-1 SPECIFICATION 29 MAY 2006 NITRIDING METHOD FOR INSULATION FILM,
SEMICONDUCTOR DEVICE AND PRODUCTION METHOD FOR SEMICONDUCTOR DEVICE, 5
SUBSTRATE TREATING DEVICE AND SUBSTRATE TREATING METHOD TECHNK AL FHELD The
present invention generally relates to 10 semiconductor devices and more particularly to the
fabrication process of uitrafine high-speed semiconductor devices having a high-K dielectric film. In
the technology of recent advanced high- speed S%B§8?9E%tgji 9§\b/]ices, use of the gate length 15 of
0.1p m or less is becoming possible with the progress’in the art of uitrafine semiconductor fabrication
processes. Generally, operational speed of a semiconductor device is improved with device
miniaturization, while there | ol tr injaturi emi ices, to
reduce the thickness of%ﬁrgaﬁ%@%ﬁ%%f# @i?mzﬁ%%(rﬁ% vﬁ%%?e%%gciﬁ%@ 0 tﬁ%?ggeég%r?g‘fté%chieved
as a result of the devid&miriatudi¥ati 6k ZHBACKEG ROUND AFORWHanthelgate TenytPhds Been
reduced to 0.1 mor less, on:the:other hand, thedhiskness:ofathe gajgdnsulation-film, hagto 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, hoWévéi®there inevitably arises a problem of
increased tunneling current, while such an increased tunneling current 29 MAY 2006 causes the

problem of large gate Ieaka%e current.
TECHNICAL FIELD

The present invention generally relates to
10 semiconductor devices and more particularly to the
fabrication process of ultrafine high-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 0.1lum 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



In view of the situation noted above, there 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-equivalentthickpess whie
maintaining a large physical thickness, for the gate insulation film. Such a high-K material includes 10
Ta205, A1203, Zr02, Hf02, ZrSiO4, HfSiO4, and the like. By using such a high-K dielectric material, it
becomes possible to use the gh ical thi%kpess oﬁ albout 10nnéin Itra]Di h-speed serQiconductor
devices having a gatecl%lﬁateh of .ipprrrl%r ess. T ereak‘)ry?%egf %a e fesk Se cufrent'caused by
tunneling effect is successfully suppresseewarfexample ia Ta2 O5filnphasibeeo fermedhdysa CVD

process while using T%(QCZ&BQQ aérgd %g% gaseous sources, IR a tylp_igqle ><§ag%%§bthe CvD 20
process is conducted under a reduced pressure at a tempgrature of about 480~C or more. The
Ta20s5 film thus formea issthealsubjetted id & thérhdl dfnakng Processtiataraxdizing ambient and

the oxygen defects iny{he {ilg are gompensated: Fugher, £he 23 filmindergoes,erystallization. The

Ta20S5 film thus crystallized shows a large specific dielectric constant. From the viewpoint of
increasing carrier mobiftfJHATRE cHarthel Fe§idRL RS preférdbletol30 provide an extertelPthin base

oxide film having a thigkngss,etlimgr lessqreferably,0 8am ok less: betwean theshighiK dielectric
gate oxide film and the silicon substrate. This base oxide film has to be 29 MAY 2006 extremely thin.
CMhestatheeﬁed(ﬂﬁkﬂﬁﬁh%lng a large physical thickness, for the gate

insulation film. Such a high-K material includes

10 Ta,0s, Al,0s3, %r0,, HfO,, ZrSiO4, HfSiO4, and the like.
By using such a high-K dielectric material, it
becomes possible to use the physical thickness of
about 10nm in ultra high-speed semiconductor devices
having a gate length of 0.1lum or less. Thereby, the

15 gate leakage current caused by tunneling effect is
successfully suppressed.

For example, a TayO0s film has been formed
by a CVD process while using Ta(OCzHs)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 480C or more. The Ta,0s5 f£ilm
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 Ta;0s f£ilm 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



high-K dielectric film for the gate insulation film 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 (RIO) pracassof asilicon
substrate has been used when forming a thin gate oxide film. When such an RTO 10 process is used
for forming a thermal oxide film with the desired thickness of Inm or less, there is a need of
de_creas_ing the procesgixn rteerrrpé)leragcu}g[% gt- thet%@?w%fstge fiIr}rll eforerg%téocr]c. I-(l)o%/v%velrhsuqcl}% therr_nal
oxide film formed at low temperature tends o contain a’15tlarge amount of surfacestates and is not
suitable for the base dxidé fikn of a high-Kidielecinc gate oxide dJdmeFHG.4showiscthefschematic

qonstructio_n of a high-isyegg nsceﬁifggd%%gr.d%ylic% %0 (pcemgn]g %Q' ,-K S%g}giea{%ctric gate insulation
film. Referring to FIG.1, the semiconductor device 100 is constructed on a silicon substrate 1 and
includes a high-K dielettiic gatlinstlation fifrf esuchias 1a20%) AR OZZr0X He2,52rSi04, HfSiO4,

and 25 the like, formed, gp the sjlicon substratesh wiaa thin hage-oxide film 2. Fyrther, 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 Yitfdtent(N) HOpintl oA tHe Stface' part oF tHd base 6xide FfA 2 within the extent

that a flat interface is maintained between:the silison ysubstrate 1iand the basgioxide filn 2. As a

result of - 4 29 MAY 2006 o
(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 film with
the desired thickness of 1lnm or less, there is a need
of decreasing the processing temperature at the time
of the film formation. However, such a thermal oxide
film formed at low temperature 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 Ta,0s, Al,0s3, 72r0,, 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 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 5
possible to reduce the oxide-equivalent thickness of the base oxide film 2 further, by formipg the
oxynitride film 2A in the base oxide film 2. As explained before, it is preferable that the base oxide film
2 has as small thickness as 10 possible in such a high-speed semiconductor device 100. However, it

has been extremely di]g‘(%?ult to fro(r)m thegase Ig)xide fklllgn % gviteh tge _tgigk@eis of2Inmn 9 I%['sesé such as
0.8nm or less, or even 0.3 -rbl.}inm?eﬂ% white sﬁlﬁulFaneousﬁ/ mafﬁ%alninglurﬁlformfty and reproducibility.
In the case the film hasithesthitkhessief @.13 m02%m,thewixéde film has dctually & tlickinfess of only 2

- 3 atomic layers. In orde t.the high-K dielectric gate 20 insulation film 3 formed.on the.base oxide
film 2 performs as a h(%ﬁwé%%g?e%tlc:lgeﬁ%sgﬁ%é %negégs,séalﬁ%to%rygs% ize %héa é%&é%ﬁ%gﬁﬁ%ﬁelectric
film 3 by a thermal anhealisy pideers ahdtcontuet cohiperratien process dfoxggers vacancy

defects. 25 However, slchia thermal anpggling pipcess applied o fhe bigh-Kydielecuic gate insulation

film 3 causes an increase of thickness in the base oxide film 2,” and the desired decrease of the
effective thickness of e gR@SAsGIAESH fifrd lathievVet by e usy of 36 THe& Righe dielectric gate

insulation film 3, is mogg;\arless eancelled opit. Such ar ingrease of thickness, of the base oxide film 2
associated with the thermal annealing - 5 _ o

As explained before, 1t 1s preferable that

the base oxide film 2 has as small thickness as
10 possible in such a high-speed semiconductor device
100.

However, it has been extremely difficult to
form the base oxide film 2 with the thickness of 1nm
or less, such as 0.8nm or less, or even 0.3 - 0.4nm,

15 while simultaneously maintaining uniformity and
reproducibility. In the case the film has the
thickness of 0. 3 - 0.4nm, the oxide film has
actually a thickness of only 2 - 3 atomic layers.

In order that the high-K dielectric gate

20 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
compensation process of oxygen vacancy defects.

25 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
of the gate insulation film, achieved by the use of

30 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



29 MAY 2006 process suggests the possibility of mutual diffusion of oxygen atoms and silicon atoms
and associated formation of a silicate transition layer, or tge_possibility of growth of the base oxide
film 2 caused 5 by the penetration of oxygen into the silicon substrate. Such a prgblg of jgrease of
the base oxide film 2 with thermal annealing process becomes a particularly serious problem in the
case the thickness of the base oxide film is reduced to 10 several atomic layers or less. In view of the
situation noted above, the inventor of the pres nt invention iias%grev%ousllé Jpropase the.use of
ultraviolet-excitation o?fgoecne ?asditszéllg(%ﬁﬁf)i ra i%l)%%%%tlratle plr egsmg%pp%ratusl 151 the
formation of the base oXide fiimyeBy arsings sechl aniultraviolet-excitatrmcoxygienaadiae dprocessing

apparatus, it becomesfpors?igbcl% 1o graw a gigf-i aclléy %igg gij[rp 1"%" |P<):/‘V %rrowth gat@h%nder low
radical density. 20 FIG.2 shows the construction of a conventional UV-02 radial substrate processing
apparatus 10. ReferrirgposRIGL2 ithe substrate’ procassirtraperatus<ifimciudes &proressidg vessel

25 11 that holds assubg%ra[en%z_ fhereinunder a reguged pressure gnyiranment, wherein the substrate

12 is held on a stage 11A having a heater lla. Further,” there is provided a showerhead 11B in the
processing vessel 11 85 4tbFace thd'sibstrats A2 lsitHelstage 388N, @hdtarf okidizihg gas such

as oxygen, 03, N20, NG ; gea mixture thereaf isrsupplied 10, thesshowerfead: 24 B, Thgrghowerhead
11B is formed of a material _ _

particularly serious problem in the case the

thickness of the base oxide film is reduced to

10 several atomic layers or less.

In view of the situation noted above, the
inventor of the present invention has previously
proposed the use of ultraviolet-excitation oxygen
radical (UV-0; radial) substrate processing apparatus

15 for the formation of the base oxide film. By using
such an ultraviolet-excitation oxygen radial
processing apparatus, it becomes possible to grow a
high-quality oxide film with low growth rate under
low radical density.

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

Referring to FIG.2, the substrate
processing apparatus 10 includes a processing vessel

25 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
vessel 11 so as to face the substrate 12 on the stage

30 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



29 MAY 2006 transparent to ultraviolet radiation such as quartz, and the processing vessel 11 is
formed with a window 11C of quartz and the like, which i%trgnsparent to the ultraviolet radiation, such
that the window 11C 5 exposes the substrate 12 on the stage 11A. Further, a ulteayjglet seuyge 13 is
formed outside the window 11C such that the ultraviolet source 13 is movable along the surface of
the window 11C. Thus, a silicon substrate is introduced in 10 the processing vessel 11 of FIG.2 as the
substrate 12, and an gxigllizinégfal as %ugchoas ?ﬁzé%%n islin;?rodu%eda tirlto thg d%gr cessin \éescszel 11 after

. . . ns . .U ole raal aS r .
evacuating the interior Jfhere y activating the ultraviolet sourcejl%nun hisS state, actie radicals

such as 15 0* are fornsedlintthe oxidiziag gfasgThe saditalsthus excited dyvthe lultravidletiradiation
cause oxidation on th f?p%e%ggg%ce g;} e %Iécopi%%bstrw elz a d asa %s{ﬂlté Itlhter,g (gs formed
e fil 0.8 ck ) 20 i

an extremely thin oxi m of 0.5 - 0.8nm thickness on the surface o the silicon substrate 12. In
the substrate processingapparatas 1016ftFIG2] tHeloXide filmcahbetformedwitrl@unifdfm

thickness by causing tg,pove the yltraviolet spgrce 13 algng the aptical window L1 22,Because of

the oxide film is formed by the ultraviolet-activated oxidation process, the oxide film has an
advantageous feature bt shiafl(efeét 8eRgiffsuch as sthadeestates-ad irepbtet by ?Rang et al.

(Zhang, J-Y., et al. Apph Physclkett.n30-71(29) whiA November 199 7.Rp 2964-2968)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 along the surface of the window 11C.

Thus, a silicon substrate is introduced in

10 the processing vessel 11 of FIG.2 as the substrate 12,
and an oxidizing gas such as oxygen is introduced
into the processing vessel 11 after evacuating the
interior thereof. By activating the ultraviolet
source 13 under this state, active radicals such as

15 O* are formed in the oxidizing gas. The radicals thus
excited by the ultraviolet radiation cause oxidation
on the exposed surface of the silicon substrate 12,
and as a result, there is formed an extremely thin
oxide film of 0.5 - 0.8nm thickness on the surface of

20 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
13 along the optical window 11C.

25 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
Zhang et al. (zZhang, J-Y., et al. Appl. Phys. Lett.

30 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



29 MAY 2006 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-02 radical
substrate processing 5 apparatus. However, it has been difficult to reduce the thickpgess ofthe base
oxide film further, and it was particularly difficult to form such an extremely thin oxide film with
high-precision and with uniform thickness. 10 Meanwhile, there has been an argument that formation
of a metal oxide film having a small ‘intera omi%pﬁgng .va&ence, and hence a "low rigidity”, on a surface
of a single-crystal silicon substrate, which had a argelﬁl eer%%rﬁff: snd valérce and hence 15 a "high
rigidity”, would lead tolzemethamhieak iistaiikity at the intedack betweerkthesilicofi silostrate and the

metal oxide film, and tBatgs%qlgréecgg 'cag' taebilét %\éc%us%dgfe]gs%seg for. ex nﬂ\e ,
Lucovisky, et al., Appl. F"h)r/ls. Lett. 74, % pp.g%%logl 9%). Furt %r, in orégr to ai{vlocli(?th]?sl prog%m, there
is a proposal to form auteansitionze [Hyeof oryhitride dtthe inteifacebetvaesehithe silicon substrate

and the metal oxide filqpby, intrpducing g.single layer,of nittogen atoms; Fyither, 25 fogmation of such

an oxynitride film for the base oxide film of a high-K dielectric gate insulation film is thought effective
for suppressing diffusi6h Softétaf efehiertior idX§ggea #¢ tHexhigh- K didledtte tte insttation film to the

silicon substrate or 30giffusien-ef silican-fromythessilicon-substrate to the highhK dieleetris gate, or for

suppressing the diffusion of dopant element from the gate electrode. In order to form such an

oxynitride film, thin oxide film with high-precision and with uniform
thickness.

10 Meanwhile, there has been an argument that
formation of a metal oxide film having a small
interatomic bond valence, and hence a "low rigidity",
on a surface of a single-crystal silicon substrate,
which has a large interatomic bond valence and hence

15 a "high rigidity", would lead to a mechanical
instability at the interface between the silicon
substrate and the metal oxide film, and that such
mechanical instability may cause defects (see for
example G. Lucovisky, et al., Appl. Phys. Lett. 74,

20 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
introducing a single layer of nitrogen atoms. Further,

25 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
gate insulation film to the silicon substrate or

30 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,



- 8 29 MAY 2006 there has been a proposal to oxidize the surface of an oxide film by using
microwave-excited remote plasma. This technology, Wbicé‘l achieves the desired nitridation by using a
microwave, requires a very 5 high-degree vacuum of the order of 1.33 x 10-1 - L3, % +0-'Pg10-1 -
10-6 Torr). However, nitridation process conducted under such an extremely high-degree vacuum
state raises the problem in that minute amount of impurity such as residual oxygen or water in the 10
processing vessel, pro%/}lt%zrsnim ect on theS g%oqceoss b%/i\ga% of t%lglatlon. lcSuceh o>%|dat|on

a profound eff
occurred at the time o n Eﬁzftio%e&%cgsg calisesthe proQo em of unwantéd incréase of thickness

of the oxide film. As natedbbefoee, fsuth dryvinorease ofilSrthickness ot theeoxidefitm at the process of
forming the oxynitride }giﬂ@sgﬁlpeﬁ%%t t}eg &%fgg&gf?usling’}{tgg}pi%%ﬁg\eflee _trjccn%ats é’ggt{l%ﬂn film.
icu

Conventionally, it has been extremely difficult to form’ such an extremely thin oxynitride ilm with
reliability and reproducibititylid - vasuupy state edsily ackieved by anrerdinbrye Ssemiconductor process,

without causing increase of film thickness. by pxidation. 25.RISCLOSYREOE THEINVENTION

Accordingly, it is a general object of the present invention to provide a novel and useful substrate
processing method and adparatus Wherein tHe fofegsing promeirRrareelintindfet: 30 Another and

more specific object ofthe prasent ventien is,iaprevide-a substeate rpracessing spethed capable of
forming an extremely thin insulation film on a substrate, a semiconductor _
vacuum state raises the problem in that minute amount
of impurity such as residual oxygen or water in the
10 processing vessel, provides a profound effect on the
process by way of oxidation. Such oxidation occurred
at the time of the nitridation process causes the
problem of unwanted increase of thickness of the
oxide film. As noted before, such an increase of
15 thickness of the oxide film at the process of forming
the oxynitride film cancels out the effect of using
the high-K dielectric gate insulation film.
Conventionally, it has been extremely
difficult to form such an extremely thin oxynitride
20 film with reliability and reproducibility in a wvacuum
state easily achieved by an ordinary semiconductor

process, without causing increase of film thickness

by oxidation.

25 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
foregoing problems are eliminated.

30 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



29 MAY 2006 device using such an insulation film, and fabrication process of such a semiconductor
device. Another object of the present invention is to prgvige Substrate processing method and
apparatus 5 capable of forming an extremely thin oxide film, typically having a thickpgss 9§25 4
atomic layers or less, on a surface of a silicon substrate with reliability and further capable of forming
an oxynitride film by causing nitridation in the oxide 10 film thus formed. Another object of the present
invention is to provide a substrate .processi?% g%paratu c%%%brle of formigg an extrergglél ithin

oxynitride film typicallydﬁé]\fiﬁg a thickAeSs's atomic Féyers 1%101rn]éss and 1Tcﬁ‘r]’t)hrelr capa%?e of

forming an oxynitride filmo bawingcet higheh nidrogemicomeentration dad acdesired thickness by causing
nitridation of the initial oxynitride filrghéggg@r %Qrijeecé Qf e prese 'g_,iggggticoniir§vgg e} gﬁoviib ea
[ e of

cluster-type substrate processing system including a substrate processing apparatus capa
forming an extremely thin oxide fifln oy witsidefitm  1ypivady havingre tHickhesrbf 2opfvmtordess, on

the surface of a silicon.sybstrate withsglighility 25.and. further capableof nitridingethe pxide film or

nitride film thus formed with reproducibility and with reliability. Another object of the present invention

is to provide a substrdtEptecessihg metist eapable BrSTfoPring an extteRiehFthirk BRyitride film

on a silicon substrate directlyawith gxcellegt reliability, and repradugibility,Anethes object of the present

invention is o _
reliability and further capable of forming an

oxynitride film by causing nitridation in the oxide
10 film thus formed.

Another object of the present invention is
to provide a substrate processing apparatus capable
of forming an extremely thin oxynitride film
typically having a thickness of 2 - 4 atomic layers

15 or less and further capable of forming an oxynitride
film having a higher nitrogen concentration and a
desired thickness by causing nitridation of the
initial oxynitride film.

Another object of the present invention is

20 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
the surface of a silicon substrate with reliability

25 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
to provide a substrate processing method capable of

30 forming an extremely thin oxynitride film on a
silicon substrate directly with excellent reliability
and reproducibility.

Another object of the present invention is



-10 29 MAY 2006 to provide a method of nitriding an insulation film containing therein oxygen,
characterized by comprising the steps of: forming nitrqgelrbra_dicals by using high- 5 frequency
plasma; and nitriding a surface of said insulation film by supplying said nitrogen,radigals tg,gaid
surface of said insulation film. Another object of the present invention is 10 to provide a method of
fabricating a semiconductor device, characterized by comprising the steps of: forming an insulation
film on a silicon substrate surface; forming nitroge radicalscP high-frequency 15 plasma; forming an
oxynitride film by causlli‘nog %ﬁﬂgét%n ha %qﬁr 8§e 8%5:?1%1%5% a%ltri](% fifm %]Ssuu%éptfﬁr(% S%f?dfil fﬂtrogen
radicals to said surface of tsaich Oxygnitriderfdin) and \2eformirtgpa highe K idieléctrig film on said
oxynitride film. Anothe(g &Qérc} 911 tflpe p%rﬁgegttig %nt#')ofn:is to provide a substrate processing apparatus,
characterized by comprising: 25 a hitrogen radical formation unit forming nitrogen radicals by
high-frequency plasma; and a processingivessel haldirg a sabstraté sfdpmedswitte saiddhsulation film,
said processing vessebeingsupplied with, 30 said nitrogen radicals form said nitrogen radical

formation part and causing nitridation of a surface of said insulation film by supplying said nitrogen
nitriding a surface of said i1nsulation film

by supplying said nitrogen radicals to said surface
of said insulation film.

Another object of the present invention is

10 to provide a method of fabricating a semiconductor
device, characterized by comprising the steps of:
forming an insulation film on a silicon
substrate surface;
forming nitrogen radicals by high-frequency
15 plasma;

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

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

Another object of the present invention is
to provide a substrate processing apparatus,
characterized by comprising:

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

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

said processing vessel being supplied with

30 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.



radical to said surface of said insulation film. - 11 29 MAY 2006 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. Further, accaorgling, Jo thg present
invention, it becomes possible to form an oxynitride film of high nitrogen concentration with a desired
thickness by nitriding the surface of an extremely thin oxynitride film by using the 10 nitrogen radicals
excited by the high-frequency plasma. B% é{s%% @ghgﬁguency Iagrqa}i\iftetr)leccinmes ossible to

conduct the nitridation process at ré ative pressures? and it becomes pofsri]ble 5 dilute any

impurity gas componehtscsuchsag residual 4 5taxygenrenainihg irsthefproeessing vessel by the

plasma gas by merely ee}y@%g%tgl ﬂEehErSC%%SfH% v§§sl%{ at hﬁ be}gérér}ﬂrl]% Q{the nitriding process to a
sufficiently low pressure. Thereby, the problem of unwanted oxidation caused by the residual oxygen
and 20 associated probfarn ofl incréaded-thidkness of thet loxynitridecfilanareasticeessfully suppressed.

Particularly, the pgeseggégy%@%p%ﬁnm%?_@waﬁem ap extiemely. thinjbase oxide bl fgrmed

under a high-K dielectric gate insulation film, 25 and as a result, the problem of mutual diffusion of
metal element and silié6h betveéadrthersilicon” stibstrate ahidl the gk dereiitlGatendafion film,

and the associated prehlemf-formatien ef.a iransitional layer ase effectively. suppressed. 30 While it

is generally unavoidable that an extremely thin insulation film such as oxide film or
with a desired "thickness by nitriding the surface of

an extremely thin oxynitride film by using the

10 nitrogen radicals excited by the high-frequency
plasma. By using high-frequency plasma, it becomes
possible to conduct the nitridation process at
relatively high pressures, and it becomes possible 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



oxynitride film undergoes increase of film thickness as a result of incorporation of nitrogen atoms at
the - 12 29 MAY 2006 time of the nitridation process, it islBos_sibIe in the present invention to maintain
the thickness of the insulation film after the nitridation process, in other words the thickness, pf the
oxynitride film, to 5 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 to provide a
substrate processing atpipnz{\eratu ],COh%hara teiiégg Pg com risings: a Qrgcessingr ves?iledeifirqing a

Q NLLr ce . 13 SS1
process space and having a $tage in said process space 161 holdifig a substrate to be processed:; a

first radical source providedmoresaidt 15 precessing vessel ansecondtradicahsotince gwovified on said
processing vessel: a first.evcugtion paih proyided qn.caid, gracessing yesss far evacualing,said

process space 20 to a first process pressure; and a second evacuation path provided on’sai
processing vessel for eVdctiativigsaid plotess sphce 16 aodeddtl prorass pressuife. Another object of

the present invention ig.23 {0 prayide,a &l&bsﬁr;ty8§ SUbsIrate ArpeESSING systek neharagterized by
u

comprising: a substrate transfer chamber; and a plurality of processing chambers connected to said
substrate transfer chafmber, 305 8A¢€ bt SaidpldraligtdfPibcéssing 1 tridation process to

2 — 4 atoms layers or less.

Another object of the present invention is

to provide a substrate processing apparatus
10 characterized by comprising:

a processing vessel defining a process
space and having a stage in said process space for
holding a substrate to be processed;

a first radical source provided on said

15 processing vessel;

a second radical source provided on said
processing vessel;

a first evacuation path provided on said
processing vessel for evacuating said process space

20 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.

