe to conduct
ultraviolet-exefted 0 tadiéaloXidation HrecesS of aSiicorrsilsstrateaes form 1n
an oxide filg-ang asadical nikidatiopkesess roftsichran oxida fkm rformed: o

by the ultraviolet- excitefdL radical ?xiqgltion process PX usigg radicals excite

by high5-fre(§)l?er|ec>§/tfeerhn8 e plsarg?na,’suc% fhat 15%he Yadica nit?ldhﬁorﬁeﬁ’r%cgss

is conductedheontinudaslyao the radicaf oxidadtion processatAlthougtrtirss to

pressure suitable far ultraviolets,excitedradical oxidation process and the
pressure suitable for radical nitridation process conducted by 20 using

a .
high-frequency remote ptashatare V& e difrerdit, 1Hé prédentiivéit o
allows to candustcthrese twsprdcesses indhd commonrprocessingevesset doy

providing two gyagyation paths, ondhs processing vessel, Partigilarlythe,

present invention enables 25 nijtridation of an extremely thin base oxide to be
formed undePhdatha MgiK dittdttAt Yate Tisti&tidn "fiRT, itk 4Sa RsuftcSs
the problen» of muthak diifusion of metal etemeat andtsikcan betweerl the-

SmconSum%ﬁ%?éggigga@@gﬁKéﬂ§€§y¥%gag%ocess by using radicals

excited by high-frequency remote plasma, such that

15 the radical nitridation process is conducted
continuously to the radical oxidation process.
Although the pressure suitable for ultraviolet-
excited radical oxidation process and the pressure
suitable for radical nitridation process conducted by

20 using a high-frequency remote plasma are very much
different, the present invention allows to conduct
these two processes in the common processing vessel
by providing two evacuation paths on the processing
vessel. Particularly, the present invention enables

25 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
diffusion of metal element and silicon between the
silicon substrate and the high-K dielectric gate

30 insulation film or formation of transitional layer
associated with such mutual diffusion, is
successfully suppressed by forming the high-K

dielectric gate insulation film on the base oxide



30 insulation film or formation of transitional layer associated with such

mutual diffusion, is successfully suppressed -y forming the high-K dielectric
gate insulation film on the base oxide - 128 film. Further, the present

invention enables easy construction of a cluster-type substrate processing
system while using the substrate processing apparatus, by arranging the first
and seconcdcevacuation paths ine the precassing vesselsuctuthat a tubeo
molecular_pymp. Which s negessary,fof realizing high degree yacuumin e
processing vessef is [ocated at the “outer end’part of the procefsmg vessel:
Thereby, they stibstratel processity Apparatis cantise evARBERN® arparatus,

substrate trgpstarunitatan imrerrend pagt-theseel nbudhekaccosdingtortbe: n
present invegtion, it becomes \Possible to f%rm an extremely thin oxide film
t th {3/

suitablé for a'5asé Oxide fifiy us%asoeejtwsé%% a "sificor stibs rgtemgﬁﬁ %uhl%jﬁ-K
dielectric gatenth insulation: filmsviths aamifofarthicknessiand With exeellent
reproducibility by, utilizingthe phenomenen filoy giowth-delay , which, appgars

in the radical oxidation process of a silicon substrate surface in_the case the

oxide film ha3'growr'th &hickREss BF 22204 atdihid BSeTe. FdrrérPY . the
according tethe presentnventionngs sepfortt irsCladmsi6o <F6nitdresdnes a

possihlg toform.an oxypitride film directly.qn asilicon. ,subsirate surface by, ¢ .
exciting an NO ambient with 25 ultraviolet radiation. Thereby, it becomes

possible to suppress the 0cttiFrent8 SFokidatidr by Ehdosig the tnvention,
wavelengthiaf theadtraviotetsradiation to berlonger dham ddSnyn biui nobxide

exceeding £920m, fQr. examplg,fo 142nm. Thereby, A} oxyigide tim baving

silicon substrate and a high-K dielectric gate

15 insulation film with a uniform thickness and with
excellent reproducibility by utilizing the phenomenon
film growth delay, which appears in the radical
oxidation process of a silicon substrate surface in
the case the oxide film has grown to a thickness of 2

20 - 4 atomic layers.