Another object of the present invention is

25 to provide a cluster-type substrate processing system,
characterized by comprising:

a substrate transfer chamber; and

a plurality of processing chambers
connected to said substrate transfer chamber,

30 one of said plurality of processing
chambers comprising:

a processing vessel having a substrate

load/unload part connected to said substrate transfer



chambers comprising: a processing vessel having a substrate load/unload part connected to said
substrate transfer - 13 29 MAY 2006 chamber at a first ef? and a first radical source at a second end
opposite to said first end, said processing vessel defining therein a process spagce; @stage provided in
said process space 5 rotatabiy between said first end and said second end, said stage holding
thereon a substrate to be processed; a first process gas inlet provided in said process space between
said first end and said sktla%%elro sa}cid ;irstl process gas in(ljet int%gductingrg éi{st process gas into said

C a N SIQ) an a rs C SO a
Process space, a Secondaprocess as inlet mtsroducmg a Seconda process gasafo saldJﬁrs?radLTcal

source; a second radical seurcedprenitiedcgrrsdide 15 precessingivesset sol as te adtivate said first
process gas between z%ig gg%tﬁrgﬁe%seg%%'nl%teapdn B 51 tage, a irsa'{ eglgg%%t'éosn g%g (péqvided in

said process space at a part closer to said first end with™ 20 respect to said stage; a second
evacuation port provided in said precessagracezpalstrtclosestishitt second eadawith respect to

said stage; a first pump gonpegted g saj first 23 gyapyation pary so.pp 0LvacUale,sjd pracess
space to a first process pressure; a second pump connected to said second evacuation port so as to

evacuate said process’spates fF 43etond procesaPrassure Iswersthantsaid firdte

processed;

a first process gas inlet provided in said

process space between said first end and said stage,
10 said first process gas inlet introducing a first
process gas into said process space;

a second process as inlet introducing a
second process gas to said first radical source;

a second radical source provided on said

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

20 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;

a first pump connected to said first

25 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
to a second process pressure lower than said first

30 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 process pressure; said second pump being disposed in the vicinity of said second end of said
processing vessel. According to the present invention, it - 14 29 MAY 2006 becomes possible to
conduct ultraviolet-excited radical oxidation process of a silicon substrate to fory ap.exide fjim and a
radical nitridation process of such an oxide film, formed by the ultraviolet 5 excited radical oxidation
process by using radicals excited by high-frequency remote plasma, such that the radical nitridation
process is conducted continuously to tqoelradjccal oxidgtiortl prqgess; Although the pressure suitable for
ultraviolet 10 excited ragi%gfngﬁdgt?osnspl)roceess and‘the 1ﬁr:esslﬁre “Stitabre for radicalTitridation process
conducted by using artigh-fretjuencdylremote plasmasse veEnamuch idifferentpthierpresentdnvention

allows to conduct these, o RIOCESSEs IN1ECOMMON RIGERISING 4GSSEl A3V AraYIAing o
evacuation paths on the processing vessel. Particular y, the present invention enables nitridation of
an extremely thin baseéxidetd ben formiedeuriderneathcr high- K diglaetric Yate insalation film, and as

a result, the problem of muytual2Q- diifusion of,metal element andssiligan between,the ; siligon substrate

and the high-K dielectric gate insulation film or formation of transitional layer associated with such
mutual diffusion, is suR€esstaly Suppressed b TrMiAY theRiYhcK 25°diBR ctrittgate fistitation film on

the base oxide film. Further; the present inventien enapleseasy ¢enstyictionfa cluster-type
e TSI Sy e 15 O e S IE R PeesSINg apparalts ess.
Although the pressure suitable for ultraviolet-

10 excited radical oxidation process and the pressure
suitable for radical nitridation process conducted by
using a high-frequency remote plasma are very much
different, the present invention allows to conduct
these two processes in the common processing vessel

15 by providing two evacuation paths on the processing
vessel. Particularly, the present invention enables
nitridation of an extremely thin base oxide to be
formed underneath a high-K dielectric gate insulation
film, and as a result, the problem of mutual

20 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
successfully suppressed by forming the high-K

25 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,
by arranging the first and second evacuation paths in

30 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



by arranging the first and second evacuation paths in 30 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 - 15 29 MAY, 2006 supgtrate
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 5
comprising: a silicon substrate; %nd an insulation film rovi(ggd on said silicon substraée, said insulation
film having a thickness' 6 sl%r - ﬁgr%i:cel%%flsgAa ero 1jlesct(f)‘p?‘rt]he ;e)re%%rﬁ?len?/té% o is fo provide
a semiconductor deviceylocharacterizedans tomprising: atsikconisutsstrate;cantb s antirsidation film

provid_ed on said silicon su_bstrate_, E\"%'Coi t' sy atj)qufélglcb%igg tf%réneq_,gg o iICridir;Jlg](g}p1 t()i(jadrle filrsn formed
on said silicon substrate with a thickness of 1 - 4 atomic layers. 20 Another olbject of the present
invention is to providet& niathyd @ processingca Sulsstrate deharstteriZzedrprctomprsiaghlie step of
forming an oxide film op,a surfageaf a silicon substrate by an oxidation process, 25 said oxidation

process being conducted with oxygen radicals having a partial pressure in the range of 133 - 133 x
10-"mPa. a silicon substrate; and

an insulation film provided on said silicon
substrate,

said insulation film having a thickness of

10 2 — 4 atomic layers.

Another object of the present invention is
to provide a semiconductor device, characterized by
comprising:

a silicon substrate; and

15 an insulation film provided on said silicon
substrate,

said insulation film being formed by
nitriding an oxide film formed on said silicon
substrate with a thickness of 1 - 4 atomic layers.

20 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
oxidation process,

25 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
to provide a method of fabricating a semiconductor

30 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



Another object of the present invention is to provide a method of fabricating a semiconductor 30
device, characterized by comprising the steps of: formi_ngl% base oxide film on a surface of a silicon
substrate; forming a high-K dielectric film on said - 16 29 MAY 2006 base oxide,fiim;apdfepping a
gate electrode layer on said high-K dielectric film, said step of forming said base oxide film 5
comprising an oxidizing step conducted by oxygen radicals having a partial pressure in the range of

133 - 133 x 10-"mPa. cgord(i)n}g.tgeth? Hes.engrilgvention, it becomes possible to form an extremely
thin oxide film 10 suitalsi& for'a baSe oxide’film Used between a silicon substrate and a high-K

dielectric gate insulation film with a miforim ¢hieknesseard withmexdellénty reproducibiiity by utilizing the

phenomenon film grow%ﬂglgydvlvg'fgca}fpfpleﬁr%iﬁme radical oxidation 15 process of a silicon
substrate surface in the case the oxide film has grown to a thickness of 2 - 4 atomic layers. Another
object of the present invention is topravide eemetiodtefpronessing @ substrate: Xdcharasterized by

comprising the steps Qfy, supplying.an NQ gasg 1o a,ayriace of &, siigen sUbsiats; gad forming an

oxynitride film on said surface of said silicon substrate by exciting said NO gas 25 with ultraviolet
radiation. According toFfélsieséntiavemtiong ifpartial pressure in the range of

133 - 133 x 10 ‘mPa.

According to the present invention, it

becomes possible to form an extremely thin oxide film

10 suitable for a base oxide film used between a silicon
substrate and a high-K dielectric gate insulation
film with a uniform thickness and with excellent
reproducibility by utilizing the phenomenon film
growth delay, which appears in the radical oxidation

15 process of a silicon substrate surface in the case
the oxide film has grown to a thickness of 2 - 4
atomic layers.

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

20 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
of said silicon substrate by exciting said NO gas

25 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
ambient with ultraviolet radiation. Thereby, it

30 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



becomes possible to form an oxynitride film directly on a silicon substrate surface by exciting an NO
ambient with ultraviolet radiation. Thereby, it 30 becomes, possible to suppress the occurrence of
oxidation by choosing the wavelength of the ultraviolet radiation to be longer thag lgaam butnot
exceeding 192nm, for example to 172nm. Thereby, an - 17 29 MAY 2006 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 co%res%oncgn to two atomic | yers. Th%s, the 5 oxglnitrid% filg can be
formed stably and with“eXcalént rgprol ucibi ﬁ‘}y to'this fitm thickness . Other OBJCG%PS and further
features of the presenflLimventiors wilblbecaine apparemt frony thiet foltbwing tetailedvdeseription when
read in 10 conjunction yyith the attach rawings. BRIEF DESCRIPTION OF THE.DRAWINGS FIG.1
is a diagram showing %(!é%%s(t%tcat%r? %%rs}?évm%lcog ugtg? d%&i%lgh%i\gnln%kg ?ﬂsg%-fffdie ectlﬁijcc: 15 gate
insulation film; FIG.2 i§ adiagraar slkewingdhe ¢ohstrictiont obaiconVentioral UV-02 radieal substrate
processing apparatus; FlG.3:is adiagram, showing.the construction, 120 of & sykstrate processing

apparatus according to a first embodiment of the present invention; FIGS.4A and 4B are diagrams

showing an oxidation P¥ecessGia sisstiate edhddcted blythé dubstraté prdtessmgSapparatus of
FIG.3 respectively 25 in a side view@ngdn aplanview e . 5is-aiagragsshowisg s exidation

present invention will become apparent from the
following detailed description when read in

10 conjunction with the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1l is a diagram showing the construction

of a semiconductor device having a high-K dielectric
15 gate insulation film;

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

FIG.3 is a diagram showing the construction

20 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
substrate processing apparatus of FIG.3 respectively

25 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;

FIG.6 is a diagram explaining the procedure

30 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



process of a substrate conducted by using the substrate processing apparatus of FIG.3; FIG.6 is a
diagram explaining the procedure 30 of measuring the_fiI{%th_ickness by an XPS analysis as used in
the present invention; FIG.7 is another diagram explaining the procedure of meagugiag the film
thickness by an XPS - 18 29 MAY 2006 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 substg%taels griosceggingsa (Ea{%tugﬁé F'%-e?g' FII1 S.%A ang .QBnare diagrams showing
the oxide film formation process ona surface of a silicon subs ra%e;ﬁ&.ﬁls’a diagram showing the

leakage 10 current characteristics of'af oXidesfilm obtameshin sthiecfirst émbbdimeritof the present
invention; FIGS.11A acr}gel %gﬁ% rgc%ar%%mg lgxgéaligigg (;I%e cause o%i]ihlemle %:%%e%ﬁug%gte%hv 8cteristics
i ifm

of FIG.10; 15 FIGS.12A - 12C are diagrams showing the process of oxid ormation taking place
in the substrate processing dpparatus of FIG:3; FGI13 s PHiadghamskeowing tife construction of a

remote plasma saurcejysed.inthe 20 substrate progessing apparatus of FIG.3; FIGS.14A s a

diagram comparing the characteristics of RF remote plasma and microwave plasma, while FIGS.14B
and 14C are diagrams respectively’sHowirfd: thie"€onstruetien & astamtard 25 reroteftasma source

and a microwave plas@RisQuUreg;1m formation process on a surface of a
silicon substrate;

FIG.10 is a diagram showing the leakage

10 current characteristics of an oxide film obtained in
the first embodiment of the present invention;

FIGS.11A and 11B are diagrams explaining
the cause of the leakage current characteristics of
FIG.10;

15 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
construction of a remote plasma source used in the

20 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
respectively showing the construction of a standard

25 remote—-plasma source and a microwave plasma source;

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

FIGS.16A and 16B are diagrams showing the

300 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



FIG.15 is another diagram comparing the characteristics of RF remote plasma and microwave
plasma; FIGS.16A and 16B are diagrams showing the 3 §1it[idation process of an oxide film
conducted by the substrate processing apparatus of FIG.3respectively in a side yigyand @plan view;
FIGS.17A and 17B are diagrams comparing the - 19 29 MAY 2006 relationship between nitrogen
concentration and film thickness for an oxide film nitrided by using the RF remote plasma and an
oxide film nitrided by usienlgal;chforrlni%rowak\)/eetplasma; 5FIG.18is a diag%a}cng schematic%llyfslr%?n\{ving the

XPS analysis used in the presenﬁn%&ﬂon;Wﬁl@.lﬁl}stgo aegnrarcnos Cowmg?ﬁe“?@laﬁ&nshm etween the

nitridation time and the mitrégers sofcentrationsin da oxidenfilm fortHedabe 16 thegoxide fikA is nitrided
by the remote plasma; (3,20 is 3 lagram shaying ihe Jelatippshiphetyesn e dutationof.

nitridation and the distribution of nitrogen in an oxide film; FIG.21 is a diagram howmgg{he wafer-by-
15 wafer film thicknesgwariaticrvef &t egyritride film formed by a nitridation process of an oxide film;

FIG.22 is a diagram showing the increase gf film thigkness.of an.gxide film assgciatgd with the

nitridation process according to the first embodiment 20 of the present invention; FIGS.23A and 23B
are diagrams showingiReplaRe urifetiity 8f theSitricatibA Hrocessrealizédy G/ B Substrate

processing apparatus of FIG.3; FIG24ds podiagram ghawingthehowing the
relationship between the nitridation time and the
nitrogen concentration in an oxide film for the case
10 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 in an oxide film;

FIG.21 is a diagram showing the wafer-by-

15 wafer film thickness variation of an oxynitride film
formed by a nitridation process of an oxide film;

FIG.22 is a diagram showing the increase of
film thickness of an oxide film associated with the
nitridation process according to the first embodiment

20 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;

FIG.24 is a diagram showing the

25 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;

FIG.25 is a flowchart showing an RF

30 nitridation process of an UV-0, oxide film;

FIGS.26A — 26C are diagrams showing the

chemical shift appearing in an XPS spectrum of an

Sizp, orbital at the time a high-K dielectric film is



25 relationship between the increase of film thickness and the nitrogen concentration of the film for
the case an UV-02 oxide film or an UV-NO oxynitride ﬁln} IS subjected to an RF nitridation process;
FIG.25 is a flowchart showing an RF 30 nitridation process of an UV-02 oxide fijg; JHGS;26/4 - 26C
are diagrams showing the chemical shift appearing in an XPS spectrum of an Si2p orbital at the time
a high-K dielectric film is - 20 29 MAY 2006 formed on an oxynitride film obtained according to the

first embodiment of th% £ese£t (i)nvearllltlion; FIG..%? is a d%aq_ramoﬁh%wing &h% (i:nc%e%s% of t_1ji(|)m thickness
occurring in the oxynitri & fifm 5 &talnea%nthe%gt embodinient of the presenip invention before and

after the formation of thedigh-1s dietedtnc filmnfEl GE. 28 Acandr28f: ate flowehartoshowing a substrate

processing method according to a sgci%n(%lﬂ.o. %mﬁogi{g nt aorg tlgc?1 present J'Cr}yeemiigg;rlélgsse.Zg%]and
29B are diagrams respectively showing't e film thickness and the nltro(gen concentration in the film
for an oxynitride film féimed blyithé peccessTiRIGE28A antdZ8B 1B RIGS.86A ahtB0OB are

flowcharts showing the, ;subsiyate procegsing method,accarding fo a scomparative example of the

second embodiment of the present invention; FIGS.31A and 31B are diagrams respectively 20
showing the film thickriesécatd e htdgérs coreentrafion imthefirraF aRoxghRitideEfi $6rmed by

the process of FIGS.3RAanch 3B RIG.32 isna flowchart showing a substrate

FIGS.28A and 28B are flowcharts showing a
substrate processing method according to a second

10 embodiment of the present invention;

FIGS.29A and 29B are diagrams respectively
showing the film thickness and the nitrogen
concentration in the film for an oxynitride film
formed by the process of FIGS.28A and 28B;

15 FIGS.30A and 30B are flowcharts showing the
substrate processing method according to a
comparative example of the second embodiment of the
present invention;

FIGS.31A and 31B are diagrams respectively

20 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
processing method according to a third embodiment of

25 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
embodiment and the thickness of the oxynitride film

30 formed according to a comparative example;

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

thereof;



processing method according to a third embodiment of 25 the present invention; FIGS.33A and 33B
are diagrams showing the thickness of the oxynitride fil rmed according to the substrate
processing method of the third embodiment and the thickness of the oxynitride film 30.forped
according to a comparative example; FIG.34 is a diagram showing a potential curve of an NO
molecule for various excitation states thereof; - 21 29 MAY 2006 FIG.35is a flowchart showing the

RF nitridation process of a UV- NO 3% %m FIG. 3? IS a% OWI g d%nbutlon of nitrogen
atoms in an oxynitride film 5 obtaine e process of ET 378 are diagrams

showing an example ofidistribationstate of @itrogen aio[ﬁ\SﬂN(ammxylmtrﬁjlelfﬁm FIG.38 is a diagram

explaining the problem 10 when a (:Elli%e%yplessuga ér ge pro egﬁlg\glg tecrﬁés constructed by using
the substrate processing apparatus of FIG.3; FIGS. A And 398 are grams showing the

construction of a clustéi-typeisubsirate processing 9ts apparatus-aceardimgytoid fifildlemboliment of

the present inverdion; f1GS.404 and 40B. are diagrams shewings ©xidation processing of a substrate
conducted by using the substrate processing system of FIG.39; 20 'FIGS.41A and 41B are diagrams

showing nitriding processing of a sdbstfate éBnaticted by 9§|ﬁgC%Hé%BB§‘t‘Fat%%?Uéé‘§}5|ﬁ@system of

FIG.39; example of distribution state of nitrogen atoms in an
oxynitride filmj;

FIG.38 is a diagram explaining the problem

10 when a cluster—-type substrate processing system is
constructed by using the substrate processing
apparatus of FIG.3;

FIGS.39A and 39B are diagrams showing the
construction of a cluster-type substrate processing

15 apparatus according to a fifth embodiment of the
present invention;

FIGS.40A and 40B are diagrams showing
oxidation processing of a substrate conducted by
using the substrate processing system of FIG.39;

20 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
construction of a semiconductor device according to a

25 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
thickness distribution of an initial oxide film used

30 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



FIG.42 is a diagram showing the construction of a semiconductor device according to a 25 sixth
embodiment of the present invention; FIG.43 is a flowchast showing the substrate processing method
according to the sixth embodiment; FIG.44 is a diagram explaining the thicknessigtxibutign of an
initial oxide film used 30 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 - 22 invention; 29 MAY 2006 FIGS.46A - 46D are diagrams explaining the
kinetics of the oxynitri&en fifm formation process according to the sixth embodiment of the present 5
invention; FIGS.47A - 47D are furth@rdiagrems -explainingethe kineties ©f ¢he dxryinitride filime formation

process according to the,sidh embadiment of e preset ipyanfion 1913544 and 4B are
diagrams showing the nitrogen doping mechanism of an oxide film in the oxynitride iim formation
process according to thecsixthiexabodiniért of trd prezeneihiention,cKIGS149R 28498 are diagrams
showing the 15 distribution of nifrogen 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;
FIGS.50A and 50B are further diagrahfs® 26 Showirly therdistribifibR oF nitfctfer?d@tdms in an oxynitride

film formed according (& thessixthng the kinetics of the oxynitride film
formation process according to the sixth embodiment
of the present invention;

10 FIGS.48A and 48B 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;

FIGS.49A and 49B are diagrams showing the

15 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;

FIGS.50A and 50B are further diagrams

20 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;

FIG.51 is a diagram showing the

25 construction of a substrate processing apparatus
according to a seventh embodiment of the present
invention;

FIGS.52A - 52C are diagrams showing the
thickness distribution of an oxide film formed by

30 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



embodiment of the present invention together with the distribution of oxygen atoms and Si atoms;
FIG.51 is a diagram showing the 25 construction of a s_ubfgrage processing apparatus according to a
seventh embodiment of the present invention; FIGS.52A -'52C are diagrams shayving $he fhickness
distribution of an oxide film formed by 30 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 - 23 29 MAY 20 6§rocfes§§1@-agglp_aratus of FIG.51; FIGS.54A - 54E are

further diagrams shom}?ﬁgocfﬁg thickhe&3 distfibutior? of an oxide’ film formed by the substrate

processing apparatus of FIG.51; 5 FHGSS554 A 55E5are fartherfdiagiraems shewirgm thesthickiness
distribution of an oxide flin fafeg, Y, the, SuSale PIBGESSING.APRIANS GAIG 3G ROA and

56B are diagrams showing the thickness distribution of an oxide film according to 10 a comparative
example; FIG.57 is a fldwcharostiowing thves procedlurg of eleteratiningthe opfimubhi scanning region in

the substrate progessing apparatus:afddGs3l; FIGs5§¢ is,a flowghart showing,the progedyre, 15 of

determining the optimum drive energy of optical source in the substrate processing apparatus of

FIG.51; FIG.59 is a didgrantSHGWing Re ‘cotistrtietion oF aenfifordtictir devide A6&a g 20 an
eighth embodiment of the pragest nyeatigRocessing apparatus of FIG.51;

FIGS.56A and 56B are diagrams showing the

thickness distribution of an oxide film according to
10 a comparative example;

FIG.57 is a flowchart showing the procedure
of determining the optimum scanning region in the
substrate processing apparatus of FIG.51;

FIG.58 is a flowchart showing the procedure

15 of determining the optimum drive energy of optical
source in the substrate processing apparatus of
FIG.51;

FIG.59 is a diagram showing the

construction of a semiconductor device according to
20 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;

FIG.61 is a diagram for determining the

25 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
subjected to a UV-NO processing according to a ninth

30 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



FIG.60 is a diagram showing the construction of a cluster-type substrate processing system used in
the eight embodiment; FIG.61 is a diagram for determining,the 25 process conduction used in the
eight embodiment; FIGS.62A and 62B are diagrams showing the thickness distsigutigr o5 g ©xide
film formed on a silicon substrate for the case the oxide film is subjected to a UV-NO processing
according to a ninth 30 embodiment of the present invention; FIGS.63A and 63B are diagrams

showing the thickness distribution %‘ Saglrognitgde él!: or the g&s?e ’\%e_wnitgg% é‘ilsm is formed on a
surface of a - 24 29 MAY 2006 silicon subsfrafe direc Iy%y he UV- procé)ssmg; FIGS.64A and
64B are diagrams showing the kinefitsssf.axd/mitedel filrd Formatiohicry a siliconhsubistrate isarface by

the UV-NO processing{all%ceocrcliigg 2 ﬁo (%?{e H%@ eg%bo]girg n%%f rt{ﬁg Present rilméensti?fi FIGS.65A and
65B are further diagrams showing the inetics o oxynitride film formation on a silicon substrate
surface by the UV-NOitriglinc procassintracdardingeo YNe Rintl eadsodiment efther 40 peesent

invention; FIGS.66A and 66B-are;further diagrams 2hawingthe Kinetics, of oxypitride fiim formation on

a silicon substrate surface by the UV-NO nitriding processing according to the ninth embodiment of
the 15 present invention; FIG.67 is aldidgrard: sReWing ah examplersiian optidairstifce; FIGS.68A

and 68B are diagramssshowing the, thickness: distribaition @f anoxyaitride filnF btairedn on
a silicon substrate surface by the UV-NO nitriding
processing according to the ninth embodiment of the
10 present invention;
FIGS.66A and 66B are further diagrams
showing the kinetics of oxynitride film formation on
a silicon substrate surface by the UV-NO nitriding
processing according to the ninth embodiment of the
15 present invention;
FIG.67 is a diagram showing an example of
an optical source;
FIGS.68A and 68B are diagrams showing the
thickness distribution of an oxynitride film obtained
20 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
embodiment of the present invention;
25 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;
FIGS.71A - 71E are diagrams showing the
30 fabrication process of a semiconductor device
according to a twelfth embodiment of the present
invention;

FIG.72 is a diagram showing a preferred



20 according to a substrate processing process according to a tenth embodiment of the present
invention; FIGS.69A and 69B are diagrams showing an %) gas supply sequence according to an
eleventh embodiment of the present invention; 25 FIGS.70A and 70B are diagragis,ghewing the
thickness of an oxynitride film formed by using the NO gas supplying sequence of FIGS.69A and 69B
and a nitrogen concentration therein; FIGS.71A - 71E are diagrams showing the 30 fabrication
process of asemiconduct%{.qce.vice acc %d_in to a twelfth embodimerg_of th reagant lJnver%tion;
FIG.72 is a diagram sﬁ&v{/]ingl; alf))rréfeorre £ 252 28" MAY 2o0s condition of RE-N2 prc;eces§|rr189 according
to the first embodimertdfdhe peesent invemtionrEKEZ8 is avdiagraomshowing the relationship
between the process condition and glng;@iclﬁgesas gilsg%)%ll%n é'r%qvei%ixtm%@bodiment of the present
invention; FIGS.74A and 74B are diagrams respectivejly showing an XPS spectrum of a silicon oxide
film and the relationship betieers thecchericakshiftiof thre dGeXP Scspedtriarand tise filin thickness;
and FIG.75 is a diagrap, showing thg result of, measurementotfilm thickpess vadation, gonducted by
an improved ellipsometry on an oxynitride film formed on a wafer of 200mm diameter by the UV-NO
processing. 15 BEST MICHEFORIMPLEMENTING THE INVENTION [FIRST EMBODIMENT] FIG.3

shows the general construction of ar1Gs. 74a and 74B are diagrams respectively
showing an XPS spectrum of a silicon oxide film and
the relationship between the chemical shift of the
10 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 on an oxynitride film formed
on a wafer of 200mm diameter by the UV-NO processing.
15

BEST MODE FOR IMPLEMENTING THE INVENTION

[FIRST EMBODIMENT]
FIG.3 shows the general construction of a
substrate processing apparatus 20 according to a
20 first embodiment of the present invention for forming
the thin base oxide film 2 on the silicon substrate 1
of FIG.1 together with the oxynitride film 2A.
Referring to FIG.3, the substrate
processing apparatus 20 includes a processing vessel
25 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
drive mechanism 22C, and the processing vessel 21
30 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



substrate processing apparatus 20 according to a 20 first embodiment of the present invention for
forming the thin base oxide film 2 on the silicon substrat of FIG.1 together with the oxynitride film
2A. Referring to FIG.3, the substrate processing apparatus 20 includes a procesgingvessgh 25 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 drive mechanism 22C, and tlhr? pcrggessi@g v ssel 2%3%9: gggnecsoa]grocesscsgace O?1tB théa}rlein

together with the stag%oﬂt.allﬁe iAnersurface o hguprocessmg vessel 2T 8Covered with an inner

liner 21G of a quartz glass,lantfthe irnélifet 266/suppressésthe.metal - 26 29 MAY 2006

contamination of the substrate to b rPgE%sed tcoth Ievgl f xl(g)é.gagorp%l Qr le S Flurther,
there is provided a magnetic seal 2 at the Eénnectﬁ% plart %fc t%\élstage 22 an%gt%elSCdr%lveamechanism
22C such that the magtietietseh 28 cosperates e niagnetic Seahehamtberc2 2B hakbintd vacuum

environment from the drive, meghanism 2Co formedn the afomicenyiropment. Becausedhe

magnetic seal 28 is a liquid, the stage 22 is held so 10 as to be able to rotate freely. In the illustrated
state, the stage 22 is RBRP&XRE HrocészPussitich &5 thete IS Rimeti’d 16&d/Anfoadichamber 21C

underneath the stage 22 forutpading andtnloading thersubstrate: ol hepriogessing dxvessel 21 is
connected to a substrate transfer unit 27 via a gate valve 27A, and thus, the substrate W is

transported to the stage®22'fdm thetdibstiapd' L environment. Because the
magnetic seal 28 is a liquid, the stage 22 is held so

10 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/unload chamber 21C underneath the stage 22 for
loading and unloading the substrate. The processing

15 vessel 21 is connected to a substrate transfer unit
27 via a gate valve 27A, and thus, the substrate W is
transported to the stage 22 from the substrate
transfer unit 27 via the gate valve 27A in the state
that stage 22 has been lowered to the load/unload

20 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

FIG.3, there is formed an evacuation port 21A near

25 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
molecular pump 23B is further connected to a pump 24

30 formed of a dry pump and a mechanical booster pump
via a wvalve 23C, and the pressure inside the process
space 21B can be reduced to the level of 1.33 x 107!
- 1.33 x 107"Pa (107° - 10°° Torr) by driving the turbo



transfer unit 27 via the gate valve 27A in the state that stage 22 has been lowered to the load/unload
20 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 FIG.3, there is foymegian,gyacuation
port 21A near 25 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 molecr%l!)alré:)gmp 23B is fu;}g3 acon e%tktlag tg a pump 24 30 formed of a dry pump and

a mechanical booster pump Via a valver nd the pressd‘% ifside tr%e4 process space 21B can be

reduced to the level of 1.33 x 10-1 I%.33h010-dPa<103et0-6HEdrT)thedrving the turbo p 27t 29 MAY
2006 molecular pump 238 a:\Lréd gloenqlr QAump gﬂlsl(g s]glgulgh%e }%%1%%1 tggt %jfreevcaﬁc ation port 21A is
[ an A t

connected also to the pump 24 directly via a valve 24A an C 24B, and ug, the pressure of 5
the process space is reduced tithedavdel ot 12833P& 4B1,.33kRa (010% ~ 10" Forpis\s thersurap 24 when

the valve 24A is gpengd.The (péggesssgkga\ﬁ%ssggz;}é%ggy@egow%@ PEQRess gas supplying nozzle

21D at the side opposite 10 to the evacuation port 21A across the substrate W, and an oxygen gas is
supplied to the process gadk8appl{ing nozzieY2 i rFhe BXygéitgas HusSupphied td he process gas
supplying nozzle 21D igqauseddn flaw ipthe-process space 21B along the surface of 15 the

substrate W and is evacuated from the evacuation port 21A. _ _ _
The processing vessel 21 is provided with a

process gas supplying nozzle 21D at the side opposite

10 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
the process gas supplying nozzle 21D is caused to
flow in the process space 21B along the surface of

15 the substrate W and is evacuated from the evacuation
port 21A.

In order to activate the process gas thus
supplied from the process gas supplying nozzle 21D,
the substrate processing apparatus 20 of FIG.3 1is

20 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.
Thus, by driving the ultraviolet source 25, the

25 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
the surface of the substrate W. As a result, it

30 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



In order to activate the process gas thus supplied from the process gas supplying nozzle 21D, the
substrate processing apparatus 20 of FIG.3 is 20 provige%/vigh an ultraviolet optical source 25 having
a quartz window 25A on the processing vessel 21 in correspondence to the regjen {pcated,petween
the process gas supplying nozzle 21D and the substrate W. Thus, by driving the ultraviolet source 25,
the 25 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 the surface 6f'the Substrate W. As a result, it 30 becomes possible to form a radical oxide
film on the surface of the substrate W miithear thickre ssrof drmirnlkessepartitulatly with the thickness of

about 0.4nm, which c%gg%%qjs tv(v).tlegL tlgicgg%s&%f 134 gm'éco-u 28 ela§%rsag9 MAY 52%99 Further,
the processing vessel 21 is provide%i with a remote pfasma source 26 at the side thereof opposite to
the evacuation port 21hwith Sfrespestad tthe sabsthateawaThas iitrogerns Fadiédls warebformed by

supplying a nitrogen gas to,the.remotey, plasmasource 26 togather withan inert gas;suchas Ar and

by activating the nitrogen gas thus supplied with plasma. The nitrogen radicals thus formed are 10
caused to flow along tR& Suffac8efitHeysiistiate W art calise’dfttidafion bf tHeSubstrté Surface.

By introducing oxygen iniathe remete-plasma soures 26 inglace, of Ritregen it issajse pgssible to
oxidize the substrate surface. 15 In the substrate processing apparatus 20 of _

Ar and by activating the nitrogen gas thus supplied

with plasma. The nitrogen radicals thus formed are

10 caused to flow along the surface of the substrate W
and causes nitridation of the substrate surface. By
introducing oxygen into the remote plasma source 26
in place of nitrogen, it is also possible to oxidize
the substrate surface.

15 In the substrate processing apparatus 20 of
FIG.3, there is provided a purge gas line 21c for
purging the load/unload chamber 21C with a nitrogen
gas. Further, there is provided a purge line 22b for
purging the magnetic seal chamber 22B with a nitrogen

20 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
the pump 24 via a valve 29C. Further, the evacuation

25 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
the pump 24 via the valve 24C or by the turbo

30 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



FIG.3, there is provided a purge gas line 21c for purging the load/unload chamber 21C with a nitrogen
gas. Further, there is provided a purge line 22b for pur_gi% the magnetic seal chamber 22B with a
nitrogen 20 gas and an evaluation line 22c of the purge gas. In more detail, the gyaguationjine 22c is
connected to a turbo molecular pump 29B via a valve 29A, and the turbo molecular pump 29B is
connected to the pump 24 via a valve 29C. Further, the evacuation 25 line 22c is connected directly to
the pump 24 via a valve 29D. With this,zitlgecom%s Jpéglssilxt)le tofmai tain I{:e magnetic seal chamber
22B at various pressursees"f1 hé 8%)/ﬁﬁload chamber IS (éavz;xclﬁﬁ;e(:le 6y RE ep)ﬂn;?prﬁ Via fhe valve
24C or by the turbo 3Ccimeatecular purapl 28Bia the-vialve 238DL Further,an congén ta avoid
contamination in the p e 21B, the load/unload ¢ ber 21C is held at a lower pressure
than the process spacé%;ﬁ%%rzﬁﬁ tﬁég ]ilnaégr%%ti%%%zlgg% '\%%£Q 006 seal chamber 21B is held at a
further lower pressure than the loadlenleadahamber21€ by brcondattitg wiffereatial evacuation
process. Hereinafter, the yitxaviglet fadical ;5 oxjdation processiand therematg plasma radical

nitridation process conducted subsequently to the radical oxidation process on the surface of the
substrate W by using the'Sub3taie®prdeessing Sapparatiz2n of RIS 39Kift belekptainéd 10

ULTRAVIOLET RADIGAL QXIDAKON: (4V02) PRQAGESSING, £1G 844 apd 4B ate-diagrams

showing the radical oxidation process of the substrate W by using the substrate processing apparatus
20 of EIG.3 substrate W by using the substrate processing

apparatus 20 of FIG.3 will be explained.
10
ULTRAVIOLET RADICAL OXIDATION (UV-0;) PROCESSING

FIGS.4A and 4B are diagrams showing the
radical oxidation process of the substrate W by using
the substrate processing apparatus 20 of FIG.3

15 respectively in a side view and a plan view.

Referring to FIG.4A, an oxygen gas 1is
supplied to the process space 12B from the process
gas supplying nozzle 21D and the oxygen gas thus
supplied is evacuated, after flowing along the

20 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
set to the level of 1 x 107 - 10°° Torr, which is

25 needed for the oxidation of the substrate by oxygen
radicals.

Simultaneously to this, the ultraviolet
source 25, preferably the one that produces
ultraviolet radiation of 172nm wavelength, is

30 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



15 respectively in a side view and a plan view. Referring to FIG.4A, an oxygen gas is supplied to the
process space 12B from the process gas supplying ngzzé% 21D and the oxygen gas thus supplied is
evacuated, after flowing along the 20 surface of the substrate W, via the evacuaign,pgrt 214y 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 set to the level of 1 x 10-3 - 10-6 Torr,
which is 25 needed for the %xidation of the subftcratoefbyégxy%e}p. ra(%icals. ggm,éll]g]aneously to this, the

ultraviolet source 25, pfeférra%Ty the orfe ﬁ?a%%roduces uﬁrawo}éjtaratlzl%l?ion of 172nm wavelength, is

30 activated, and oxygenosdicatsare foymeddn the roxygen gasdloni thusddrmed.gEme oxygen
radicals thus formed q_,aéygfz Cogﬂ%atiggeget@ﬁ es(ﬁlb§gat§esr flqug S, g;hgaysagavc%sed to flow along the
W. T

rotating substrate - 30 MAY 20 us, as a result of the oxidation of the substrate W by the
ultraviolet-activated oxygencrseicels (referred 1o héreinafter ds UV-02 brocessing), a very thin oxide

film having a 5 thicknesg of in.akless, Rapticylarly the thickness ghabaut 0.4am goriespoading to the

thickness of 2 - 3 atomic layers, is formed on a surface of a silicon substrate stably and with excellent
reproducibility. FIG.4B%hcirSthe corfSicior bEFRSAALRI1G A (AR view RéRfidlo FIG:4B, it can

be seen that the ultragiolet surce125/is-a fubulardightsguice extendingn the diregtion grassing the
direction of substrate stably and with excellent reproducibility.

FIG.4B shows the construction of FIG.4A in

10 a plan view.

Referring to FIG.4B, it can be seen that
the ultraviolet source 25 is a tubular light source
extending in the direction crossing the direction of
the oxygen gas flow. Further, it can be seen that the

15 turbo molecular pump 23B evacuates the process space
21B via the evacuation port 21A. Further, it should
be noted that the evacuation path, designated in
FIG.4B by a dotted line and extending directly from
the evacuation port 21A to the pump 24, is closed by

20 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
processing vessel. Thereby, the turbo molecular pump

25 23B successfully avoids the substrate transfer unit
27.

FIG.5 shows the relationship between the
film thickness and oxidation time for the case a
silicon oxide film is formed on a surface of a

30 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 450C and

changing the ultraviolet radiation power and the



the oxygen gas flow. Further, it can be seen that the 15 turbo molecular pump 23B evacuates the
process space 21B via the evacuation port 21A. Further, i@lsr_lould be noted that the evacuation path,
designated in FIG.4B by a dotted line and extending directly from the evacuatign pgit21Ayta-the
pump 24, is closed by 20 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

processing vessel. Thereby, the turbg rlnolecul%r pump 25 23B succetsst!LIIy avoids the substrate
transfer unit 27. FIG.5%hd esnthgarglajfcioﬁghiﬁ%e?wgén the’ Fitm thickness afd oxidation time for the
case a silicon oxide fitm isifonmed .onla sttface ppaBwsilidorosulisiate in the processiobEIGS.4A and

4B by using the subst ate proc: ss&n% paratys 20 gf FIG.3¢ b¥r§e t}pgtt}pg subftrg%e temperature at
450~C and changing {he ultrav‘l?%)?et raﬁ%tion p%)\\fver aﬁjgt%e 231 Zé MAY 2006 olxyg%n gas flow rate
or oxygen partial pressuresvardissys Un fhe experimentafsd 25 liv shawld thee notetiithat any native

oxide film on the sjlicop, substrate syrace issremoved priortg the radical 5;0xjdation process. In some

cases, the substrate surface is pianarized by removing residual carbon from the substrate surface by
using nitrogen radicals® &xERESF by TItPAAGIRE Fetfiationy foIRNEHBY alHight d8mbefattiR®Bnnealing

process conducted at abgut 10,9506 dr ARHAT ambieatAnexcimer damp havinga rwavelength of
172nm is used for the ultraviolet source 24B.. o _
excited by ultraviolet radiation, followed by a high
temperature annealing process conducted at about
10 950°C in an Ar ambient. An excimer lamp having a
wavelength of 172nm is used for the ultraviolet
source 24B.

Referring to FIG.5, the data of Series 1
represents the relationship between the oxidation

15 time and oxide film thickness for the case the
ultraviolet radiation power is set to 5% of a
reference power (5OmW/cm2) at the window surface of
the ultraviolet radiation source 24B and the process
pressure is set to 665mPa (5 mTorr) and further the

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

25 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
film thickness for the case the ultraviolet radiation

30 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



Referring to FIG.5, the data of Series 1 represents the relationship between the oxidation 15 time and
oxide film thickness for the case the ultraviolet radiation er is set to 5% of a reference power
(50mW/cmz2) at the window surface of the ultraviolet radiation source 24B and the RIQGESS,) pressure
is set to 665mPa (5 mTorr) and further the 20 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 %qel lr%Itrtaﬁ/iloclﬁt radiati%%lr poyer IS set to zero, the grrocoefes Jpressure tis setto 25

133Pa (1 Torr) and the oxygen gas flowTate’is set to F8LM. The HéFaro 'Series 3 repr%aseﬁt%nthe

relationship between thewxidationdite and bXide film thieknesSsoe theecasedtire, ultrawolet radiation
30 power is set to zer?ﬁ/lrtgghgg%cegfs éosrg%% re J!% setto 2,66Pa am'{%r) S%Q It%g oxygen gas flow
, W

rate is set to 150SCC Ile the data of Series 4 represents the relationship between the oxidation
time and oxide - 32 2$ MAYIQ006HmakickrasOfor tHd ease tecultraviotdt radiation SeéiNer is set to

100% of the refergnce power, the processpressyreds seLio 2.66Bg(20mrtarr and further the

oxygen gas flow rate is set to 150SCCM. 5 The data of Series 5 represents the relationship between
the oxidation time and'Sxdde FMATRIERNESS 167 tHe Ease tHe diravidtet radiatioRp&eris set to 20% of

the reference power, the 1procgss prRssyresisrsatie 2:66Ra @mlom anddhe d0.exygen gas flow
rate is set to 150SCCM, while the data of Series 6 refgresents the relationship between
power is set to 20% of the reference power, the
process pressure is set to 2.66Pa (20 mTorr) and the
10 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 power is set to 20% of
the reference power, the process pressure is set to
15 about 67Pa (0.5 Torr) and further the oxygen gas flow
rate is set to 0.5SLM.

Further, the data of Series 7 represents
the relationship between the oxidation time and oxide
film thickness for the case the ultraviolet radiation

20 power 1is 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
oxidation time and oxide film thickness for the case

25 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.

In the experiment of FIG.5, the thickness

30 of the oxide film is obtained by an XPS analysis, in
view of the fact that there is no standard process of
obtaining the thickness of such an extremely thin

oxide film having a film thickness less than 1lnm.



the oxidation time and oxide film thickness for the case the ultraviolet radiation power is set to 20% of
the reference power, the process pressure is setto 15 a %t 67Pa (0.5 Torr) and further the oxygen
gas flow rate is set to 0.SSLM. Further, the data of Series 7 represents the relationghip betyeen the
oxidation time and oxide film thickness for the case the ultraviolet radiation 20 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 Serieltf1 8 represer%[tstt e relalcion%hig betw%en thei? oxidatiog time and
oxide film thickness for the case 25 the Ultraviolet radiation p%%velr is! séltotoebq’/oao e ’reFer(eence power,
the process pressure isrsettd @:66Pa (2@ npiorp<antd thevexygenmgasidtow retd isiséti imm150SCCM. In
the experiment of FIG,5, t d{,b ess 30 of the oxjde film is obtained by PS analysis, in view of
the fact that there is ngﬁgtle%% a%%k%‘ré%ce%%s o%ol?tgﬁﬁ)élir%g t ltraﬁtrhic%ﬁes% Iod? %u?t?g%&tlr%%e% thin oxide
film having a film thickféss [6s€ Ffarsipats =381 29MAY 20067 HGkEw!af thesituation ndtedabove, the
inventor of the present,ipyentioniobtained a film, thickness d of, ap pxide filp gy, first optainipg a
Si2p3/2 XPS spectrum shown in FIG.7 by applying, to an 5 observed XPS spectrum of Si2p orbital
shown in FIG.6, a backgraiiPESHEctiorCart Séparatién CofeBidTfot Csepatafing teP3/25Hin state

and the 1/2 spin state,s apd then abtainiag the filsy thicknessd fram theSi2p3/2R e spesirum thus

obtained by using Equation 10 (1) and associated coefficients below accordir%g to
and then” obtaining the film thickness d from the

Si2p3/2

XPS spectrum thus obtained by using Equation
10 (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=Asina = In[I*/(BI°)+1] (1)
A=2.96
15 B=0.75

In Eg. (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.
Further, I* in Eqg.(l) represents an integral

20 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
intensity corresponding to the energy region around

25 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
from the initial thickness of Onm with the oxidation

30 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



the teaching of Lu et al (Z. H. Lu, et al., Appl. Phys. Lett. 71(1997), pp.2764), d=*sin a -In [Ix'/ 10+) +1]
(1) 2.=2.96 15 Q =0.75 In Eq.(1), it should be noted that a,represents the detection angle of the XPS
spectrum of FIG.6 and is set to 30 in the illustrated examp?e. Further, Ix+ in Eq.(d) y@rresggnts an
integral 20 spectrum intensity (I1++12++13++14+) of the oxide film and corresponds to the peak
observed in the energy region of 102 - 104eV of FIG.7. On the other hand, 1 + corresponds to the

ens@tg:or(]eisgfggm tgith energy region around 25 eV, wherein this

integral spectral peak | 5
J%:’ho strate; Reférming 0 Fic s agsaelﬁ, it Wil é)e" n%ipedTl tat the

t
spectral peak is cause ey the " sifidon st

oxide film thickness inorieasks gradisatlynfromotbrednitiabthickmess oh &nnh with  thé oxidation30 time for
the case the uItravioIetSrez%jlilatjcoiT ower, raendag%ré%e @eaogggvr} d’gvdvirga!)(ge%s}gty&‘ "%?‘E:dL rQy the
sma a( e i

ultraviolet radiation, is set erles 1, 2, 3, and 8). In the case of Series 4, 5, 6 and 7, in which -
34 29 MAY 2006 the diravioletaatiation powet s Settd 20% or nearenofthe referenté power, on the

other hand, it canpe gean;thaf there,appears, ajslowdown, of oxide dilg 9oy @fter ihg,start of the

growth and when the 5 oxide film has reached a thickness of about 0.4nm as represented in FIG.8.
The growth of the oxideSRineis Srelstatted oy @fter aldertaiit Gt hasfelapse @it Hve Solftiohh state.

The relationship of FIGS QB meansthat after a certain time has elapsed in
the slowdown state.
The relationship of FIG.5 or 8 means that

10 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
for some time as represented in FIG.5 indicates that

15 the oxide film thus formed has a uniform thickness.
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
thickness.

20 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
very much simplified.

25 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
representative state, each silicon atom on the

30 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.



10 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 for some time as represented in FIG.5 indicates that 15 the oxide film thyg,formed has a
uniform thickness. 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 thickness. 20 FIGS.9A and 9B

schematically depicts the manner of oxide film foymati uch a silicon substrate. In these
drawings, it should be noted that thinstrtské?urtsatfgﬁrﬁed) %T\ga?éogg’sili%n %qﬁ%st?atféelg &ead}(r%uch
simplified. 25 Referring 4o F1G QW dtccareieseen thatetwopxygernsatopes-aredfordes to a single silicon

at_om at the surf_ace ofstbfisél'%?r? sul,}pss%@g% eang thg%b ygflrg a{% é%{meldc% sp&ller o>é¥(géene tomic Iaye_r. In
this representative state, each silicon atom on tﬁe 30 substrate surface are coordinate by two silicon
atoms inside the substratetanditvb dryfeh afomssae tHeesutistiate shrfaée, andtthére is formed a sub-

oxide. - 35 29 MAY 2008 In.thestate.ef Fif: 98, an the.other bapd, gach siligop atom at the
uppermost part of the silicon substrate is coordinated with four oxygen atoms and takes the stable
state of Si4 . It is 5 beRBREREEthiS B thé teddth therdadatiort ProcBeddTastihtte stredf FIG.9A

and slows down when,the state-ofskl(x 9B hasrappeared. sEhesthickness . ofithe oxide-filn:fog the state
of FIG.9B is about _ _ .
of the oxide film for the state of FIG.9B is about
0.4nm, while this value is in good agreement with the
10 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
of 101 - 104eV for the case the oxide film thickness

15 is 0.1 or 0.2nm corresponds to the sub-oxide of
FIG.9A. On the other hand, the peak appearing in this
energy range for the case the oxide thickness has
exceeded 0.3nm is thought as being caused by Sid4+ and
indicating the formation of an oxide film exceeding

20 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
FIG.74B shows the relationship between the XPS film

25 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
seen that the magnitude of the chemical shift

30 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



0.4nm, while this value is in good agreement with the 10 oxide film thickness observed for the
slowdown state in FIG.S. In the XPS spectrum of FIG.7, j))%sh_ould be noted that the weak peak
observed in the energy range of 101 - 104eV for the case the oxide film thickness 154{s 9Jy@r 0.2nm
corresponds to the sub-oxide of FIG.9A. On the other hand, the peak appearing in this energy range
for the case the oxide thickness has exceeded 0.3nm is thought as being caused by Si4+ and
indicating the formatiop of an oxide film exceeding 20 the thickness of 1 atomic layer. FIG.74A shows
a raw XPS spectrum o%ée sm%%ﬁl %xga%tm%ef%r%é%%nﬁ a8l |c§ﬁ%ﬁgs'tr§;tllér§cﬁhde ra’chlet—rnitl:gl shift caused
in the XPS spectrum, white d~1Gh24B shews thepelatienship betweemthenX PBilmhZmthickness of the

silicon oxide film, in other.words,_ the film_ thickness obtained he XPS analysi d chemical
shift of FIG.74A. Refersrﬁ\b\%;g FI%S%%A%%?%‘.B@F(%? eg s%%srtlt gilt eeraégﬁfﬁ%e%oﬁ It%]e% chemical
shift 30 increases withiiagreasihgtkRSirhuRickaEss svhile- tanadlso Be Seen that the chemical shift

reaches the valug of 4gV,whigh is inberent to agsiligan; oxidefilm, whenthe XP3 film thickness has
reached - 36 29 MAY 2006 the value between 0.3nm and 0.4nm. Further, it is noted that there

appears saturation in thelchepiiédle shiftlat tRe Pofit WHEh HeSP S HifinHFieRNESE§aS reached the

value between 0.3nm apd D:-4nm s AssS explained before, dhe thickness @f syeh@anextremely thin

oxide film may change when the mefsureme t apparatus is changed gr when the value of the
constants and used 1in the edquation (1) noted

before is changed. In view of this, it is also
10 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 growth is observed)
that provides the chemical shift of about 4eV for the
15 oxide film.