Further, according to the present invention
as set forth in claims 66 - 76, it becomes possible
to form an oxynitride film directly on a silicon
substrate surface by exciting an NO ambient with

25 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 oxynitride film having

30 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 oxynitride film can be



30 a high nitrogen concentration level is formed. Such an oxynitride film
shows a delay of film growth at the film thickngss of about 0.5nm
corresponding to two atomic layers. Thus, the oxynitride film can be - 129
formed stably and with excellent reproducibility to this film thickness. - 130 -
CLAIMS 5 1. A substrate processing apparatus, characterized by
comprisingfa precessiag vessebdefiringek peacess: spage osaidiprocessingo
vessel aCPQ{FEnSOd?{iﬂQ %gta e e180S holding a sgbstrate in said process space;
a first radical source prowdle on said processing vessel at a side of a first
end of said processing vessel with respect to said stage; a second radical
source provided on said 15 processing vessel at a side of said first end of
said processing vessel with respect to said stage; a first evacuation path
provided on said processing vessel at a side of a second end of said
processing vessel opposite to said first end, said 20 first evacuation path
evacuating said process space to a first process pressure; and a second
evacuation path provided on said processing vessel at a side of said second
end of said processing vessel, said second evacuation path 25 evacuating
said process space to a second process pressure, one of said first and
second radical sources comprising an ultraviolet source. 30



2. The substrate processing apparatus as claimed in claim 1, characterized
in that said first evacuation path is activateg g the state when said - 131 first
radical source is activated, and wherein said second evacuation path is
activated in the state when said second radical source is activated. 5 3. The
substrate processing apparatus as claimed in claim 1 or 2, characterized in
that said 10 first radical source includes an.uitraviolet 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 4. The substrate
processing apparatus as claimed in claim 3, 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 betweensséid norze andsgid Substate setass to cause

excitation of said.exygen gasithrough,anseptical window. 30 5. The substrate
processing apparatus as claimed in any of claims 1 - 4, characterized in that

- 132 said first evacuatidn'Patfi 5S088s B iF60 M6letiid? PUNMPYS 85 The
substrate processing apparatasess clametseany of clanmsak isy a stage

characterized i that said,second evaguation path includeg a mechanical

a first radical source provided on said
processing vessel at a side of a first end of said
processing vessel with respect to said stage;

a second radical source provided on said

15 processing vessel at a side of said first end of said
processing vessel with respect to said stage;

a first evacuation path provided on said
processing vessel at a side of a second end of said
processing vessel opposite to said first end, said

20 first evacuation path evacuating said process space
to a first process pressure; and

a second evacuation path provided on said
processing vessel at a side of said second end of
said processing vessel, said second evacuation path

25 evacuating said process space to a second process
pressure,
one of said first and second radical sources

comprising an ultraviolet source.

30
2. The substrate processing apparatus as
claimed in claim 1, characterized in that said first

evacuation path is activated in the state when said



10 booster pump. 15 7. The substrate processing apparatus as claimed in
claim 5, characterized in that said turbo mojggular pump is boosted by a
mechanical booster pump. 20 8. The substrate processing apparatus as
claimed in any of claims 1 - 7, characterized in that 25 said processing
vessel has a substrate load/unload gate at said second end. 30 9. The
substrate pracessing.apparatusas-€laimectiniany eficlaims h8rein said

characterized in that, both, of said first evaguation path and said second.- 133 ,
evacuation path evacuate said process space via an evacuation port

provided in said! precessing ¥eéssellins the IRinify eFsaidesexdnd end. 5 10.
The substrate processing apparatus as claimed in claim 9, characterized in
that sai5d first 10 evacuation path includes a turbo molecular pump connected
to said process space via said evacuation port. 15 11. The substrate
processing apparatus as claimed in any of claims 1 - 10, characterized in

that said state is provided rotatably and wherein 20 said substrate processing
apparatus further comprises_a rotatin% mechanism rotating said stage. 25