Such a slowdown of oxide film growth at the
thickness of 0.4nm is thought as not being limited to
the UV-0, radical oxidation process explained with
reference to FIGS.4A and 4B. Rather, this phenomenon

20 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
from the state of FIG.9B, the thickness of the oxide

25 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
ZrSiOx film having a thickness of 0.4nm and an

30 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



constants 2. and Q used in the equation (1) noted before is changed. In view of this, it is also 10
possible to define the 0.4nm thickness explained heretofgre in the present invention as being the
minimum slowdown film thickness (the film thickness in which the slowdown of film gxgwthyis o
observed) that provides the chemical shift of about 4eV for the 15 oxide film. Such a slowdown of
oxide film growth at the thickness of 0.4nm is thought as not being limited to the UV-02 radical

oxidation process explEaig;e-deylt tre;g{ggigt%gl%gémda@%g ._Eﬁtéhel%g IS Qeré%rpggog 20 woul_d be
observed also in any oxide filin formation process as?ong as it is capable ot orming ex?remely thin
oxide films with high précisientBy tentinung theé dxidatior process furtker frontthe statetef EIG.9B,

the thickness of the ox\if%el 25 fél m_starts,to (ijn(ggasies ag%i}gl FIG.10 s (?gvss Lchﬁ ereléaliigg%@ P Cpeetween a
: . :

thermal-oxide equivalent fhickness Teq and leakage currentIg for a laminated sfructure in' which a
ZrSiOx film having a tHi¢kmessiot O.4memsaindia® B0 léctiodetfilm afesformed \6han exide film formed

by the UV-02 oxidatiopprpcess,of FIGS-44and:48 (Feference shauld bg made (9 FIG11B to be
explained later) by using the substrate processing apparatus of - 37 29 MAY 2006 FIG.3. It should be

noted that the leakageSétfert fcaraBRFisECS of ERS 16 Gré hicasthed i thesstafsd aditage of

Vfb-0.8V is applied actass:the €legttode- filkn apd the silicon suhstrate: wherein Wb isma 5 flat-band

voltage used for the reference. For the sake of comparison, FIG.10 also shows the leakage
Further, the illustrated equivalent thickness 1s for

the structure including both the oxide film and the
10 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
the oxide film is omitted and hence the film

15 thickness of the oxide film is Onm. Further, it can
be seen that the thermal-oxide film equivalent
thickness Teqg also takes a large value of about 1. 7nm.

Contrary to this, it can be seen that the
thermal-oxide equivalent thickness Teq starts to

20 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
be caused an increase of physical thickness. The

25 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
on the silicon substrate, there occurs extensive

30 diffusion of Zr into the silicon substrate or Si into
the Z2rSiOx film as represented in FIG.11A, leading to
formation of a thick interface layer between the

silicon substrate and the Z2rSiOx film. By interposing



current characteristics of a thermal oxide film. Further, the illustrated equivalent thickness is for the
structure including both the oxide film and the 10 ZrSiOx film. Referring to FIG.10, it can be seen that
the leakage current density exceeds the leakage current density of the thermal pxidg.fiimyig fhe case
the oxide film is omitted and hence the film 15 thickness of the oxide film is Onm. Further, it can be
seen that the thermal-oxide film equivalent thickness Teq also takes a large value of about 1.7nm.

Contrary to this, it can eeseoenithat %hieL r%h%rpad-o r'ﬁlr? uli\éﬁlgnts thi%knersg Tegsset%rt% 0 %g decrease
when the thickness oftfhe oxiﬁedfﬁm i “ilcreased from Onm 10 0 4hnm. In'such4 staFe, hé oxide film is

interposed between theIsiicbhB subistrate aneltheZSidx film,tdr thusmthereshodldsbeltassed an
increase of physical th{crgtnfg?%.a'[:l%e g% }9%§erivsed %ercg% S flthes%%ué\é%lggtetgicgggssd'll' eq is therefore
| thic

contrary to this increase of physica ness. This observation suggests the situation that, in the
case the ZrSiOx film isiformedtirectly the throsilicen subystiate nthebhe 6k ars exiensive 3@ difflision of

Zr into the silicon substrate o SLinte the Zr3iQx film asyepresepiedn £, L1A, leading to formation

of a thick interface layer between the silicon substrate and the ZrSiOx film. By interposing - 38 29
MAY 2006 the oxide fiffi Of 04hny thitkAessras repidsénted i F16. PIB, GRR 1sefieded tHatlthe

formation of such an interfaceJayerds effectively suppressed ang thggdecrease gf, thesequivalent film
thickness is achieved 5 as a result. With this, the leakage currentis
schematic cross—-section Of the specimen thus formed
and shows the structure in which an oxide film 42 is
10 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 wvalue of the
thermal-oxide equivalent thickness starts to increase

15 again. In this region in which the thickness of the
oxide film has exceeded 0.4nm, it can be seen that
the value of the leakage current is decreased with
increase of the thickness, suggesting that the
increase of the equivalent thickness is caused as a

20 result of increase of the physical thickness of the
oxide film.

Thus, it can be seen that the oxide film
thickness of about 0.4nm, in which there is caused
slowdown of oxide film growth as observed in FIG.S5,

25 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
is effectively blocked by the stable oxide film shown

30 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.



reduced with increasing thickness of the oxide film. It should be noted that FIGS.11A and 11B shows
a schematic cross-section of the specimen thus formed apd shows the structure in which an oxide
film 42 is 10 formed on a silicon substrate 41 and a ZrSiOx film 43 is formed on,the,gxide filgy 42.
When the thickness of the oxide film has exceeded 0.4nm, on the other hand, the value of the
thermal-oxide equivalent thickness starts to increase 15 again. In this region in which the thickness of
the oxide film has exceeded O.4nm,_[i% can bels %‘ethﬁ‘}) ttg% v% ue ofttgg Ieaﬁ‘%e cu rerﬁés decreased

with increase of the thickness, suggesting?ﬁat he “increase o ﬁte_‘ equiva 5 ﬁicf?nests IS caused as a

20 result of increase of #ekplyysical thieknessoaf theeoxide §ilm £Thuss, ngcarnbe seen¢hatithe oxide film
thickness of about 0.48@, {%!é’hk%? rtgﬁéel %ciadj.sggmslg}q/?t%}\%vﬂe%fsoxic%e gmgioev\fthte}{sa%bsc ged in

FIG.S, 25 corresponds to the minim of the equivalent thickness of the system formed of the oxide
film and high-K dielectricfilagandithaethe diffusion lof imetal eleentfsubh ds22riin the silicon

substrate is effecgivelyég_lﬁqugg@(&tﬂgéta&[q 8?5'&9&49%%}*%%%5@85; @,l(gthe@ﬂhg@n }39 seen
that the effect of blocking the metal element diffusion is not enhanced significantly even when the
thickness of the oxide YATE iRéreaSEd hitier - 39 129 WEVY: 2606 WShoulF be Woted that #e value of

the leakage current forthe gase of Hsingdhe oxideifilm gtthe faregaing O4nm thickness is smaller
than the leakage current of a thermal oxide film having a
becomes possible to minimize the gate leakage current.
As a result of slowdown of the oxide film
10 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 in
FIG.12B even in the case there exists a change of
15 film thickness or undulation in the initial oxide
film 42 formed on the silicon substrate 41. Thus, by
continuing the oxide film growth during the slowdown
period, it becomes possible to obtain an extremely
flat oxide film 42 of uniform film thickness as
20 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
different value may be obtained for the film

25 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
thickness of two atomic layers. Thus, it is thought

30 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



5 corresponding thickness by the order of two. Thus, by using an insulation film having such a
structure for the gate insulation film of a MOS transistor, Jlt becomes possible to minimize the gate
leakage current. As a result of slowdown of the oxide film QLO growth at the thickness 0f 0

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 in FIG.12B even in the case there
exists a change of 15 tlilm thickness or undglqiti}?n in the initi%l oﬁlde fi r%42tfg[m%d on the]ésilicon
substrate 41. Thus, by %3ﬁﬁnsuiﬁél tie BXide fi megrr(e)\?v aﬁrcfng &'slowdown ﬁgrlggﬁtsbgcomes
possible to obtain an extrenselpriiat okidesfilm 42 oheanifdrai fikal tHicknesiseaase20 iepresentéd in
FIG.12C. As explainedcggfo g{,itggrefilslr}rp ﬁtgnd;f%j éneaiscuring @%nguoc[ élgn ttg(ijgfgn%%sefor such an
extremely thin oxide film at the moment. Thus, a iterent value may be obtained for the film 25
thickness of the oxide filrs 42refH 6. £2C whienss differehe neasdeing rathdd is.ased: Hdwever,
because of the reason explained before, itis determined that the slowdown of oxide film growth
occurs at the thickness of fwo atomic layers. Thus, it is thought 30 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 whichrthecaxide fig Mz inalbdes a regionef3ratomic rM0N 20 MAYC2Q06 fayers in a

part thereof such that the thickness of two atomic Tayers is maintained for the entirety of the oxide film
42. Thus. it is concluded that the FIG.13 shows the construction of a remote

plasma source 26 used in the substrate processing

10 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
formed together with a gas inlet 26b and a gas outlet

15 26c communicating therewith. Further, there is formed
a ferrite core 26B on a part of the block 26A.

Further, there is provided a fluorocarbon
resin coating 26d on the inner surfaces of the gas
circulating passage 26a, gas inlet 26b and the gas

20 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.

With the excitation of the plasma 26C,

25 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
circulated along the circulating passage 26a and the

30 gas outlet 26c ejects nitrogen radicals Ny;* 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



preferable thickness of the oxide film 42 is in the 5 range of 2 - 3 atomic layers. REMOTE PLASMA
RADICAL NITRIDATION (RF-N2) PROCESSING FIG;l%zhgws the construction of a remote plasma
source 26 used in the substrate processing 10 apparatus 20 of FIG.3. Referring tp F1G-13 e remote
plasma source 26 includes a block 26A typically formed of aluminum in which a gas circulating
passage 26a is formed together with a gas inlet 26b and a gas outlet 15 26¢c communicating
thergwith. Further, the(r)% icslfce)£m8 2 ferri %%orset%GtBeog}? pcar%lcqn‘e theol%lo%kl %gér E 6rtehe{,sthere is
provided a fluorocarbonresincoa mg% on the inner suffaces of the gas circulating passage 26a,
gas inlet 26b and the gas20adugttet 26ctard plasnal26Chs forined inrthe gak<inculatinggassage 26a

by supplying a high-frequen F). power 400k erpendicul e coil wound around the ferrite
core 26B. With the exgﬁgﬁéﬁ% %I?léE? Ippa:%muf E%é,%%%ﬁro%%gn gg(lgc%%s%ng %%S,%Qnitar%g]géno#o‘ﬁ%ﬁare
formed in the gas circulatingpassage 26a, wherdia themittogen Pnsthug formeteavecd strong

tendency of proceeding straight and age apniniated,as they are ; drqulated alang the girgulgting

passage 26a and the 30 gas outlet 26¢ ejects nitrogen radicals N2* primarily. In the construction of
FIG.13, charged partiche$SSOET aRiffégertions &redlinifaedih e eonstructivhl 6FFR3ES by

providing an ion filter 26¢ atithe gasr 4129 MAYr2006 gutiet 26cinthe state thagthe ion filter 26e is
connected to the ground. Thereby, only the nitrogen_radicals are supplied to the process space 21B.
Even conducting a” process that requires a large amount of
N, radicals, it is possible to eliminate the ion
10 filter 26e so as to prevent annihilation of the N;
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
remote plasma source 26 of FIG.13 in comparison with

15 the case of using a standard plasma source shown in
FIG.14B and a standard microwave plasma source shown
in FIG.14cC.

Referring to FIG.14A, ionization of
nitrogen molecules is facilitated in the case the

20 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
other hand, the number of the nitrogen ions formed by

25 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
electron energy and that such ions may cause damaging

30 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



in the case the ion filter 26e is not grounded, the 5 ion filter 26e functions as a diffusion plate and it
becomes possible to eliminate charged particles such as, itrogen ions sufficiently. In the case of
conducting a process that requires a large amount of N2 radicals, it is possible 4@ elixinajg the ion 10
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

remote plasma source 6 gfe Flo%.lg in gorsnﬂga{igog (\)Nitjl:l ? Otg% ggs%ﬁ)f uaingrgl1 <Iitan rd plasma
source shown in FIG.14B a1d 3 Standard microwave pl%\sma Source showh i FIG 4T, Referring to

FIG.14A, ionization of spifrogén vedlgcules is fac#itated ire thei caserthes 20 plasma is excited by a
microwave power, and as a result, tggren%r§ef8r@gg ayvery, é@ggﬂ%o%qqoflqigogggvivon& n the case

the plasma is excited by a high-frequency (RF) power of 500kHz or less, on the other hand, the
number of the nitrogerrionstforméd 09 25fthe ptasmads reducel sfgficenlyy Irrtheseese of using the

high-frequency plasma,tiiere is,adendency fhat theplasmg contains Jglatively,large proportion of

ions having large electron energy and that such ions may cause damaging 30 in the substrate. In the
construction of FIG.13¢ 8APfetdtHer-Hand, the nitrogen ions having the strong tendency of proceeding

straight are effectively annihilated irthe gas giculating passage 26aangks42 LEMAY 2006 it
becomes possible to introduce the N2 radicals selectively into the processing vessel,
introduced into a plasma chamber 426 covéred with a
quartz liner 426d from a gas inlet 426b provided
10 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
formed with the plasma 426 are then introduced into a

15 processing chamber provided below the plasma source,
and plasma nitridation is conducted in the plasma
chamber. In the plasma source of such a construction,
however, it is difficult to remove the nitrogen ions,
which tend to proceed straight, completely even in

20 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
the plasma. Thus, it is difficult to remove the

25 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
dotted line is obtained, and it becomes possible to

30 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



As noted above, FIGS.14B and 14C show the construction of a standard high frequency plasma 5
source and a standard microwave plasma source, respectively. Referring to FIG.14B, a process gas
is introduced into a plasma chamber 426 covered with a ‘quartz liner 426d from,3 gag-nlet426b
provided 10 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 formed with the plasma

426 are th(_an |ntroducedm@tq: a 15e proce sTg3cjha}£nq%r_prqu§% Qelgmigw@ p%l%srg? 3Qurgca_1%nd plasma
nitridation is conducted in the ;%sma chamber. In the plasma’sourCe of such a construction,

however, it is difficult to remmove the nittegent jonsh Mkich terichto proseed istrajghd,scompletely even in
20 the case a trap 426¢ ié(pég\%iq% , 'Iitée same Lﬁétgggo% ho!ldgi%laéo <'1jn }gle%%a_sg . é);fﬁlhe icrowave
: : f .

plasma source of FIG.14C  On y difference is that a microwave IS used for excii getrﬁeyplasma. Thus,
it is difficult to remove & 2Baitrégentions owhichltend to procdedtstidightefrone sise padicals, even in

the case a trap is gov%epat[méshpy&%qg theradical sgyrcesshown in F1G333.:an iph distribution
shown in FIG.14A by a dotted line is obtained, and it becomes possible to 30 conduct an ideal remote
plasma nitridation processiritfwith minimum amount of ions. In the case the plasma processing is

conducted by using a microwave, augh-vacuma + 4329 MAY 2006 envirgament of 1133 x 10-3 - 1.33
x 10-6 Pa (10-1 - 10 . _

plasma excitation frequency and process pressure

suitable for the remote plasma processing.

10 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
the pressure range allowing plasma ignition changes

15 with the plasma excitation frequency. In the case the
plasma excitation frequency of 400kHz, the plasma
ignition takes place in the pressure range of 1.33Pa
- 1.33kPa (0.001 - 10 Torr). In the case the plasma
excitation frequency is 2.45GHz, the plasma ignition

20 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
low, the nitrogen radicals introduced in the

25 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
nitridation, even in the case the substrate W is

30 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



4 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 5 relatively high pressure of 13.3Pa - 1.33kPa (0.1 -
10 Torr). Next, consideration will be made on the plasma excitation frequency angd progess pressure
suitable for the remote plasma processing. 10 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 the pressur e allowing plasma ignition changes 15 with the plasma
excitation frequency. IR the %gseg %eogla%s%%gc’lta Yére\%r%qﬁtsangyg[&fe E%%ﬁlf‘?ﬂghé %?asgrég Vfgr(l)i ion takes
place in the pressure rangeddi33Px -dad3kRa (0001 o L0sFort)o Irstheecasetthetplagma excitation

frequency is 2.456Hz,tt}l;1§ Spllaslrpa i ni'gl%rg: e2SOSt kes t;J)J)acceoirq ttQ% Pr%%seur £%Q%esgf %%g 8, .33kPa
(0.2 mTorr - 0.01 Torr). Herée, consideration wil b& made on the preferable pressure. When the
process pressure is todnloW) ¢he nitrsgepiradicaissintroddéed in the 25 protessing veSsél-Wduld cause

diffusion and therg W%g@p@gq@gp&y-%my}%@gid@og pracessing; in which-only the marginal part

of the substrate, which is located close to the radical source, undergoes nitridation, even in the case
the substrate W is 30 fot&teliR €56 SubstPate précessingapparatus’2( e MEOS SiHus th order to

achieve a uniform nitridatigniprogessing imthesubstrate; prpcessingnappayatus 2Q of EG.3 by using
the remote radical - 44 29 MAY 2006 _ o _
would be annihilated by causing collision. Thus, 1t
is necessary to control the process pressure in the
10 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
the plasma excitation frequency becomes less than

15 4kHz shown by a line C, there is caused acceleration
of ions and there arises a problem that high energy
ions cause damaging in the substrate. In the case the
plasma excitation frequency exceeds 13.56MHz
represented in FIG.72 by a line D, on the other hand,

20 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.

In summary, it is preferable to set the

25 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
while using the radical source 26 of FIG.13. In the

30 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



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 Ih% gro_cessing vessel 21 to be a pressure of
0.01 5 Torr (1.33Pa) as shown by a line A in FIG.72. When the process pressurg,isfa-high) isthe
processing vessel 21, on the other hand, the nitrogen radicals would be annihilated by causing
collision. Thus, it is necessary to control the process pressure in the 10 processing vessel 21 to the
value of 3 Torr (399Pa,2hor less as r?tgresented tf):y aline B in FIG.?%._Neét, consideration will be made
on the preferable plasma? exéitation resérflljaen‘%/.O neﬂsﬁ%lc%%elﬁwergl%srhzaeexbitation frequency becomes
less than 15 4kHz shown by a line Gathére is darised acoeleration oh@nscanid:theiearises a problem
that high energy ions se da ing in.the s ? trate. In.the case the pla xcitation frequency
exceeds 13.56MHz re%%gggr}/teg] ﬁ%ﬁ%.?ﬁot?y 5 |§é%Dl,éoll}1% e %ﬁgrsr%ﬁ , 2%%1? %cgrﬁ g Boll ficult to
conduct the plasma pro€essing iwith fakge flowrate. SthsL itds preferibie RPFEr the plasma excitation
frequency not exceeding ,13:36MHz, 1n summayy. it is greferablg, tq satdhe 25 pracesg 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 cofdiGed thyptHeldulitrale protessinglappefratié P CofmIe. 3 N\Fhife 88ing the
radical source 26 of FIgx13xInithe 39 presentinyention, a5frequencyof apouk400kHdz is- used as a
representative frequency, while this representation means that the foregoing range is included. In the
range of 40kHz - 4MHz, substantially - 45

Table 1
ionization | pressure plasma process
energy range power gas flow
conversion | causing |consumption rate
efficiency | electric
discharge
microwave 1.00x10" 0.1m - 1 - 500w 0 -
0.1Torr 100sccM
RF-wave 1.00x10" 0.1- 1 - 10kw 0.1 -
100Torr 10SLM

10
Referring to Table 1, it can be seen that
the ionization energy conversion efficiency 1is
reduced to about 1 x 107’ in the case of the RF-
excited plasma as compared with respect to the wvalue
15 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
0.1 - 100 Torr (13.3Pa - 13.3kPa)

about for the case

of the RF-excited plasma, while in the case of the
20 microwave-excited plasma,

(13.3Pa - 13.3kPa).

the pressure range is about

0.1 mTorr - 0.1 Torr Associated

with this, the plasma power consumption is increased
in the case of the RF-excited plasma as compared with
the case of the microwave-excited plasma and that the

25 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



29 MAY 2006 the same plasma processing is realized. Table 1 below compares the ionization energy
conversion efficiency, pressure range capable of causing glectric discharge, plasma power 5
consumption and process gas flow rate between the case of exciting plasma by, 3 mjgkowaye.and the
case of exciting plasma by a high-frequency (RF) power. Table 1 ionizationpressureplasmaprocess
energyrangepowergas flow conversioncausingconsumptionrate efficiencyelectric discharge
microwavel.00x100.1m -1 - 500\tNO - (O)L.Jlt'll'grr OOSgtCel\%jlziFHwavg%ng%ggil&l H 10kwO0.1 -

100TorrlOSLM 10 Re err(lgrig?)fo ‘f‘abl%ki it can be seen ﬁ‘fé ionization ene?gylé)onnversion efficiency

is reduced to about 1 k=2 s theycase ofthedRE-dexcitetinplasma asdomppatred atithosespect to the
value 15 of about 1 x Jholg Ifgr @ﬁ cl%sgsoglotéq%r@grqgvy%veﬁ §§§|$%% Hla§gbai g%tgel(],zl,t ca@}puesseen that

the pressure range causing the electric discharde is about 0.1 100 Torr (13.3P4d - 13.3kPa) for the
case of the RF-excited plasmanehifsr imtthe casetof the 20 unibrowaVe-&Xcitedrslasmd, the pressure

range is about 0.1 mTrpfrt;_,_g(t;ﬁ]']or{ §13.3Pa -%%Ee%)s @|§59%ia§9a y\iithatgi%g;es plasma power

consumption is increased in the case of the RF-excited plasma as compared with the case of the
microwave-excited plaSiisSand that $he P5Pr6ESSs Fas flow &teFor i éase 6fthe RF-plasma

minimizing damages caused in the substrate. In the
substrate processing apparatus of FIG.3, the number
of the excited nitrogen radicals is small and is

10 highly suitable for nitriding the extremely thin base
oxide film formed underneath the high-K dielectric
gate insulation film with the thickness of only 2 - 3
atomic layers. Hereinafter, such a nitridation
processing of oxide film conducted by the nitrogen

15 radicals exited by the high-frequency plasma is
called RF-N, processing.

As explained before, it is possible to
introduce the process gas with large flow rate in the
substrate processing apparatus 20 of FIG.3 by using

20 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
realized on the substrate surface.

25 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
plasma source 26 and the evacuation port 21A of FIG.3,

30 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



processing becomes much larger than the process gas flow rate for the case of the microwave
plasma. In the substrate processing apparatus of - 46 _294 AY 2006 FIG.3, it should be noted that the
nitridation processing of the oxide film is conducted not by nitrogen ions but by thenitroge radicals
N2*, Thus, itis preferable that the number of the excited 5 nitrogen ions is suppresses as small as
possible. This is also preferable in the viewpoint of minimizing damages caused in the substrate. In

the substrate processjcn(g %pp.aragust?;‘ Flg. ,ethg _nurgnl:())efr 0 tehe eexcitgg nitkrl%%een rta}gicals is small and
is 10 highly suitable for nitri ﬂdsthe extreme y thin base “oxide fifht formed tindermeath the high-K
dielectric gate insulationtfifmdaithi the thickness of oaly<s- 8 latomid fayens: Here@afteonsuch a

nitridation processing tog v%(ird§ f{'zlg]econductedc% dL}heggi}grggg%LS I icéals %é(/iteod @_‘L I;prQilg -frequency
: < 1A

. evacu ~
plasma is called RF-N2 processing. As exp%ln before, it is possi le fo ‘iRtroduce the process gas

with large flow rate in thiee st @meim@c@gstr@aéwam@m of Eﬁ.@%%hsﬁng Q@?thé Femoite plasma
radical source 26 of FIG- 13 Thys. sinsuch;an BFN2 pracessing, itbeomes passiblg 40 cgonduct a

uniform nitridation processing such that a uniform nitrogen concentration distribution is realized on the
substrate surface. 25 fithE 8B the PrEcEssHasTovPratelis ifereased 6h therdtherhadd, the region

where the nitridation takes placeds limited:{o the area near; the gentral axis,efthg 1substrate that
connects the plasma source 26 and the evacuation port 21A of FIG.3,

the admixing of the Ar gas to the nitrogen gas

provides the effect of prolonging the lifetime of the

10 nitrogen radicals. Thus, there is also a possibility
that the admixing of the Ar gas is contributing to
the improvement of the in-plane uniformity in the RF-
N, processing of the present invention.

In the nitridation processing that uses the

15 microwave plasma, on the other hand, there is also a
possibility that an in-plane uniformity comparable to
the in-plane uniformity achieved by the remote-plasma
nitridation processing is attained in the event the
nitridation processing can be achieved under the

20 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
respectively in a side view and a plan view.

25 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
frequency power of several hundred kilohertz

30 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 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 - 47 29 MAY 2006 to adjust the extension of the region where the nitrigatignyeacfion takes
place in the direction toward the evacuation port 21A. Thus, by optimizing the foregoing extension
and rotating the substrate W, 5 it becomes possible to improve the uniformity of the nitrogen
concentration on the supstrate surface. In_ the construction of FIG.3, it is alsq, ggssigle that the
admixing of the Ar gasato tﬁe%rlt(r)ggeesnsggg ;e)rsosvlil&e% the etfPeect ro?Bﬁﬁor?glng tive fifétime of the 10
nitrogen radicals. Thug, thékeris also & possibllity dhat thewedmiking dfdhe Brgasas coafributing to the

improvement of the in-plang waifarmyity Jp the RF: N2 processipg ofihe present inyention Indhe
nitridation processing that uses the 15 microwave plasma, on the other hand, t &fe is also a
possibility that an in-plahe unifeaaity compagsble fo &hé in-plane3isifortit) achieved Byothe)
remote-plasma niridafion progessing is attained in-the gvent the nitridation progessing can be
achieved under the 20 condition of large gas flow rate. FIGS.16A and 16B show the radical nitridation
(RF-N2) processing céiftiittfed by el stbstrate protessing apparatds 20df FiFFassectively in a

side view and a plan vigw..2&:Referring 10, LGS dbAcangd; 16Bothe remeote plasma ragdicalh source 26 is
supplied with an Ar gas and a nitro%en gas and nitrogen radicals are formed as a result of excitation

of plasma with the higfi*°strate
In the nitridation process of FIGS.16A and

10 16B, 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. Thereby, the pressure in the process space
21B is reduced to the level of 1.33 x 107" - 1.33 x

15 107 *Pa, and any residual oxygen or water in the
process space is purged. In the nitridation
processing that follows, on the other hand, the
valves 23A and 23C are closed, and thus, the turbo
molecular pump 23B is not included in the evacuation

20 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
substrate W and further nitriding the surface of the

25 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
process with a thickness of 2.0nm is subjected to an

30 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



frequency power of several hundred kilohertz 30 frequency. The nitrogen radicals thus formed are
caused to flow along the surface of the substrate W and age evacuated via the evacuation port 21A
and the pump 24. As a result, the process space 21B is held - 48 29 MAY 2006 at g3F068$s;
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) 5 is preferable.
The nitrogen radicals hug formet% cause tnitridation in the scurfatce of the sgbitrate \g SgE they are
caused to flow along thE stiffste of the StbSTate WOTH tHe Hiftidation Process of FIGS-I6A and 10
16B, it should be noted thyat¢thereois contduetedcan purgind Jprodesstineadvamee ¢ thieenifridation process
by opening the valves 23A and 23C and closing the valve 24A. Thereby, the pressure in the process
space 21B is reduced to the level of 1.33 x 10-1 - 1.33 x 15 10-"Pa, and any residual oxygen or water
in the process space is purged. In the nitridation prodesshey that follows, on the other hand, the
valves 23A and 23C are closed, andrths asetyrbd rmalBedampunis 23BUS AotiAEREEM e

evacuation 20 path of the process space21B. ThtisBy|uERlthe [substrate processing apparatus 20
rat n]?\@r‘helh ovade fi ntho crirf rlte W

irom

of FIG.3, it becomes possible-to-form-an—extremely-thin-oxi m-gn syt
pl‘*sﬂé“édﬁp T20W

and further nitriding t1£njilcl¥fg‘{‘qg% t oxl film_thus_formed (5.6.1n} ngl\fn NS the Q\Qrgnpn

concentration profilel it‘an"6Xide film 13r the ¢asethE Oxide ffiFh ITorr 700°C

5

Referring to Table 2, the RF-N, processing
is conducted in the substrate processing apparatus 20
under the pressure of 1 Torr (133Pa) while supplying
nitrogen with a flow rate of 50SCCM and Ar with a
10 flow rate of 2SLM, wherein it should be noted that
the internal pressure of the process space 21B is
reduced once to the level of about 107° Torr (1.33 x
104Pa) before the commencement of the nitridation
process such that oxygen or water remaining in the
15 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
pressure of about 1 Torr. Thereby, the concentration
20 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
conducted by the microwave plasma, on the other hand,
25 the process pressure at the time of the nitridation
process 1is generally the same as the purging pressure,
and thus, residual oxygen maintains a large
thermodynamic activity in the plasma ambient.
Referring to FIG.17A, it can be seen that

30 the concentration of nitrogen incorporated into the



formed on a silicon substrate by a thermal oxidation process with a thickness of 2.0nm is subjected to
an 30 RF-N2 processing in the substrate processing appagatus 20 of FIG.3 by using the RF remote
plasma source 26 of FIG.13 under the condition represented in Tabie 2. Further, FliG-178,shows the
relationship - 49 29 MAY 2006 between the nitrogen concentration profile and the oxygen
concentration profile in the same oxide film. Table 2 nitrogenArplasmapressuretemperature

flowflowpower raterate mic;owng%S qu_l\{l-lzco 8'69@”5%%%5':%’8\/%5%{ ation
SCCM2SLM2kWITorr7 5 éferrinlg to Tabie Z, the' RF-N2 processing |slcoﬁ81uctté8|n the

substrate processing apparatsis 20y underthedpressdretaf I herm{133Papwhile Sapplyingnditrogen
with a flow rate of SOSGEM gnd Arwith 5 10 flow rpte o251, wheyeln iLshould be ngjed that the

internal pressure of the process space 21B is reduced once to the level of about 10-6 Torr (1.33 x
10-"Pa) before the corameheemehtof the nifridationcprotesd sush thatdxygen opwatersrehtalning in

the 15 process space giBis purged sufficiently. Becaysg of Jthis, a0y resigal exygendn the process

space 21B is diluted with Ar or nitrogen in the nitridation process (RF-N2 process), which is
conducted at the presetife®6FabGRACTAFREThRereby, Freicditefftatiort 20 'of Fésidiial'a§/gen, and

hence the thermodynasaig cactivityof dhe 1esidual @xyaee.ds veresmall af the, timg ehtheforegoing
nitridation processing. _ _ _

the oxide film and that a concentration level of near
20% is achieved at the surface part of the oxide film.

10 FIG.18 shows the principle of the
measurement of FIG.17A conducted by the XPS (X-ray
photo spectrometry) analysis.

Referring to FIG.18, an X-ray is radiated

to the specimen in which the oxide film 12 is formed

15 on the silicon substrate 11 with a predetermined
angle, and detectors DET1 and DET2 are used to detect
the spectrum of the excited X-rays with various
angles. Thereby, it should be noted that the detector
DET1 set to a deep detection angle of 90 degrees

20 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
with relatively large proportion. On the other hand,

25 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
oxide film 12.

30 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



In the case of the nitridation processing conducted by the microwave plasma, on the other hand, 25
the process pressure at the time of the nitridation procgs%'? generally the same as the purging
pressure, and thus, residual oxygen maintains a large thermodynamic activity inthgplasrpg ambient.
Referring to FIG.17A, it can be seen that 30 the concentration of nitrogen incorporated into the - 50
29 MAY 2006 oxide film is limited in the case the nitridation processing is conducted by the

microwave plasma and tpg% no gubgtantiglsnitr}g Eion t%%estglgcg ins thoer oxjcdglfilm. In the case of the
nitridation processing 51at Usesthe RE-ex&ite plrégma as’inthe case ol?qfhe present embodiment, it

can be seen that the nitrogen conc&atfationileyelchanges linearly withadeptk irs ¢ke okidetfilm and

that a concerjtra_ttion Ie%/gle%feneo ~20% iagg@i@vgg ag%h% surf% e Q%Wrrtlg&t%q_, %igggilmi%g FIG.18
shows the principle of the measurement o FIG.17A condutte by the XPS (X-ray p‘ﬁoto
spectrometry) analysis. Referir) tofFIGLL8 creX-ray is radiatet 1 ntherspeeimer irewhith the oxide

film 12 is formed 15 op;the §Hl—9€§.‘<§h‘b§¥6@ejsjs‘i"ri¥5‘ aigregg;ﬂggtg%(éaggletggd Igqu\pztors DET1 and

DET2 are used to detect the spectrum of the excited X-rays with various angles. Thereby, it should
be noted that the deteBfo? TBET1et {3 a deepetcttorRanglEBP 90 dehress 20 tetects theé'excited

X-ray that has traveled thyeugh dhe oxide film 12 pathiminimym pathdengtbn ThdsntheXvay spectrum
detected by the detector DET1 contains information about the deep part of the oxide film 12 with

relatively large proportiolt Ot tHePgher faREs 10 the oxide film. In the case the
nitridation is conducted by the microwave plasma

10 processing, on the other hand, no such substituting
relationship is observed and no relationship of
oxygen concentration decreasing with increasing
nitrogen concentration is observed. In FIG.17B, it is
also noted that there is an increase of oxygen

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

20 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 wvacuum
environment for the nitridation processing and

25 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
nitridation time and the nitrogen concentration in

30 the film for the case an oxide film is formed by the
substrate processing apparatus 20 of FIG.3 to the
thickness of 4A (0.4nm) and 7A (0.7nm) and

nitridation is conducted further to the oxide film by



25 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
oxide film 12. 30 FIG.17B shows the relationship between the nitrogen concentsatiqmand gyygen
concentration in the oxide film. In FIG.17B, it should be noted that the oxygen concentration is
represented by the X-ray - 51 29 MAY 2006 intensity corresponding to the Ols orbital. Referring to

FIG.17B, it can be seen th re occurs decrease of e ncentration with, jncrease of nitrogen
concentration in the catg%etﬁ%% mitridation SpSrcl)é1 s?n% ﬁé%%\%%%eaaﬁlé tﬁfeglngi\}l]i %)?ocue%%lrh% that uses
the RF-remote plasma; liredicatingt ¢hat theresocouns sebgtitutidnof bxeyge nFatemsOwithh e nitrogen

atoms in the oxide filmc.ll1 ttge se 1;Cpe. gitri% Lo} .i§ co ch:eg )ﬁtge miﬁ wave Jglat al0
processing, on the other%ang(énoe gughl s&bst%tutll{r]llg rr&%%onshipb%s obssélrve% and no rtsa%tionship of
oxygen concentration daéidasinglwitls necreasing ritrogem Eoneenttationtis obsep/edom FIG.17B, it is

also noted that there is,an ncreage of, exygen 15 conceniralian igidhe ase in whichitriggen is

incorporated with 5 - 6% by the microwave nitridation processing. This indicates that there occurs
increase of thickness ®F the?Exidé Fitm SHf¥nititationSSueR afineledtCofthie GxyderBonentration

associated 20 with thermigreways, niridationiprocessing is helipved- 10 pe saused ag actesuit of the
high activity of oxygen or water remainin%in the g)rocess séi)ac% which in turn is caused as a result of
use of high vacuum thickness of 5 (0.5nm) and 7 (0. 7nm) .

Referring to FIG.19, it can be seen that

10 the nitrogen concentration in the film increases with
the nitridation time in any of the oxide films, while
it is also noted that, because of the small oxide
thickness such as 0.4nm corresponding to the two
atomic layer thickness for the case of the oxide film

15 formed by the UV-0, oxidation processing, or for the
case of the thermal oxide film having a thickness of
0.5nm near the foregoing thickness of 0.4nm, a higher
nitrogen concentration is achieved as compared with
oxide films formed at the same condition.

20 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.

As can be seen from FIG.20, the vertical

25 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
nitrogen atoms distributed throughout the entire film.

30 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.



environment for the nitridation processing and 25 absence of dilution of residual oxygen or water with
Ar gas or nitrogen gas, unlike the case of the high- frequ%%cy_remote radical nitridation processing.
FIG.19 shows the relationship between the nitridation time and the nitrogen conceniation in ;30 the
film for the case an oxide film is formed by the substrate processing apparatus 20 of FIG.3 to the
thickness of 4A (0.4nm) and 7A (0.7nm) and nitridation is conducted further to the oxide film by - 52
29 MAY 2006 the RF-N2 processing of FIGS.16A an B while ysing the remote plasma source 26.
Further, FIG.20 shows the segregatioh %?ﬁf't%%e%%%t#g stir acequf ﬁ'%en o%(%esfﬁrenncgiﬁs%% as a result
of the nitridation 5 procéssing. of Bz 19 sk sheglithenotedtthat BKz$:1M9sand 20atsmshew the case in

which the oxide film isd%mggsb %l[l%oig}gq%r@agﬁ(' a{ign]pﬁg%%sdsi tchtpg Haviglg}ess of 5A (0.Snm)

and 7A (0.7nm). Referring to FIG.19, it can be seen that 10 the nitrogen concentration in the film
increases with the nitgdationstradn any oh thecbridaitms, while’ fis alsd noted thiat,sezanse of the

small oxide thickness such.asQ-4na.coresponding toghe two. atomic layer thickness for theycase of

the oxide film 15 formed by the UV-02 oxidation processing, or for the case of the thermal oxide film
having a thickness of ®.51rh Weht fie for8gdiag thiekiéss raamt adfgheér Ritfotenoncentration is

achieved as compared-with10xide fils formed atrthe same candition, 20 FIG 20.shaws theoresult of

detection of nitrogen concentration for the case the detectors DET1 and DET2 of FIG.19 are set to 30
degrees and 90 seconds, on the other hand, the nitrogen atoms are

distributed generally uniformly in the film. In other

10 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-N; processing for 90
seconds.

In the experiment of FIG.21, the UV-0,

15 processing and the RF-N, processing are applied in
the substrate processing apparatus 20 of FIG.3
repeatedly with respect to ten wafers (wafer #1 -
wafer #10).

FIG.21 shows the wafer-to-wafer wvariation

20 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
ultraviolet source 25 such that an oxide film is

25 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
is converted to an oxynitride film containing

30 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,



degrees respectively. As can be seen from FIG.20, the vertical 25 axis represents the X-ray spectral
intensity from the nitrogen atoms segregated to the film suyface obtained with the detection angle of
30 degrees divided by the X-ray spectral intensity of the nitrogen atoms distribyted,thyoughegit the
entire film. 30 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. - 53 29 MAY 2806 Referring to FIG.20, it can Ee Seeﬂ%h%}ﬁ%; Qﬁrog}grqessegre%?tion ratio

the -

\ eln 1 can. .seen that, € 1 1 .
becomes one or more in Sthe case the omd%eﬂlm |srf‘orme(§by processing to the thickness

of 7A, and the nitrogem 5 iafoms are delgregated at first ¢ thefilmt suirface @néina situation similar to the
oxynitride film 12A of FIG.1is reathePG Aitgr g?le?m:@ gr%%essusiqg 1;9]; 9P, s g%%dc on t@&&tlher

S
hand, the nitrogen atoms are distributed generally uniformlyin the film. In other 10 films, too, it can be
seen that the distributiva @i rtetritréden atormsimsthedifmibebonidsigémeraly fimiformeasca rssult of

the RF-N2 processing fgr 90 ;$eC0Rds In;the experment of FIG.21the UV2 15 proggssing and the

RF-N2 processing are applied in the substrate processing apparatus 20 of FIG.3 repeatedly with
respect to ten wafers EFSI#R L faferLro) SERY. 23 3hohathe wateRfo-WaferdvafiatiBn t26 of the film

thickness of the oxynitride dithdhus gbtainedwhereim thestessilt offd&:231 isrgbiainers
using the ultraviolet source 25 and further an RF-N;
processing is applied to the oxide film thus formed

10 while using the remote plasma source 26.

Referring to FIG.22, it can be seen that
the oxide film has increased the thickness thereof
from the initial thickness (the thickness in the
state before the RF-N, processing) of 0.38nm to about

15 0.5nm in the state nitrogen atoms are introduced by
the RF-N,; processing with the concentration of 4 - 7%.
In the case the nitrogen atoms are introduced to the
level of about 15% by the RF-N; processing, on the
other hand, it can be seen that the film thickness

20 increases to about 1.3nm. In this case, it is
believed that the nitrogen atoms thus introduced into
the oxide film form a nitride film by causing
penetration into the silicon substrate after passing
through the oxide film.

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

30 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



for the case in which the UV-02 processing is conducted in the construction of FIG.3 by driving the
ultraviolet source 25 such that an oxide film is 25 formed tq have the thickness of 0.4nm as measured
by the XPS analysis and in which the RF-N2 processing is conducted to the oxjde filg thysyformed by
driving the remote plasma source 26 such that the oxide film is converted to an oxynitride film
containing 30 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, - 54 29 MAY 2006 wherein it
can be seen that the fifng 1 ?((:gr?essss i%soﬁnﬁglr%nsaﬁn& %eé ac%/ézflﬁe %?588%88@ }?@%m@&@ﬂ shows the
result of examination witll regardhtotthe gecrease o filor tHicknessdopthescaseo btaniéxide film is
formed on a silicon substrate in the ?gg%t%?tg lrgc%sésgg#ag%argturse%% %FICG.B with the thickness of
0.4nm by the UV-02 processing while usmg the ultraviolet source 25 an furtHer an RE-N2
processing is applied tocthe bxitedfilphthustformed 20s@sie Wding tHenrdrhotekplasmalisdurce 26.

Referring to FIG.22, it can he sgen that, the oxide filmhas, incieasgd the thicknessythergof from the

initial thickness (the thickness in the state before the RF-N2 processing) of 0.38nm to about 15 0.5nm
in the state nitrogen atoh¥S&retiftrbGcdd by AReRF-R2Lprdcessihg witrthe dotfeentration of 4 - 7%.

In the case the nitroges atgms-are iptreducad tofhe pleyekefabout 15% by the; REsNR fracessing, on

the other hand, it can be seen that the film thickness 20 increases to about 1.3nm, In this case, it is
for the nitridation of the oxide film. In this state,

it is evaluated that the maximum amount of the
10 nitrogen atoms incorporated in to the film would be
about 12% in the maximum.

FIGS.23A and 23B show the result of
measurement of nitrogen concentration distribution
and film thickness distribution of an oxynitride film

15 for the case the oxynitride film is formed from an
oxide film formed on the silicon substrate W in the
substrate processing apparatus 20 of FIG.3 to the
thickness of 2nm while rotating the silicon substrate
W by the drive mechanism 22C. It should be noted that

20 the experiment of FIGS.23A and 23B is conducted at
the substrate temperature of 450°C under the pressure
of 133Pa while rotating the silicon substrate formed
with the oxide film with the thickness of 2nm, while
supplying an Ar gas and a nitrogen gas with the

25 respective flow rates of 2SLM and 50SCCM. In FIG.23A,
the bright part represents the part where there is
caused nitrogen concentration. Further, FIG.23B shows
the thickness of the oxynitride film obtained by the
ellipsometry and the nitrogen concentration obtained

30 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



believed that the nitrogen atoms thus introduced into the oxide film form a nitride film by causing
penetration into the silicon substrate after passing through the oxide film. 25 In FIG.22, the
relationship between the nitrogen concentration and film thickness is representgd ajgq forgyyideal
model structure in which only one layer of nitrogen atoms are introduced into the oxide film of 0.4nm
thickness by A. 30 Referring to FIG.22, it can be seen that the film thickness after introduction of the
nitrogen atoms become%a%out O.S%m in this .ideatl model structure. .Ther% , the f’)nctreasce of the film -
55 29 MAY 2006 thickness for: 'th?s moder case becomeés about 0.1, and the Snlﬁrosgernacoencentration
becomes about 12%. Usingdbhisimodelasa aefeseride, itis ecdncludednthat thenacrease of film

thickness is 5 preferaglc,)(dsu g{eﬁg to .theé/glue %{O% 0.2n tclose te L@e fo%eggi \éal e in the
case the substrate procesls(lglg apparvavltulsszo of EIG.5 is %seé or iLLhne(‘:Jnit?rl1 ation of tﬁ%g%xi e film. In
this state, it is evaluateddhatirthermaxinmnt amouheof e &0 altrdgen dtonssiAcarpdrdted in to the film

would be about 12% ipjthe maximun: RIGS.23A and 238, show the result of measurement of nitrogen

concentration distribution and film thickness distribution of an oxynitride film 15 for the case the
oxynitride film is formed from an oxidefilaffotmed chithesHitor SRR A FtheC siBStrate

processing apparatus 2Q,0f HGe3itatheo thickness of 2050 while retating the silisonsubsteate W by

the drive mechanism 22C. It should be noted that _ _ _
the nitrogen concentration and film thickness as

measured by the XPS analysis for the oxynitride film

10 obtained by according to the flowchart of FIG.25 in
which an oxide film is formed by the UV-0, processing
(step S1) and an RF-N, processing is applied to the
oxide film thus formed (step S2). In FIG.24, it
should be noted that the initial thickness of the

15 oxide film prior to the RF-N,; processing is changed
variously.

Referring to FIG.24, @ represents the
relationship between the XPS film thickness and the
nitrogen concentration in the film for the case the

20 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
obtained increases generally linearly with the XPS

25 film thickness as long as the film thickness is in
the range up to about 0.8nm.

On the other hand, M in the drawing shows
the case in which the initial oxide film thickness is
set to 0.3nm. Again, it can be seen that the nitrogen

30 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



20 the experiment of FIGS.23A and 23B is conducted at the substrate temperature of 450~C under
the pressure of 133Pa while rotating the silicon substrate. formed with the oxide film with the
thickness of 2nm, while supplying an Ar gas and a nitrogen gas with the 25 respactiye flow sates of
2SLM and SOSCCM. In FIG.23A, the bright part represents the part where there is caused nitrogen
concentration. Further, FIG.23B shows the thickness of the oxynitride film obtained by the
ellipsometry and the ngrogr%g concentration obtained 30 by the XPS analysis. The result of FIGS.23A
and 23B shows that it'1$ possible to realize a generally uniform nitrogen distribution over the entire
surface of the - 56 29 MAY 2006 subistrate ¥W evér irnctheccaseddf usingthensubstrate processing

apparatus 20, in which an asymmatric iadical flows egused By 1otafing g supgtrate W and
optimizing the flow rate of the Ar gas and the 5 flow rate of the nitrogen gas. FIG.24 is a diagram
corresponding to FIG.22 adéxpfaiféd before andasiows! thewkidtiopshipldetween stievitrogen

concentration andfilmgthickness as measured by the,XR$ analysis for the gxynitride film 10 obtained
by according to the flowchart of FIG.25 in which an oxide film is formed by the UV-02 processing

(step SI) and an RF-N2 ptaéessiriy isappliet 16 the oxidefint fitisSoftndd pstepSDSHh PIG .24, it

should be noted that the, initial shickressgfthe 15 @xide filka psior to the-RE-N2 pracessing is ghanged

variously. Referring to FIG.24, 0 represents the reIationshiE between the XPS film thickness and the
when the nitrogen concentration in the film i1s too

high. In such a case, the effect of using the high-K

10 dielectric gate insulation film 3 is cancelled out,
in spite of the fact that oxidation of the silicon
substrate 1 may be successfully suppressed by
introducing nitrogen into the base oxide film 2.