12. A substrate processing apparatis - EREFadEAZES by Comphahgtas S

processing vessekdefiminglaprodessr 2, 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 4. The substrate processing apparatus as
claimed in claim 3, 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

5. The substrate processing apparatus as

claimed in any of claims 1 - 4, characterized in that



space, said processing vessel accommodating a state 30 holding a substrate
in said process space; a first radical source previded on said processing
vessel; a second radical source provided on said - 134 - processing vessel; 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 secosd avacuationpaih previceden saich proecessiagessel, isai@d cular
second evacuation path evacuating said process space to a second process
pressure, 10" Whérein 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 13. A cluster-type substrate processing apparatus, characterized by

comprising: a substrate transfer chasmber @and,2s a&-RIalify 9 progess as
chambers connected to said substrate transfer chamber, one of said plurality

of process ENAMBers ‘Comprising: 3 protessing vessel Mty & 'stibsirate T30 ¢
load/unloadsepenisgcatral fiestaandathisre ob it lconnettidn with saichsulistedte
transfep chaigher de&mp )

15 7. The substrate processing apparatus as
claimed in claim 5, characterized in that said turbo
molecular pump is boosted by a mechanical booster

pump .

20

8. The substrate processing apparatus as
claimed in any of claims 1 - 7, characterized in that
25 said processing vessel has a substrate load/unload

gate at said second end.

30
9. The substrate processing apparatus as
claimed in any of claims 1 - 8, characterized in that

both of said first evacuation path and said second



first radical source at a second end opposite to said first end, said
processing vessel defining a process - 135 1 space therein; a stage provided
in said process space between said first end and said second end in a
rotatable manner, said stage holding a substrate 5 thereon; a first process
gas inlet provided in said process space between said first end and said
stage, said:first pracess gas mlet/introducing adirst proeess gasdntoi saidn

process space; 10 Qsecond radical source Provideg on said grocessin .
evacuatlion é)or.t provige n sal rocessing ves el in
vessel so as to cause excitation of said fist process g%s between’said first

gas inlet anfdh Saitt Sty @ firSt @vacuater poreprdvided 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 side 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; and a second pump connected to said second evacuation port so
as to evacuate said process space 25 to a second process pressure lower

than said first process préssdfeS wirereirt 84fd S8CSH puRth P&ispossEd i
the vicinityofsaidsecondenduoPsaidiprogessingzvessel. 80at said first
10 evacuation path includes a turbo molecular pump

connected to said process space via said evacuation

port.

15

11. The substrate processing apparatus as
claimed in any of claims 1 - 10, characterized in
that said state is provided rotatably and wherein

20 said substrate processing apparatus further comprises

a rotating mechanism rotating said stage.

25
12. 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
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20

25

30

- 134 -

processing vessel;

a first evacuation path provided on said
processing vessel, said first evacuation path
evacuating said process space to a first process
pressure; and

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

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
evacuate said process space at a side opposite to
said second radical source with respect to said

substrate on said stage.

13. A cluster-type substrate processing
apparatus, characterized by comprising:

a substrate transfer chamber; and

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
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



10

15

20

25

30

- 135 -

space therein;

a stage provided in said process space
between said first end and said second end in a
rotatable manner, said stage holding a substrate
thereon;

a first process gas inlet provided in said
process space between said first end and said stage,
said first process gas inlet introducing a first
process gas into said process space;

a second radical source provided on said
processing vessel so as to cause excitation of said
fist process gas between said first gas inlet and
said stage;

a first evacuation port provided in said
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 side closer to said second end
with respect to said stage;

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 said process space
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.