Thus, in order to introduce nitrogen into

15 the oxynitride film formed by applying an RF-N,
processing to an oxide film formed by an UV-0,
processing (referred to hereinafter as UV-0, oxide
film), it is necessary to set the initial thickness
of the UV-0, oxide film to be less than 0.4nm. In

20 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
the base oxide film of the high-dielectric gate

25 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
silicon substrate 1 with the UV-0, processing and a

30 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



nitrogen concentration in the film for the case the 20 oxide film has an initial thickness of 0.4nm and
thus corresponds to the case represented in FIG.22 by .5I the experiment of FIG.24, it can be seen
that the nitrogen concentration in the oxynitride film thus obtained increases gengrghy,lingayly with
the XPS 25 film thickness as long as the film thickness is in the range up to about 0.8nm. On the other
hand, " in the drawing shows the case in which the initial oxide film thickness is set to 0.3nm. Again,
it can be seen that the nitrogen 30 cancentratign in the obtained nitride film_increases linearly with
the XPS thickness, wit]fﬁhae g??g&%g%t %elr%énra#ly ic?eurﬁit—caﬁvﬁfthﬁ\%egrza ientﬁ8?v %hr;ég}clgses ﬁwee%ﬁag film has
the initial thickness of e 57 tB.dnat. 29 MANe2006 Thus,hinthe cE$S® suthlam dxynitride dilmdis used for

the base oxide film 2 d]_e{%%arth tg%cqlig?-# gigjesctré% ate i%@ag?@ J\]Ig'n as g@gygsin SFIGL, there is
a possibility, in view o the relations ip of FIG.24, that there may be caused an increase 0 physical
thickness in the oxynitfidé €ilr twhed ¢ve Atrogenconeeatration Mithe filAs tod High.tthaeeh a case,

the effect of usingsthe figh-iK @o@?@%ﬁ&%ﬁén%@a@%ﬂ 1S canceliegout, 1 spite, gbthe fact

that oxidation of the silicon substrate 1 may be successfully suppressed by introducing nitrogen into
the base oxide film 2. Ths 4R DtderbIAtroduce RitrdogBA iAtdL 5 WS BxyRittRIe M el by

applying an RF-N2 prgeessinga an oxidefimeformed hy-ankdV:02 jprocessing (referred to
hereinafter as UV-02 oxide _ _
Referring to FIGS.26A - 26C, it can be seen
that there is a low spectral peak B of the Siy
10 orbital having a chemical shift in the state of
FIG.26A in addition to the spectral peak A of the
Siz, orbital, while the intensity of the spectral
peak B increases in the state of FIG.26B, and the
strength of the spectral peak B is increased to the
15 level comparable to the intensity of the peak A after
the state of FIG.26C in which the thermal annealing
process is conducted.
It should be noted that the chemical shift
corresponding to the peak B is caused as a result of
20 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
entirely by the surface reaction on the silicon
25 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.
FIG.27 shows the evaluation of change of
30 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



film), it is necessary to set the initial thickness of the UV-02 oxide film to be less than 0.4nm. In 20
other words, it is necessary to set the initial thickness of the UV-02 oxide film to be less than 0.4nm in
the case an oxynitride film introduced with such high-concentration nitrogen is tojog,used fay sthe base
oxide film of the high-dielectric gate 25 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 silicon
substrate 1 with the UV- 02 rocessmg a f% af30 I—lgloz flJF. % rmed n the oxufe film 2 as the high-K

dielectric film 3, Wheran IE Iﬁ%is Sovx‘?sn ate'in” w eeog(rflcf‘e f||an eaone % fgrmeg W?'nle

FIG.26B shows the state imomhichtthe HfQ2 flﬁ‘ﬁffsﬂ)?medm hB8 12> MY 2686 the oxide film 2.

Further, FIG.26C shows %pectré,m%hof th sgugtilr%hn Wp C tgeg—lgog}{lémés agne%le Further,
each of FIGS.26A - 26C ows a corres%oh%mg schematic device structure. in FIG i A - 26C, those

5 parts corresponding @ thee parsdescribed previously aed @é@lghét%dfbyftﬁmtsarﬁe péferdrice

numerals and the - desgggtion Fllﬁ{%wﬂleb%9@'%@&@&5“%%“%2@%&@ dt,can be seen that
there is a low spectral peaf< B of the Si2p 10 orbital having a chemical shift in the state of FIG.26A in

addition to the spectraPpesie AfdftRe tSippkatbital, Whilethe fiftertdif otthe 3PBERAII Pak B increases

in the state of FIG. 26%@@@6@5 strenathof the skeatral peak Bsis increased to the 15 level

comparable to the intensity of the peak A after the state of FIG.26C in which the thermal annealing
Referring to FIG.27, it can be seen that

there is caused a decrease of the final film

10 thickness or slowing down of the final film thickness
in the case the initial thickness of the UV-0, oxide
film has exceeded 0.4nm. Assuming that this slowing
down of increase of the film thickness corresponds to
the suppression of the interface reaction at the

15 surface of the silicon substrate, there is a
possibility that the optimum thickness of the oxide
film 2 is located slightly larger than the foregoing
thickness of 0.4nm, which thickness is thought as
being optimum in the previous embodiment of forming a

20 Z2rSi04 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.

The degree of the interface reaction

25 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
exceeding 0.4nm may be required for suppressing the

30 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



process is conducted. It should be noted that the chemical shift corresponding to the peak B is caused
as aresult of 20 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 Hf02 film. Assuming that the chemical shift of the spectrabpgak.-fos fhe Si2p
orbital is caused entirely by the surface reaction on the silicon 25 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 tf(lje P §k B. FJCG.27 oyvs theIevaIuatioP of .change of .30 the film thickness
of the oxide film 2 beforé formation of an I—trf<62 iim'and aftera’ fhcerrlﬁ%foanr{neﬁﬁngl %rocess for the case
the Hf02 film is formeg:omfarexitde fithasf vaheudinitial o600 9MNMAN 2006 thicknessesand further

the thermal annealing 0CESS gcscondug%edZ In FIG.27 rH]e h gzonrtgl ril%r resents the initial
thickness of the oxide film corresap%%%ing to FIG.26§%% ore t e¥oermata%n ofr?}[ﬁg% HfO2 film while the
vertical axis representstisd sgxade. filni thickressaftee tied thermab apiealing protass cahesponding to

FIG.26C. Referring to FlGQ 2, I,6a0 be seen.thal theteyis qausgedia decreass of fhesiinal film 10

thickness or slowing down of the final film thickness in the case the initial thickness of the UV-02 oxide
film has exceeded 0.4RiP AZSOMirg fhaf s slowing down of increase of the film thickness
corresponds to the suppression of the interface reaction at the 15 surface of the silicon substrate,

there is a
[SECOND EMBODIMENT]

FIG.28A is a flowchart for forming an

10 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.28B is a flowchart
showing the process of forming an oxynitride film

15 according to a comparative example of FIG.28A. In the
comparative example of FIG.28B, an oxide film is
formed on a silicon substrate in the substrate
processing apparatus 20 of FIG.3 and the substrate is
once taken out into the atmospheric environment.

20 Further, the substrate is returned to the processing
vessel 21 of the substrate processing apparatus 20
and the oxynitride film is formed as a result of the
RF-N, processing of the oxide film.

Referring to the comparative example of

25 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
according to the UV-0, processing step explained

30 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



possibility that the optimum thickness of the oxide film 2 is located slightly larger than the foregoing
thickness of 0.4nm, which thickness is thought as being gptimum in the previous embodiment of
forming a 20 ZrSiO4 film from the ground of the observed slowing down of the filgn fpxmatign occurring
at this thickness of 0.4nm, for minimizing the interface reaction. The degree of the interface reaction
25 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 thi lﬁn_ S
exceeding 0.4nm may elréeqﬁlertea%re gup)tp()regg}ﬁg %ﬁl(]e% §6r|r?tté?fa%SéL regt&f%%l%?’coﬁ%e% h?ﬁ)verall
process of the high-Kmhieleetsie igate insufationfdmrshoutd: beedesighed gemsrtodniniize the

interface reaction, while the thi e base qxide fil should - 60 Y 2006, be ideally set
to 0.4nm. In conclusio%f{%tllsabrrll%%];%%g) %r%t tﬁg b%gél%%d{é@mzmlﬂas% gethitszﬁr%gsgﬂ %n ﬁ%ﬁa%%% of2-4
atomic layers and morel preferabhrincthe fange of 2cQatontie thyers.aMastls praferably, the base
oxide film has a t@ickng§?lq§gwggaé0@1iq}§yers. [SECOND EMBODIMENT] FIG.28A is a flowchart for

[

forming an 10 oxynitride film on a surface of a silicon substrate according to a second embodiment of
the present invention conducted by}tAe 'SiBsPae oeesding Kppatatus ZrofiE3 1Rkil© FIG.28B is

a flowchart showing the, processof farmjng anexynitride filna 15according &0 a comyparative example
of FIG.28A. In the _

degree vacuum state in the step 22, and thus, the

problem of oxygen contamination during the RF-N;

10 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,
the substrate W finished with the UV-0, processing in

15 a step 11, which corresponds to the step 21, is held
in the processing vessel 21 for increasing the
throughput of substrate processing. Thus, after
conducting a purging process in a step 12, a step 13
corresponding to the step 23 is conducted and the

20 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.

FIG.29A shows the thickness of the

25 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
horizontal axis shows the nitridation time in the

30 step 13 of FIG.28A or in the step 23 of FIG.28B. In
FIG.28A, M represents the process of FIG.28A while 4
represents the process of FIG.28B.

Referring to FIG.29A, it can be seen that



comparative example of FIG.28B, an oxide film is formed on a silicon substrate in the substrate
processing apparatus 20 of FIG.3 and the substrate is o taken out into the atmospheric
environment. 20 Further, the substrate is returned to the processing vessel 21 gf;thg,substigte
processing apparatus 20 and the oxynitride film is formed as a result of the RF-N2 processing of the
oxide film. Referring to the comparative example of 25 FIG.28B at first, a silicon oxide film is formed
on the surface of the %Lflbstrate W in the %{eg 21.in the substr}gﬂeC ro essingﬁf%a{%tus 20 of FIG.3
while using the ultravio et-excitéd %%/lgseen radicals formed. accor inlgc o the UV-02 pr%cessing step
explained 30 before. Nextrthersubstratel W isimbavecheutfromrthe sprofessing vesselRitindhe step of

FIG.22 and the interig e processing vesse is evacuated.t high-degree vacuum state.
Thereatfter, the substr tgg%éls%d%l\%%gzdb% \%/ué%rlg?ur}ecné ?o %ﬁlefﬁjeb]?setél%t% 2§.grl%u%%er, an RF-N2
processing using the REexeited: Aitrdeehvradicalsh explairetblsefofe Blcond®ktethid thestep 23 and

the silicon oxide film is converted,fo a siliconS oxyniteide filmsInthepracess; ofiFIG. 288, the nterior
of the processing vessel 21 is evacuated to a high- degree vacuum state in the step 22, and thus, the

problem of oxygen cota#fifatioh dHHEIFRIRPND 16 Prédessiiginahe stép 22 Fs Aftdimized.
Thereby, unwanted increase of thethigkness afithe oxynitride, fiahy-exidationis minimized. In the

step of FIG.28A, on the other hand, the substrate W finished with the UV-02 processing in
nitrogen atoms thus incorporated into the oxynitride
film, wherein FIG.29B compares the process of FIG.28A

10 and the process of FIG.28B. In FIG.29B, the
horizontal axis represents the nitriding time of the
step 13 of FIG.28A or the step 23 of FIG.28B. In
FIG.298B, M represents the process of FIG.28A while 4
represents the process of FIG.28B.

15 Referring to FIG.28B, it can be seen that
there is no substantial difference in the
concentration of the nitrogen atoms incorporated into
the oxynitride film between the process of FIG.28A
and the process of FIG.28B, and thus, it is

20 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
has conducted an experiment of forming an oxide film

25 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
referred to hereinafter as RF-0; process). From the

30 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.



15 a step 11, which corresponds to the step 21, is held in the processing vessel 21 for increasing the
throughput of substrate processing. Thus, after conductng a purging process in a step 12 a step 13
corresponding to the step 23 is conducted and the 20 silicon oxide film is conveggd\ja @ Sj

oxynitride film as a result of the RF-N2 processing 13, which corresponds to the step 23 and uses the
RF- excited nitrogen radicals. FIG.29A shows the thickness of the 25 oxynitride film formed by the
process of FIG.28A as measured b th c}2l<PS anal SIS W|1Ch th]g_e tp % s%élof the 1gt%yra)ltnde film formed
by the process of FIG.28B, also ob aine Sy ?hé& measuremen G.29A horizontal axis
shows the nitridation timre irethei3@step 13oofdklG:28A on i thetstep 2B afF16128B yinn&IG28A, N

represents the proces%gfl\%l 2§ 8 %Ilje ore rgge tleg Dbrocess, o?f E?(a%%% err&ry té) FIG.29A, it
9 06t thic

can be seen that - 62 ere is ause an increase o ness of the oxynltrlde film
with the progress of thémitrieldtion Qroeesswhile norsubstartial differericecaibé rreebgnrized

between the process qfiflG284 and fhe Sprocess ofFIG,288.-This means Wf‘&ﬁuﬁ'&ﬁ@@){){ge“
e nitrogen

purge is achieved also in the process of FIG.28A. FIG.29B shows the concentration o _
atoms thus incorporat@d fitgthe bRyftridER filis Adhérein FIS 20BTFares the process of F1G.28A

10 and the process of FiGL28B. 48 HIG 298 the horzontahaxis represgntsthedaityiding time of the
step 13 of FIG.28A or the step 23 of FIG.28B. In FIG 29B, " represents the process of FIG.28A while
conducted in a step 33 by u51ng the remote plasma
source 26.

10 In the experiment of FIG.30B, on the other
hand, Ar and O, are introduced to the remote plasma
source 26 in a step 41 similarly to the step 31 and
an RF-0, processing is conducted. Thereafter, the
substrate W is moved to the outside of the processing

15 vessel 21 in a step 42. In this state, the processing
vessel is evacuated to a high-degree vacuum state,
and the substrate W is returned to the processing
vessel 21 again. Further, an RF-N; processing similar
to the one in the step 33 is conducted.

20 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
XPS analysis for the oxynitride film formed by the

25 process of FIG.30B. In FIG.31A, it should be noted
that M corresponds to the process of FIG.30A while @
corresponds to the process of FIG.30B.

Referring to FIG.31A, it can be seen that
there is caused a substantial increase of film

30 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.



represents the process of FIG.28B. 15 Referring to FIG.28B, it can be seen that there is no
substantial difference in the concentration of the nitroge%%to_ms incorporated into the oxynitride film
between the process of FIG.28A and the process of FIG.28B, and thus, it is 20 jntefpreted,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 has conducted an
experiment of forming an oxide film dEZFSGb% ygin the su%sltrate proce%sin a Ra&atus %0 ott FIG.3,
wherein oxygen radicals are formed by using t eTémote %Ia%?ﬁla?ggurrc% rather than the ultraviolet
optical source 25 (thistprecesstwitidzen refeored torheréinafieryas RF02 pfocess). dznoatithiey30 oxide

film thus formed by th RE- %g(@oceg,si(pjg,99 0 'tridg fiér(‘g' gloméed b)&lcg duc%igg an RF-N2
nitridation processing %hat u%es the nitrogen Eai;lcais ormed@y the remote pﬁ}asma source 26. - 63 29
MAY 2006 In the experiprerttiof G BOA, ah REOX pracessingris coaductedlin acstEp Butbydsupplying

an Ar gas and an,02 gas, {p the 'emete plasma sewce 26, Jellewed Hyma PYRGING. RIOCEES 1P a step 32

in which 5 the processing vessel 21 is purged to a high-degree vacuum state. Thereafter, the

processing vessel 21 BLurted f6AF times DYIRr, BAd EFREINE proteSingls -coHtutted - a step 33
by using the remote plgsnaa suker 26510 i the-experimaent of F16:30B, qan the other hand, Ar and

02 are introduced to the remote plasﬁ{rg%e?%uirgeg ZEOin Falséeg 14]% sirﬂlar{g torl tohtee%{eg }?&tar%dhe
. ’
nitrogen concentration level in the oxynitride film
10 formed by the process of FIG.30A is lower than the
nitrogen concentration level of the oxynitride film
formed by the process of FIG.30B. This indicates that
the increase of the film thickness as observed in
FIG.31A for the case the process of FIG.30B is used
15 is primarily caused by residual oxygen. It is
believed that such residual oxygen exists in the
remote radical source 26 and the oxygen radicals
promoting the oxidation of the oxynitride film are
formed form such residual oxygen at the same time the
20 nitrogen radicals are formed in the nitridation step
33 of FIG.30A.

From the situation noted above, it 1is
concluded that it is preferable to form the initial
oxide film by using the UV-0, processing that uses

25 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
therefrom by causing nitridation of the oxide film by

30 an RF-N, processing as set forth in the flowchart of

FIG.25.

[THIRD EMBODIMENT]



an RF-02 processing is conducted. Thereafter, the substrate W is moved to the outside of the
processing 15 vessel 21 in a step 42. In this state, the progessing vessel is evacuated to a
high-degree vacuum state, and the substrate W is returned to the processing vessgh2l agai.
Further, an RF-N2 processing similar to the one in the step 33 is conducted. 20 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 thickn of QFe nitrideg obtained by th%) XPS analysis for the
oxynitride film formed by the 25 pro%zfs%é‘ I%@ﬁ. A g?iﬁ’fk‘,aifts—‘h&ﬁd eréen(ﬁéa Ct%%? "%grresponds
to the process of FIG.30Awhile xorresponds taithefpronessobEME.80BEReferting 1ol FIG.31A, it can

be seen that there is %%lgg(%i%é%k%stg%ti%lﬂ%cr ase é’%”ml 3041 iglgg%ss |thtre1? Sase glﬂ% g)e(ide film is
formed on the substrate W by the RF-02 processing that uses the remote plasma source 26
according to the processof sFIGL30AG-64 ZXMAM 2006 F4G 3B shrswsl el emacendralivn level of

the nitrogen atoms in t@geoggﬂgdggmggg@.gﬁﬁgg pracesspfiRG.30A &g@m@ggson with the

concentration of the nitrogen atoms in the oxynitride 5 film formed by the process of FIG.30B, wherein
A of FIG.31B correspdritRid the Prdcessof FIGEEGA while corresponds to the process of FIG.30B.

by the prooess of FIG.30A is lawer than the rivogen congentation leve of e gymitide fim
formation of the oxynitride film of the present
embodiment is somewhat similar to the process
10 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
times to 4 times. Each purge is formed by the step of
15 flowing an Ar gas in the processing vessel 21 and the
step of evacuating the processing vessel to a high-
degree vacuum state.
FIG.33A shows the relationship between the
number of the Ar purges conducted in the step 12 of
20 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.
Referring to FIG.33A, it can be seen that
25 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
thickness of the oxynitride film obtained for the
30 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



formed by the process of FIG.30B. This indicates that the increase of the film thickness as observed
in FIG.31A for the case the process of FIG.30B is used ]656isprimarily caused by residual oxygen. It is
believed that such residual oxygen exists in the remote radical source 26 and the oxygen fagicals
promoting the oxidation of the oxynitride film are formed form such residual oxygen at the same time
the 20 nitrogen radicals are formed in the nitridation step 33 of FIG.30A. From the situation noted

above, itis concluded that it is preferable to form the initial oxide film by using the UV-O2 processing
that uses 25 the ultravio eltgélxt;t dwo&%eﬁg}gdi%gfggﬁ the %agél tHe %Ubgﬁatbcgrgéggsirtlg %tbpparatus 20

of FIG.3 is used for forméngoam @xtrgmety thire oxidedil®onithensubsteate wufface and forming an

oxynitride film therefrom I‘Ep causi nittdrﬁdeatio orftQ% é)xidle ijJml 30 an, RE-N2 proc gaing as set
forth in the flowchart of F %rfs.sﬁH RD EMBODIMENT] - 65 29 MAY go%ee TG 5D e flowchart
of the process of forntixg-datokgnitride filneacecordingrtodethirdl @mbodiment of the present invention,

wherein those pasts of FIG.32 explained befqre.are designatedshy 5.the same; reference numerals and

the description thereof will be omitted. Referring to FIG.32, the process of formation of the oxynitride
film of the present embdaimeérit is SoRfewiat $iniitarts IRE HracessLrexsidined Préviously with

reference to FIG.28A except (that thernamber-of the purges.eonducted ktheormation of
the oxynitride film is conducted by the process of
FIG.30A and that there occurs no substantial increase
10 of thickness in the oxynitride film even when this

step is omitted.

[FOURTH EMBODIMENT]
The result of FIG.24 explained before

15 indicates that a thickness of about 0.8nm is
inevitable for an 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
concentration level of 20%. When the thickness of the

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

In the present embodiment, instead of

25 forming the UV-0, oxide film explained before, an NO
gas 1is introduced in the substrate processing
apparatus 20 of FIG.3 from the gas nozzle 21D and
excitation of atomic state oxygen and atomic state
nitrogen is caused by conducting ultraviolet

30 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



purging step of the processing vessel 21 in the step 12 by using an Ar gas is changed variously from
0 times to 4 times. Each purge is formed by the step of 1657flo_wing an Ar gas in the processing vessel
21 and the step of evacuating the processing vessel to a high- degree vacuum statg,K!G,33A shows
the relationship between the number of the Ar purges conducted in the step 12 of 20 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 Ey S(=;Clli§,omertkr1 .R ferrin_gctoiFdIG.33A, it can beUsveeIQOth t 25 the

thickness of the oxynit%iatla%i Mis constant and takes & value of ; goosulfcfhr% irre§pectivcle of the

number of the Ar purges. M&;33B, amtherathgr hande shews ¢he ithickressnektheasgnitiige film

obtained for the 30 case the n er of the Ar purges of the.step-32 is ch d. variously in the
process of FIG.30A. aRtéﬁteﬁrlgntg%%lée.S%Bl,%ﬁég# ??elsne%e%t g% tI%‘el trﬁcﬁvnlgs@fg}lté% oxynitride film is
decreased - 66 29 MAY 20086 tstighthpwiththe aumber bf porgess indicatingthat e pbfying in the
step 32 is necessary for, syppressing.the increase of film thickness caused by oxidation of the
oxynitride film. 5 The results of FIGS.33Aand 33B indicate that it is not always necessary to conduct

the purging in the step 12 in the casée' the’formafs of the DRy AfidefInTistchduttet by the process
of FIG.30A and that theyeQegues re substantialdnerease 10 Qfthickpesssin theoxysitride film even

when this .
example J. S. Chang, et al., "atomic and molecular
processes of ionized gas" Tokyo Denki University
10 Press, 1982).

In the ultraviolet-induced optical
transition of NO molecules, existence of absorption
bands corresponding to the transition from the ground
state to the excited states such as A’X*, B?Ilr, cC?II,

15 D?X*, E’X"' is known, wherein the transition takes
place at the optical wavelengths shorter than the
wavelengths of 227nm, 218nm, 192nm, 188nm and 165nm,
respectively.

On the other hand, FIG.34 also shows the

20 wavelength in which atomic state oxygen (0°P) and
atomic state nitrogen (NASO) can be excited that such
a wavelength falls in the range between 192nm and
145nm. Thus, it is possible to form the atomic state
oxygen and atomic state nitrogen by exciting an NO

25 molecule with an optical wavelength longer than 145nm.
When the optical wavelength becomes shorter than
145nm, on the other hand, there starts excitation of
radical oxygen (0'D), and oxidation reaction is
expected to be predominant at the time of the

30 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



step is omitted. [FOURTH EMBODIMENT] The result of FIG.24 explained before 15 indicates that a
thickness of about 0.8nm is inevitable for an oxynitride film in the case the oxynitride film is formed by
an RF-N2 nitridation processing of a UV-O2 film so as to have a nitrogen concegtrgtign lgygkof 20%.
When the thickness of the 20 oxynitride film is to be reduced further, it is necessary to reduce the
initial oxide thickness to 0.2nm or O0.Inm or even smaller, as long as the nitridation is started from an
UV-02 oxide film. In the resen%embodiment, instfad otthS.forrmpg the UV-02 ogi%; film explained
before, an NO gas is introduced i the substrate preonc(tjessinbnz:xpparaﬂ‘?sn 36 O?T:I .3from the gas
nozzle 21D and excitatiimof gtomic stater bxygeni ane atcmicrstate? hitrogentis caused by tenducting

ultraviolet 30 excitatio% %g’eeslé@ %as%g%lg Iigg%%gc%g] @%‘CE‘PG pgocessing will be referred to

hereinafter as UV-NO "~ processing). The oxynitri thus obtained, or the UV-NO film, contains
nitrogen already in the - 67 29 MAY 2606 hitidl stste L TRuS by hitridingfsuchearsUvsNO=filen by way of

the RF-N2 processing,if hecames possible- 49 infraducenitrogen inte the filoy with high goncentration

while simultaneously minimizing the 5 film thickness. FIG.34 shows the potential curve of an NO
molecule for various eX&itatidbnStafes BeeFoP Exafiple J1S. EPARYCEEA., *rtoTFig e hdlecular

processes of ionized gas" dRkygRenki Ypiversity; 1, Press, 1982).

Referring to FIG.35, the surface of a

silicon substrate is nitrided in a step 51 by the
10 foregoing UV-NO processing, and an oxynitride film is
formed as a result.

Next, in the step 52, the oxynitride film
thus formed is subjected to an RF-N,; processing, and
an oxynitride film having a high nitrogen

15 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
UV-0, processing (step 1 of FIG.25) in relation to

20 the step 51.

Table 3
Gas Flow Press Temp Time
Rate [Torr] [C] [sec]

[SCCM]
step 1 Uv-0; oD 300 0.02 500 15-300
step 51 | UV-NO NO 200 0.05 450 20-120
step 52 | RF-N, Ar+N, 1600 0.09 500 15-60

Further, Table 4 below shows the allowable
25 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.



In the ultraviolet-induced optical transition of NO molecules, existence of absorption bands

corresponding to the transition from the ground state tot

excited states such as A2E’, B2llr,

C2I1,

15 D2E’, E2E' is known, wherein the transition takes place at the optical wavelgggths.shegter than the
wavelengths of 227nm, 218nm, 192nm, 188nm and 165nm, respectively. On the other hand, FIG.34
also shows the 20 wavelength in which atomic state oxygen (0 3P) and atomic state nitrogen (N4S)
can be excited that such a wavelength falls in the range bleetwgen 192nm and 145nm. Thus, itis

possible to form the 3

tamic ctata

oxvaaen-and - atomie c% a nitr an bhv aveiting
I [=a FAN"Z2491]

an NOQ 25 mnlar\u'e

with an optical wavel
145nm, on the other

ACOTTITG OtaxatT

ength longer than 145nm.
hand, there

Aygcriaira oG

a\R/he
itation of

n t%@ﬁtica Fxf%e\égf n

starts exd

mp | Time ]
. gthn[d c%m 2S [sﬁgﬁjar_
ragigatiaxygen (O1D), and oxidation reacti

than
DN IS

expected to be predo
above, it becomes p

rainapt at tf
pssible to farm the dasired UV-NO 4ilrtGas

edwne of [the 30 subsirateoprogessing- b viesworhe

SIBI4I00 |
the initial film By wsing an ultraviolet

1oted

radiation - 68 29 MA
source 25 in the subs

YS2606 Sdufcé\nalihg a wévele

ngtht firthe

rAndge 0192 3 AA5nm drthe Ul

raviolet

substrate 5 processi

trate processing apparatus 20 pf E8 HIG 35 q_@n vs the butline of the
g @orting %ﬂ%pre@éﬁl\@mboi@ ptir \;vﬁ an R%%ifproc"e%f’n%%
N/_NO N ofarrin A ClC +h ¥

‘F ~ r\;l;f\f\l
A STC Ul

1

conducted subseque

ths tn tha
ny—to e

| ro~acolno a crirfaecae
UVTINU PJTULC SOy CIT1 U T TO.0J, UIC SUTTAduT

g

substrate is nitrided in a step 51 by the

5

10

15

20

25

Tables 3 and 4 indicate that the UV-0,
processing can be conducted in the pressure range of
0.02 - 5 Torr (0.0266 - 665Pa) and the temperature
range of 300 - 750°C and that the UV-NO processing
can be conducted in the pressure range of 0.01 - 5
(0.0133Pa - 1.33kPa)

of 300 - 750°C.

Torr and the temperature range

Particularly, the range of 0.67Pa -
13.3kPa is preferable.

On the other hand, it is possible to
conduct the RF-N, processing in the pressure range of
10 - 10Torr (0.133Pa - 1.33kPa) and in the
temperature range of 300 - 700°C. Particularly, the
range of 0.67Pa - 13.3kPa is preferable.

Referring back to FIG.24 explained before,
A 2nd V¥ show the relationship between the nitrogen
concentration and film thickness of the oxynitride
film formed according to the process of FIG.35.

Referring to FIG.24, it can be seen that
the oxynitride film already contains nitrogen with a
concentration of about 10% in the state immediately
after formation thereof by the UV-NO process. Thus,
by applying the RF-N, processing of the step 52 of
FIG.35 to such an oxynitride film, it becomes
possible to form an oxynitride film of higher
nitrogen concentration.

Thereby, the date represented

in the drawing by A represents the case in which the



10 foregoing UV-NO processing, and an oxynitride film is formed as a result. Next, in the step 52, the
oxynitride film thus formed is subjected to an RF-N2 procgssing, and an oxynitride film having a high
nitrogen 15 concentration is obtained. Table 3 below shows an example of the pkpGess copgition for
the steps 51 and 52, wherein Table 3 below also shows the process condition of the UV-02
processing (step 1 of FIG.25) in relation to 20 the step 51. Table 3 Flow Press Temp Time GasRate
[Tory][C][sec] [SCCM] step 1UV:-02023000.0250015-300 step 51UV-NONO2000.0545020-120 step
SIRE N2ZArN216000 DORB0 TS PP artah. Yables babhy S te SIHADIE 28 Focss tondidon
of the foregoing steps Ginantli52.cSimilafly¢o Tabie JVialtle drshovessthecallowable Focess condition

for both the UV-02 ' d t V- ing., - Table 4.29 MAY 20
oro € profgg%lgge?ﬁt rsy]?cg]%e%’%%ep ro e%v%g%h GC%e %p%%}%caiﬁé% 0 }(11%-6}(1)88

GasFlowPressTempTimé Rate[To CéM] step 1UV-0202

a thickness of 0.4nm in the state immediately after

5 the UV-NO processing. In the case of the film
represented by V¥, in particular, it can be seen that
a nitrogen concentration of 20% can be achieved while
maintaining the film thickness to 0.6nm or less in
terms of the thickness measured by the XPS analysis,

10 by conducting the RF-N, processing.

FIG.36 shows the binding energy of a
nitrogen atom of the 1ls state contained in the
oxynitride film, which is obtained according to the
process of the previous embodiment in which the UV-0,

15 processing and the RF-y; processing are conducted
consecutively. Further, FIG.36 shows similar binding
energy for the oxynitride film formed by conducting
the UV-NO processing explained before and also for an
oxynitride film formed by a different process. In

20 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;; atom.

Referring to FIG.36, the oxynitride film

25 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
nitrogen atom are occupied by oxygen, while the

30 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



4000750 step 51UV-NONO10-0.01-5300-15-600 1000750 step 52RF-N2Ar+N2500-1x10300-10-180
2500-10750 Tables 3 and 4 indicate that the UV-02 proc fsigg can be conducted in the pressure
range of 5 0.02 - 5 Torr (0.0266 - 665Pa) and the temperature range of 300 - 75QCan¢d thahthe
UV-NO processing can be conducted in the pressure range of 0.01 -5 Torr (0.0133Pa - 1.33kPa) and
the temperature range of 300 - 750C. Particularly, the range of 0.67Pa - 10 13.3kPa is preferable. On
the other hand, itis possibl%n%) conduct.t]ge Rl:-]|€\12t roces in&ji%the %ressure rangle of 10-3 - IOTorr
(0.133Pa - 1.33kPa) and eoﬁérrﬁ%ersajtureesra%ge of 300 Par |8lrjnlaﬁ3r/,e the s:f)range of 0.67Pa
- 13.3kPa is preferablexdReferring backstd RG24 expla@es befors, sAandliVf Showrthe relationship

between the nitrogen gonce tatior[p d fil thé'%@egsd)fé%%o ncitridg fi%ﬁ orm d %ccording to the
process of FIG.35. 20 Rle?erlr%ll% to Felzér%%,?t%can be seen that ti%e gxeynriltri e%i m :Efrvéady contains
nitrogen with a concentraticroofalbcni il thkestate insmediatesly tafeer formaticmthereof by the

UV-NO process. Thusy byrannlying the RE-NZ prgeessing, of R 5¢210f,2% F1G.35 to such an

oxynitride film, it becomes possible to form an oxynitride film of higher nitrogen concentration.
Thereby, the date représéhtetCir-therdravind!By Acreprésehits thePtadd i WRIER IRELZD 29 MAY
2006 oxynitride film has.a thickness®f §5nm in the state

Referring to FIG.37A, the nitrogen atoms
are included in the oxide film in this state, and
10 thus, the state of FIG.37A corresponds to the state
such as the one shown in FIG.1l, in which the nitrogen
atoms exist in the interior of the oxide film or near
the surface of the oxide film. In FIG.37B, on the
other hand, it should be noted that the state in
15 which the Si atoms in one or more sites circled in
the drawing by a dotted line are substituted with
oxygen as represented by arrows corresponds to the
case in which the nitrogen atoms are concentrated to
the region of the oxynitride film near the interface
20 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
397.6eV to the higher energy side of about 398.1eV in
25 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
such an oxynitride film, it is concluded that the
30 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



immediately after the UV-NO processing, while V represents the case in which the oxynitride film has
a thickness of 0.4nm in the state immediately after 5 the l.)y-lyo processing. In the case of the film
represented by V, in particular, it can be seen that a nitrogen concentration of 20%,¢an bg,aghieved
while maintaining the film thickness to 0.6nm or less in terms of the thickness measured by the XPS
analysis, 10 by conducting the RF-N2 processing. FIG.36 shows the binding energy of a nitrogen
atom of the Is state contained in_the_oxynitride film, which is,obtained according to t rqcess of the
previous embodiment Yna?/lvﬁlechotﬁe%\?-é pl)f%)%eégi%%dl the -%E%%%%%siﬁa ;]?eél%onaﬁvcted
consecutively. Furthere REG @6 showes similar binding &nerdyefor the exynitridedfilmofevmed hym

conducting the UV-NQ,pr cess'rgjg exp | gg bergore.%nd %Ilgo fgr an ocxé/njctgg% filgﬂ or, dftgy a
different process. In 20 Fii .'36‘#& shou#d% ﬁ‘e noted that the vertficgl axis represents t%we}[%a[l[-width
half-maximum (FWHM)ofdhé XPS speetfuimhwhileethe HoriZonthl exis represetits thet bimding energy

of the N13 atom. Referring 10 EIG-36,the pxynitride film 125 bawpg particujarly, lacge; binding energy
corresponds to the case shown in FIG.37A in which the nearest neighboring sites of a nitrogen atom
are occupied by Si at8rh3é thé setdnd hefdhibofing Sites o i GhitfdGers afdhe af occupied by

oxygen, while the 30 axyaitridesfilon hawiag @ lakge binding - erergy rcerrespongs g 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 - 71 2@ﬂﬂgﬁﬁ@@06ln sich a case, 1t is believed that the

distribution of the nitrogen atoms in the oxynitride

10 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) in which a thermal
oxide film is subjected to the RF-N; processing, the

15 case of an oxynitride film (SPA) in which a thermal
oxide film is subjected to a microwave-plasma
nitridation process, and for the case of an
oxynitride film (RTNO) in which a silicon substrate
is subjected to a thermal nitridation processing.

20 In the case of the oxynitride film
designated as RTO/REFN and the oxynitride film
designated as SPA, the binding energy observed for
the N;; state is relatively large and is believed
that the state of FIG.37A is predominant. In the case

25 of the oxynitride film RTNO, on the other hand, the
observed binding energy of the N;5; state is
concentrated into the value of about 397.4eV. It is
believed that this indicates that there is a
concentration of nitrogen atoms in the oxynitride

30 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



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 5
difference of binding energy agrees with the distribution of the data points on thesheyjzenia jaxis in
FIG.36. Referring to FIG.37A, the nitrogen atoms are included in the oxide film in this state, and 10
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 ttl% oxide film or near the surface_of oxide, film..In FIG.37B,
on the other hand, it s?i%%?ol b& n%{leed gfﬁ?e REAtE Ty 15 Whicky th%elhgi glt(&;ﬁg;éainooxnledgr?n(l)?én Sites
circled in the drawing by a dotted brid are substitutedaritte oxygem asrgpresehtedrby arrows

corresponds to the case in which the nitrog tom ncentrated to .the region of the oxynitride
film near the interface %b te]%vvlvl’%léhﬁﬁél sigfigoﬁ %gbgt%%tgg%%%th%e%x%itﬁée TﬁFﬂ% %%%rﬁﬁéltg %IG.36, it
can be seen that the Valda of te bindingaériergy seatiérsadvied a widet rengeifdemahe rélatively low

energy side of abgut 394.6e,{0 the Bighey, epgrgy.side of abaut398.1eY dn 2hdhe cage of the

oxynitride film formed by the RF-N2 processing of the UV-02 oxide film. From this, and further in view
of the fact that the halPF&IGRE MidtA ofthé PedK take's'd I ge Yalukliftthe taSe Bt [SiRAHh oxynitride

film, it is concluded thatithe S0-statejaf ftl 6 (A andghe state of Fie.37R-arei mixeds in-the film. In the

oxynitride film in which only the UV-NO processing is conducted, on the other hand, the - 72
film surface in view of the result of UVO,/RFN,

RTO/RFN or SPA of FIG.36. From this, it is expected
10 that a generally uniform distribution of nitrogen
atoms is achieved in the oxynitride film from the
interface between the silicon substrate and the film
to the film surface by applying the RF-N, processing
to the oxynitride film formed by the UV-NO processing

15 as represented in FIG.36.

[FIFTH EMBODIMENT]
In the case of fabricating a semiconductor
device having a high-K dielectric gate insulation
20 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
such a high-K dielectric film 3. In the case of
25 forming a Zr0O, film, for example, ZrCl, or other
gaseous source containing Zr is used and the 7Zr0,
film is deposited by oxidizing such a gaseous source.
As it is preferable that the formation of
such a high-K dielectric film 3 is conducted
30 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



29 MAY 2006 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, 5 it is estimated that, while there still exists a mixing of the state of FiG.37A
and the state of FIG.37B in the film, the state of FIG.37B is slightly superior. In such a case, it is
believed that the distribution of the nitrogen atoms in the oxynitride 10 film is slightly shifted in the
direction close to the silicon substrate. F 0 shows he result for, the case fan oxynltrlde film
(RTO/REN) in which aatﬂgrmalggﬁl(%allm]%ggga(;cteds to'the eFglf?\erprocesslng ff Ufoicase of an
oxynitride film (SPA) it whichsa ttrermeat coxide fiks fsisuubjecteddo armicrowave-plasma ritvidation
process, and for the case %fb%n oxynitride film (RTNO) in which a silicon substrate is subjected to a
thermal nitridation processing. 20 In the case of the oxynitride film designated as RTO/RFN and the
oxynitride film designated as SPA, thEbiAdingtenesgy bbseivednfort the Nis stare istretatively large

and is believed that the State, of il 324 '%QE?@%'BQEEAQQ‘%%%%Q of the;omitride dilm RTNO,

on the other hand, the observed binding energy of the NlIs state is concentrated into the value of
about 397.4eV. Itis bef&Rrthasthiimlidatés thatThareigan torderftRion st Hittdgen atoms in the
oxynitride 30 film nearithe dnterfage between the oxynitride film and the silicon substrate. Thus,

according to the formation process of the oxynitride film of the present invention that
Referring to FIG.38, the cluster-type

substrate processing system 30 includes cassette

10 modules 31A and 31B for loading and unloading a
substrate W and a substrate transfer chamber 32
connected to the cassette modules 31A and 31B via
respective gate valves, wherein the substrate
transfer chamber 32 is further connected to a

15 substrate cleaning chamber 33, a base film formation
chamber 34, a CVD chamber 35 and a thermal processing
chamber 36.

Thus, the substrate W introduced into the

substrate transfer chamber 32 from the cassette

20 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
formation chamber 34 via the substrate transfer

25 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
chamber 32 for formation of the high-K dielectric

30 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



- 73 29 MAY 2006 applies the RF-N2 processing to the UV-02 oxide film, it is possible to realize a
generally uniform distribution of the nitrogen atoms in IheZQX\initride film, with slight concentration in
the side of the 5 film surface. In the case of conducting the RF-N2 processing tg angxjstinygexide film,
the nitrogen atoms are distributed primarily at the side of the film surface in view of the result of
UVO2/RFN, RTO/RFN or SPA of FIG.36. From this, it is expected 10 that a generally uniform
distribution of nitrogen_atoms is ac%ev.ed in the oxg?itride iim rom thaeS iSnet%rfeetcc?n ggtl\l/\ieee%t?]% silicon

substrate and the film 6 ﬁg ]fiian% Suffacé b%/ra%rb”?ﬁng ]fheedR N p?oc(::essmg tfo the oxynitride film

formed by the UV-NO processinghi»aghepriesentedsin i 6e36. { B HETH EMBODIMENS] In the case of

fabricating a semiconductor devicebtﬂ gi 19,2 E]Leqh-K déef‘lle%tfic ej 3y egiog.%o fil gf IG.1, itis
necessary to form the high-K dielectﬁgc %ﬂm 3'on the base oxi(‘ﬁ'glfe?%lrﬁ%S t#us? forme byn% & substrate
processing apparatus 20. Tygicallys acCVDistedess ishusetrtoform csuatea dighiK digleetriesilm 3. In

the case of 25 forming.a, 4132 fmfor example, 2rGheopoties aspoussauise coniaining Zis used

and the ZrO2 film is deposited by oxidizing such a gaseous source. As it is preferable that the
formation of such a high-KR BfdectROTIMT 3115 Bndiicted Bo°subeqaeRERNAR nittidation Process of

the radical oxide film shewnr inbFIGS. 16A-and-16B without contasting thessubstrate to- the external

air. Thus, itis preferable that the substrate processing _ _
it should be noted that available space 1is

substantially limited at the side of the processing

10 chamber close to the substrate transfer chamber 32
because of the reduced separation to adjacent
chambers.

Thus, when the substrate processing
apparatus 20 of FIG.3 is to be used in such a

15 cluster—-type substrate processing apparatus 30, the
processing chamber 12 is connected to the substrate
transfer chamber 32 in place of being connected to
the substrate transfer unit 27, wherein there arises
a problem in that the turbo molecular pump 23B,

20 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.

In order to conduct fast depressurization

25 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
various devices including the transportation robot

30 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



- 74 29 MAY 2006 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 5 such a
cluster-type substrate processing system 30 according to a fifth embodiment of the present irvention.
Referring to FIG.38, the cluster-type substrate processing system 30 includes cassette 10 modules
31A and 31B for loading and unloading a substrate W and a substrate transfer chamber 32
connected to the cassgtte modules 31A §nd 31B via res tecti\t/e gate v%lves, whergin the substrate
transfer chamber 32 is further connected to'd 15 Substrate Eiaea%inrgoc Tamber 35, 4'base film formation
chamber 34, a CVD chiafiber85 and-aithhetmahprecessing chramberc3s: skhiusg theesuestraté W

introduced into the substrate transfngh@asrgReg ?frg%thae rc:eas(§§g§ ]_ngrgong_gw?il ortg%B is

forwarded to the substrate cleaning chamber 33 first for removing a native oxide film or organic
contamination therefroneréxty tHel @nbstrate \WUb sfansperted as treshase exide fitrh uforrh@tion

chamber 34 via the substratefransfer,25 champgr 32,an04d:the hasg0xide. filn 12 apd the nitride film

12A are formed. Thereafter, the substrate W is forwarded to the CVD chamber 35 through the
substrate transfer chati& 32t ferRTaRntaftheé highKadigleefic3CHINR 1S, Thé$abstiat8 WV is

further forwarded t the, thermah progessing-chamber 36rfes crystallizationand .gxygen-defect

compensation processing. After the _
beTore are designated by the same reference numerals

and the description thereof will be omitted.

10 Referring to FIGS.39A and 39B, the
substrate processing apparatus 40 disposes the turbo
molecular pump 23B at the outer side of the substrate
processing vessel 21, in other word the side opposite
to the substrate transfer unit 27 where there is an

15 available space when the substrate processing
apparatus 40 is used to construct the cluster type
substrate processing system such as the one shown in
FIG.38. With this, there is formed an evacuation port
21E in the processing vessel 21 at the outer side

20 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
chamber 27 with respect to the substrate W such that

25 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
processing vessel 21 via the valve 23A in a vertical

30 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



processing in the thermal processing chamber 36, the - 75 29 MAY 2006 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, 5 apgl hecausg ©of this, the
processing chambers requires 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 substantially limited at the
side of the processing.10 chan;{?gr Dl%ose to_the s%%rate transfer chamb§;'c3§ ecause, of the reduced

separation to adjacent chambérs. h%?wﬁ%ﬁntlhe subgt\r]éat%uparct)clgsnsiﬁﬁ appa%a us Otc})ﬁ:IG.S IS to

be used in such a 15 glustertgpensubstrate protessing@pparatus 304 thel processig elearnbér 12 is
connected to the subsggtecﬁreanége{ﬁchgg}p% o?’ztiﬂ éala%elg]%bggﬁ connected to the substrate transfer
[ ro a

unit 27, wherein there arises a em in that the turbo molecular pump 23B, 20 extending laterally to
the processing chamber 21 at the Sidesthelresf closestorthesubstrarstpansfer whaniber 324 fray cause

an interference with the, adjacent processing champer. Ingrdgr i congduct fast depressugzation 25 of

the processing vessel 21, it is necessary that the turbo molecular pump 23B is provided close to the
evacuation port 21A, Whife thefe eRBRATI 5face avafialsiedsr this pliposebeeadse of the fact that

various devices includingsthe teanspgrtatiory rohgt30-arepreyvided inderneaih the, substrate transfer
chamber 32. Further, there is no available space _ _ _
turbo molecular pump 23B causing interference with
the adjacent processing chamber even when the
10 substrate processing apparatus 40 is used to
construct the cluster type substrate processing
system as in the case of FIG.38.
FIGS.40A and 40B are diagrams showing the
process of forming the base oxide film 12 conducted
15 by using the substrate processing apparatus 40.
Referring to FIGS.40A and 40B, it can be
seen that the wvalves 23A and 23B are opened and the
valve 24A is closed in the base oxide film formation
process. As a result, the process space 23B is
20 evacuated to the high-degree wvacuum state of 1.33 x
107' — 1.33 x 107"Pa (107° - 10 °Torr) by the turbo
molecular pump 23B ate the foregoing evacuation port
21E, and the oxygen gas is introduced into the
process space 21B from the process gas nozzle 21D in
25 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
evacuation port 12E along the substrate surface, and
30 the substrate surface is oxidized uniformly. With
this, it becomes possible to form an extremely thin
silicon oxide film having a thickness of 1nm or less,

particularly the thickness of about 0.4nm



underneath the processing vessel 21 for the turbo molecular pump 23B because of the fact that
various - 76 29 MAY 2006 devices including the subst_ratn’;grogating mechanism 22C are provided
underneath the processing vessel 21. FIG.39A and 39B are diagrams showing the garstsugtion of a
substrate processing apparatus 40 5 according to a fifth embodiment of the present invention
respectively in a side view and a plan view, wherein those parts of FIGS.39A and 39B explained
before are designatedcb(y the same reference tn#em%rﬂsm aQﬁI .thﬁ I(lnlescript]iio_n2there3of v3éill be omitted. 10

Referring to FIGS.39A and @5@?&%”51%5%& processing apl)f):ara?usssm? disposes tive firde molecular

pump 23B at the outerlsige 0f theosubistrate igrocessingvessel 24, mothecwond tHe sidéyopposite to
the substrate transfer ggiézz t"\él%efe tg re ivsv an, 1gxaé/g_i|_|(il%|§ tspggeg %tgfunctlhlgﬂupcstrat%@rocessing

apparatus 40 is used to construct the cluster type substrate processing system such as the one
shown in FIG.38. Witle thig therelis formed anidvbeuatiorf port 21E il theoproeassiag Vessel 21 at the

outer side 20 thergof, in.othgr,words attheside oppesite; tothe,gubstrate transfer chamber. Further,

the process gas nozzle 21D and the ultraviolet optical source 25 are provided to the side close to the
substrate transfer chamber 27 withfé&pect 18 tie SustFaté Y ueh that B tesoxygen radicals are

caused to flow along the syirfacerafdhe sybstratedd te the eyvacugtianspory 2iEe Ikshould beaoted
that the turbo molecular pump 23B is connected to the bottom part of the processing vessel 21 via the

valve 23A in a vertical®30 SBRE i DtREFRO s the Statdlin WHick Sl embodiment
after the step of FIGS.40A and 40B by nitriding the

10 surface of the base oxide film 2 thus formed.
Referring to FIGS.41A and 41B, the valve
23A and 23C are closed and the valve 24A is opened in
the nitridation process. With this, the turbo
molecular pump 23B is disconnected from the
15 evacuation system and the process space 21B is
evacuated directly by the pump 24 to the pressure of
1.33Pa - 13.3kPa (0.01 - 100Torr).
In this state, an Ar gas and a nitrogen gas
are supplied to the remove plasma source 26, and
20 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
evacuation port 21A, and there is caused a uniform
25 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.
By using the substrate processing apparatus
30 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,



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 - 77 .29 MAY 2006 line extending from the
evacuation port 21A of the processing vessel 21 to the pump 24 via the valve 244 @i the,part behind
the valve 24A. In such a substrate processing apparatus 40, 5 in which the turbo molecular pump 23B
is located at the side opposite to the side of the substrate transfer unit 27, there is caused no problem
of the turbo molecularzp:%ryg 23§I gg%ing iﬁer erence with th? aﬂg'éacegrt1 p%ges iggechamber even

when the 10 substrate processing dapparatus 4015 uasréa tg h(:eonsjfruct the cluster ype su%%%r%?e

processing system asfinlhe Zasé of FiG 3BuESi4d#rand 40Bare:diagramisishadwihg tRé .process of

forming the base oxide film 12 condfﬁtegh%Sé)}\( lisgrll%@e ub%@t% proce siglgb%pcpraé(gt s 40.
Referring to FIGS.40A and 40B, it can be seen that the %/gﬁl/eg 23A én%Z B are opened and the

valve 24A is closed in e base oridedfibinaforhatiort proeesss Azla testdt, theprocessaspace23B is 20
evacuated to the bigh-degreg,yacuum state 0fd,33 x nL0;115 1533 X,105 Pa- (103 - A0:8Trp), by the

turbo molecular pump 23B ate the foregoing evacuation port 21E, and the oxygen gas is introduced
into the process spacéPABFEmIRE ptocedstgad ndzzI& 2EDIADEHRRE State Fekther, by driving the

ultraviolet source 25 with a seitablegneigywhile Jatatingdhe rsubstrate W, by the substratg dotating

mechanism 22C, there is caused a flow of oxygen radicals to the evacuation port 12E along the
substrate surface and@pplled to the prdcess of forming a high-quality

oxide film, nitride film or oxynitride film on a
10 silicon substrate or a silicon layer with a desired

thickness.

[SIXTH EMBODIMENT]
In the embodiments above, the technology of
15 forming the base oxide film 2 in the semiconductor
device 100 of FIG.1 to the thickness of about 0.4nm
and further forming the oxynitride film 2A on the
surface thereof by using the substrate processing
apparatus 20 of FIG.3. On the other hand, it is also
20 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.
Referring to FIG.42, the semiconductor
25 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
the parts described previously are designated by the
30 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 the substrate surface is oxidized uniformly. With this, it becomes possible to form an extremely thin
silicon oxide film having a thickness of Inm or less, particularly the thickness of about 0.4nm - 78 29
MAY 2006 corresponding to the film thickness of 2 - 3 atomic layers, on the siligan gWlstraig surface
uniformly and stably and with excellent reproducibility. Of course, it is possible to form a silicon oxide
film 5 having a thickness exceeding Inm. FIGS.41A and 41B show the process of forming the
oxynitride film 2A by using the substrate_pracessing apparatus 40 of the present embodiment after
the step of FIGS.40A gﬁd 40 btygr%tr%él‘r?ggthlenjs.f)1 ?f?r é&% o] Jz acs%nm%gl e ?if?ﬁ:rﬁet usYorited.
Referring to FIGS.41Acancth4 1B ithe aiven 28Aiahd R3€ areciosethandtheivalu@24A is opened in

fhe nitridation process, YL (e Wrag, MoleeHRPMB 2383 disconpateddipm the 15
evacuation system and the process space 21B is evacuat irectly by the pum8yZ4 to the pressure
of 1.33Pa - 13.3kPa (0dr<t00Tdrhe Irthisstate, @h Apgas and bnditrogen gasiarensbipplied to the

remove plasma squrce; 26, ad 20 nitrogen kadicals arg farmed y,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 th8 Cévattiation Porf A Sl thersl kcdaiseded thiforA? 85 Mitrillatiort én the

surface of the rotating sybstrate W.cAg avesulhef;suchi a nitddationsprocess they syrfagg of the base
oxide film 2 is converted to the oxynitride film 2A. _
oxynitride film, to have a thickness of about 1.0nm
or more by using the substrate processing apparatus
10 20 explained with reference to FIG.3.

FIG.43 shows the process of forming such a
thick oxynitride film according to the present
embodiment.

Referring to FIG.43, an oxide film is

15 formed by the UV-0, processing of the silicon
substrate surface 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;
processing. In the present invention, on the other

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

25 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
should be noted that the thickness of FIG.44 is

30 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



By using the substrate processing apparatus 30 40 of the present embodiment for the processing
chamber 34 in the cluster type substrate processing systgp; of FIG.38, it becomes possible to form
the high-K dielectric film 13 such as ZrO2, Hf02, Ta205, - 79 29 MAY 2006 ZrSiD4,HfSiQ4,A1203,
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 5 the formation of very
thin base oxide film. Howgvg% ;Che pr]?gent inv%ntion IS noglllin]cited to such a s%ecific embgdiment and
the present invention &anbe éapp?iéd o thé Iyﬁroceesgeo?lf‘ormlﬁg aahiéfﬁfcfﬁaﬁ&l oxide fita, nitride film or
oxynitride film on a 105iliconsulbstratecoria silicon layes withra desiked thickriess?2 iSIXIH

EMBODIMENT] In thet%rgb%dimr%%ag ve, the t%crhnqéogy of 15 fglg’@igl the base oxide film 2 in the
semiconductor device 100 of FIG.I to tf%élasigkﬁfessloaf about 0.4nm andg further forming the oxynitride
film 2A on the surface thereof by using thetSibstrate precessihip apparatsd 208 of FIGI3: On the other

hand, it is also 2O5posgpgactgslgse(:@g@pfggt%@m@ﬁgsipgrﬁp@@r@ya ;Qat%fﬂgmi@%q@{ oxynitride

film, which can be used for a gate insulation film 3A as represented in a semiconductor device 200 of
FIG.42. Referring to FRS 242¢fheisemiebndtictoP 25 Geide 200 Hoeshot tise tREMIGHER didlectric gate

insulation film 3 and thegateelectmde4 isformed directlyren the gaterinswationsfilm 3A. In FIG.42, it

should be noted that those parts corresponding to _ o _ _
distribution of the obtained oxynitride film obtained

according to the processing.

10 Referring to FIG.45A, the plasma
nitridation processing is conducted under the
pressure of 26.6kPa (200mTorr) at the substrate
temperature of 750°C while changing the nitrogen gas
flow rate and the Ar gas flow rate in the range

15 illustrated. In FIG.45A, the line A represents the
upper limit of the nitrogen gas flow rate in which
ignition of plasma can take place, while the lines B
and C represent the pressure range capable of being
controlled by using the substrate processing

20 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
of thickness of the oxynitride film, is uniform in

25 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.

In the case the Ar gas flow rate and the

30 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



the parts described previously are designated by the 30 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 - 80 29 MAY 2006 3, and the gate insulation film can be foggegdky an Qxynitride
film which has been handled in the conventional semiconductor process technology. Thereby, the
process of fabricating the semiconductor 5 device is facilitated. On the other hand, it is necessary, in
the semiconductor de\éi%e fgao of FIG,42, to form the 9gtseein§glgti99 fiJ%rH e?’Al é‘%rtr_n%d g]év an oxynitride

film, to have a thickness o eouﬁufﬁﬁrﬂég?m%?e ]Ef/pusmg the Substrate processmgrappla?gtus 10 20

explained with referencé t& FiG 85 ¥ |G Jashbves: thoprocess ohforminghsuidtea nthickogemitride film

according to the presen neéng%q_jg]ceﬂg. R%E%p_i,ré%tsoelgle.@t% Oéi I(;tfirlr%his p%[} _{ormﬁedt%the L_JV-02
processing of the silicon substrate surface in the step 61 by the ultraviolet-'excited oxygen radicals,
and the oxide film thuss Yied isenitritleddnties stepeel by thd RR-Nahprotessingdircthe present

invention, on the gther2Q;haag, the desjred film thickness is aghigyedhy. copducting,theprocesses 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, W€ phfging stepvetwebnthe steF 62 and the step 62 95 bhitted. FIG.44
shows the thickness distributions gver; thesiligon;sybstrate surface for the oxide film

Thus, it can be seen that there appears a
convex thickness distribution or a concave thickness
10 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
the left side of the line D, respectively, while in
15 the case the nitrogen gas flow rate and the Ar gas
flow rate are chosen on the line D, a uniform
thickness distribution is obtained for the oxynitride
film.
FIG.73 shows the relationship between the
20 uniformity of the RF-N, processing and the process
pressure at the substrate temperature of 750C,
wherein the horizontal axis of FIG.73 shows the
process pressure at the time of the RF-N, processing,
while the vertical axis represents the ratio in which
25 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
in the case the vertical axis of FIG.73 is 1. When
30 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



obtained by the UV-02 processing in the step 61. It should be noted that the thickness of FIG.44 is 30
measured by using spectral ellipsometry. Referring to FIG.44, the silicon oxide film is formed under
the pressure of 400Pa (31orr) at the substrate temperature of 750~C while rotatiggjhe - 83,39 MAY
2006 substrate. It can be seen that a very uniform oxide film characterized by the variance a of 0.72%
for the film thickness variation, is obtained. FIGS.45A - 45C are diagrams showing the 5 process

condition of the remote plasma nitridation proce f the oxide film, of FIG.44 conducted in the
step 62 of FIG.43 and%rgf)éL Ii‘filn%1 ‘?hslcI?necs%naclé%\r]i%uf%ri1 rgf%h}élocb}i%ﬁq%% ()g;(ly?u ﬁgemﬁﬁrll ‘Obtained according
to the processing. 10 Referring to FIG.4BAGtHESpladma epitrigkation protessirgis cdnelusted under the

pressure of 26.6kPa (%Ogn'ggfg)wag_,tgg esubgtrglget t%@pﬁ%g@c%{ %%OJC%WQ”% chan iglg thg Qitrogen
gas flow rate and the Ar gas flow rate in the range 15 illustrated. In FIG.45A, the line A rgpresents the
upper limit of the nitrogergas flow rate ivewhieh ighitipCof plasrha caM taleoplacsenwhilethe lines B

and C represent the pressure 1ange;¢apable, ofheing  controlled by using the sybstiate processing 20
apparatus 20 of FIG.3. As represented at the center drawing of FIG.45B, the distribution of the

nitrogen concentratiof i tHeefim, nd PRAES BRE-disiButBASE thitkhBSS bf HeroRyNitAaE film, is
uniform in 25 the caserthgAr.gassflovs rate andthe itregengas flovy ate are shesenytasbe located on

the line D. In _ . .

flow rate is set to 1400SCCM. Thus, it will be noted
that the total flow rate of the process gas, defined

10 as the sum of the Ar gas flow rate and the nitrogen
gas flow rate, increases in the order of A, W and ¢.

Referring to FIG.73, it can be seen that

the film thickness distribution changes from the
concave distribution to the convex distribution and

15 again to the concave distribution at the low pressure
side when the pressure is changed under the condition
that the total flow rate is fixed. Further, it will
be noted that there exists two process pressures in
each setting of the total flow rate in which an

20 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
adjustment of the process pressure can also realize

25 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.

It should be noted that the line D of

30 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



this case, a very small variance value a of 0.7% is achieved. In the case the Ar gas flow rate and the
30 nitrogen gas flow rate are chosen to be located at the pgsition offset from the foregoing line D, on
the other hand, there arises a distribution in which the nitrogen concentration iperegges apthe
marginal part - 82 29 MAY 2006 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 righct dra\yinﬁ of 5 FIG.45B. Inﬁege cases, ilcgan be seen that there occurs
increase of the variance & for thetiim® thickness ¢ |setr|but|one.nl'hus,lﬁ c%%tbleméléner‘}) fhat therd appears a
convex thickness distribution orseconcaventkitkmess 10 distribaties sathe axynitdde dilmthickness,

and hence a convex nitr. gen concentr t'or& ng@l%oncgv plig gen congent %tiogv ilrg:tkgetc%se the
process condition is a(tatﬁe r%ﬁt Si éwé%#he Ifgr?e D and at ﬁ1ae Ie% s%ge of the Iéﬁe D, res%ecﬁver} , While
in 15 the case the nitrdgertigas flow rate and the Ar gas flow rate are chosen on the line D, a uniform

thickness distribution is obtained for:thg oxypitride, film, FIG /3 shows the rglatiopghip between the 20

uniformity of the RF-N2 processing and the process pressure at the substrate temperature of 750 C,

wherein the horizontalexiS8fFiG-73 shah’ theCproktess piedstfe at the thhie of e RFed2
processing, while the ygttical axigdepresgnistheratio i which.25 the thickness of the-exynitide film
thus subjected _ _
the nitrogen gas flow rate are controlled on the line
D of FIG.45A. In FIG.45C, too, the thickness is
10 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
increasing nitrogen gas flow rate. This indicates

15 that the thickness of the oxynitride film shown in
FIG.45A or 45B indeed reflects the nitrogen
concentration in the film.

FIGS.46A - 46D show the kinetics of the
nitridation process conducted by the RF-N, processing

20 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
film obtained by the XPS analysis and the time of the

25 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
represents the relationship between the area of the

30 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



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 in the gase the vertical axis of FIG.73 is 1. When 30
the vertical axis has increased from 1, this means that the obtained oxynitride fijry has.a sgayex film
thickness distribution. In the case the vertical axis is smaller than 1, this means that the oxynitride - 83
29 MAY 2006 film has a concave film thickness distribution. In FIG.73, A represents the case the Ar
gas flow rate is set to 8(%0§%‘CM agd the iIrorgen as flow rate |L§ set %% 115SCCI\Q while ” represents
the 5 case the nitroge% gas flow rate’iS Set {0 1 CEM. Flrther,” repr%sé:r‘lat%?he ¢&se in which the
Ar gas flow rate is setito il6005CEMaEnt:the nitrogére gas iffta faténs set toct400SCCRRThus, it will

be noted that the total, floy Jate of the %ﬁlcelsg gas, defined 10 as the sum of the &ru qas flow rate and
the nitrogen gas flow rate, increases in the order o% A, Mand. Retferring to FIG.783, it can be seen that
the film thickness distritst@ionrchnges drone tieclcopsave distribitiontte the Eonvdedittfbution and 15

again to the concgve distribytion at the.loprpregswreside when e pregsure is ghanged ynder the

condition that the total flow rate is fixed. Further, it will be noted that there exists two process
pressures in each setfift§ of the taAFRW RE I Ghichear 20 ok hitide fint BE dfifat AT HickFRsS is

obtained. Further, it wilbbe neted-that; the.eunves of FiG 4 3, shiftsdn the higher pressure side when the

total flow rate is increased. Thus, it will be noted that ao(ljustment of the process pressure can also
realize Referring to FIGS.46A - 46D, it can be seen

that there occurs an increase of thickness and

10 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
the O;s signal and the behavior of the Si,, signal

15 with respect to the time of the nitridation
processing, depending on the initial thickness of the
oxide film.

More specifically, it can be seen that the

Ols signal decreases with the nitridation time in the

20 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;
processing of the oxide film having the initial

25 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
through the thin oxide film having the initial

300 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.



25 the uniform processing in the RF-N2 processing of the present invention, in addition to the
approach of controlling the total flow rate of the Ar gas ag the nitrogen gas. It should be noted that
the line D of 30 FIG.45A explained before corresponds to the point A of FIG.73, Thgtelatigaghip of
FIG.73 also suggests the existence of another optimum point. This point, however, does not exist in
practice because of the - 84 29 MAY 2006 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. 5 FIG.45C shows the ?e}fatiocnasﬁlep Bgtvg\ll%een \t%%e_ﬁ% doars%ﬁ)%vs rate %r?a%h% fickness of
the obtained oxynitridesfilmidor thercasevtheArtgas flow tadte landh the nigrogengas . flownraterare

controlled on the line Dyof FIG,49AIn G 45C 100, e higknesp i3 10 ieasured by spegial

ellipsometry. Referring to FIG.45C, there can be seen an Increase of thickness of the oxynitride film
with increasing Ar gasfioweates apd heperwith Jscreasingittodardas flowaare Thidindicates 15

that the thickness:of the; @xynitride, filia.shown in,§1G A2AQ45B indegdseflects ihe, pitrggen
concentration in the film. FIGS.46A - 46D show the kinetics of the nitridation process conducted by
the RF-N2 processing 120 9f the'axidé filrh of Pre 2%Satthe temperattfe 617230 dndéfthe pressure

of 200 mTorr, whereindt shguldpea potedthatE3. 46AJeprasents:ihe; relatienship hetween the
thickness of the oxynitride _ _ _
With regard to the Siz, signal of FIG.46D,
it can be seen that the Si,, signal does not change

10 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
situation that the nitrogen atoms introduced into the

15 oxide film cause substitution of the oxygen atoms in
the film and the nitrogen atoms to not reach the
interface between the oxide film and the silicon
substrate. On the other hand, in the case of the
oxide film having the initial thickness of 1.0nm,

20 there 1is 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
oxide film and associated regrowth of the oxide film.

25 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
the uniformity. More specifically, the process

30 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



film obtained by the XPS analysis and the time of the 25 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 represents the relationship betweep thg @rea of
the 30 Ols 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 - 85 29 eI\/IAY 2£g6tof the lrQitri(gatioalrwre()ce%si%g, 1:9{ ti;le case_Ltahre énritial thickness of
the oxide film is set to ‘?'(frﬁ*n, 1%mimamd £30M interms of the thickness Yaltie a8 Measured by a
monochrome ellipsometexcletheXP S &=ahalysis,shé thiicknessvalues ol dbout3:8hrmu; 1.0nm and

1.3nm are obtained re%%%%tivgg(ﬂi% rcrorﬁesgggciiggﬁe 19 &Q%gorggging higlén%%s }ﬁalggg It?:%feerring to
FIGS.46A - 46D, it can be seen that there occurs an increase of thickness and 10 nitrogen
concentration in the oxygiitrite fitradvitha the tithiecsf thé nitfidation processingliréspedtive of the initial

thickness, while it-can be seenalso that there exists a change petween the behayion of the Qls signal

and the behavior of the Si2p signal 15 with respect to the time of the nitridation processing, depending
on the initial thicknessf theTBxide- ikt MR pacifically, PESR Pelseen that the Ols signal

decreases with the nitridation time ir the. 20;¢age-of the RF-NZaprocessing of ap axidesfilgrhaving the
initial thickness of 1.3nm, indicating that there is caused dissociation of oxygen during the

that the 0Ols signal strength decreases 'with the start
of the RF-N; processing even in the case of the thin

10 oxide film having the initial thickness of 1.0nm
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
signal strength of the Si,, signal increases

15 monotonously from the beginning of the nitridation
process in the case of the oxide film having the
initial thickness of 1.3nm. This indicates that, in
the experiments of FIGS.47A - 47D, nitrogen 1is
introduced with an amount corresponding to the

20 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
oxide film and the silicon substrate. Thus, when the

25 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
nitridation processing, the introduced nitrogen atoms

30 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



nitridation processing. In the case of the RF-N2 processing of the oxide film having the initial 25
thickness of 1.0nm, on the other hand, no substantial chgnge is observed for the Ols signal. This
indicates that the oxygen atoms dissociated as a result of "introduction of the nitroggR-atems cause
diffusion through the thin oxide film having the initial 30 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 interfac%.o-086 SZQHMAngO(I)lG In the ¢ elof thg RI?H-QIZ %{oge%sin%}% the oxide film
having the initial thickAess of 1.3nm, on the other frand; ﬂsebetﬁéve&?nat he Uissociated oxygen
atoms cannot reach thesipteltfacedetwéen the B sHichOnlsuostiate’/and the/oxidé filri becabdse of the

large initial thickness af.th xidle filrg arlllq)gred egﬁg;gingﬁ y%e g‘trsidse fthg ox gitr'd% iIrr%. With
regard to the Si2p signlaﬁ of FIG.4 D,eit can be seen that %e S'r%p stlgnéQTO 0es n%t %ﬁén e 10 much in
the case of the oxide fiifchaving thedmitial ithieknessof P Rahvuntithe daiationtsfBseddls has

elapsed after the start of the nitridation progessing: It is hglieved that this reflects the. situation that the

nitrogen atoms introduced into the 15 oxide film cause substitution of the oxygen atoms in the film and
the nitrogen atoms to WétlireatR th8-ikie?face between the oxide film and the silicon substrate. On the

other hand, in the case of the oxidezfilmchaving, the,initied thigknesstof d.@nmMe 2Q Lhereds gaused an
inerease of the Sizp signa I DS Srarg Of e D aton Areessin g ATt ed o the
surface part of the oxide film by controlling the
10 condition of the RF-N, 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
film 3 is suppressed. See Watanabe, K., et al., J.
15 Appl. Phys. 90, pp.4701, 2001.

In the case the condition of such an RF-N;
processing is inappropriate, on the other hand, there
is a possibility that the nitridation reaction
proceeds excessively. In such a case, the nitrogen

20 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
is finished within 30 seconds.

25 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
during the RF-N, processing continued for 30 seconds.

30 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,



that there has been caused precipitation of oxygen at the interface between the silicon substrate and
the oxide film and associated regrowth of the oxide film. 25 FIGS.47A - 47D show the case in which
the RF-N2 processing of oxide film is conducted according to the process of FiG,43ndep the
condition that nitridation reaction is facilitated while sacrificing the uniformity. More specifically, the
process 30 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 - 87726 ?%O%aigrlg%gcatp%%it)l/rbhgnlpaggéb 8%??\3%%% g?énrg(lers evacuation
load is used for the pumix 24 degrtiery a3mhaore powesfultadical sotirdeistiputdh be usedtforthe, remote

radical source 26. Thi% '}§eerseslerqtizilléy Ig%% same thirp(gt%@laciﬂgg pﬁ\@'o%%}@/itlswk{ﬁglgrdtt}gethe case of
. . :

controlling the process pressure. Referring to FIGS.47A - 47D, it can be seen that the Ols signal
strength decreases withithesstart befrthe FF-N2eprosessing even fn the edsd ofthe2hini10 axide film
having the initial thickngss of J.0nm ynder 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 signal
strength of the Si2p signal increase§%5%hérctEndGslYy Hom the*bédifnihgfof thé nftAdatish process in

the case of the oxide flmchaving the: iritialdhickness at1.3nm: Jhus,indigates, that dinotheiexperiments
of FIGS.47A - 47D, nitrogen is introduced with an amount corresponding to the 20 nitrogen
concentration in the cdse"6fthe expefiffentePth of about 0.5nm from the surface

of the oxynitride film 13A and that excellent in-

10 plane uniformity is achieved. Concentration of
nitrogen atoms at the interface between the silicon
substrate 1 and the oxynitride film 3A is not
recognized.

FIGS.50A and 50B show the depth profile of

15 Si, N and O atoms in the case a UV-0, film having the
initial thickness of 1.3nm is subjected to the
nitridation processing conducted by the RF-N;
processing.

In this case, too, a result similar to the

20 case of FIGS.49A and 49B is obtained.

[SEVENTH EMBODIMENT]
FIG.51 shows the construction of a
substrate processing apparatus 320 according to a
25 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
substrate 322 to be processed, wherein the processing
30 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



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 g@xjde film and the silicon substrate. Thus,
when the 25 nitridation processing is conducted under the condition in which theqitridation ggocessing
is facilitated, there is a possibility that, while it is certainly possible to reduce the time needed for the
nitridation processing, the introduced nitrogen atoms 30 may reach the foregoing interface unless the

nitridation time is controlled optimum. FlG'48A3§qOV¥SStheV@§SQ I‘eli m_of trgetnriltridation processing

achieved by the RF-NZ: 88" §Jl\ﬁ/§YV2%?)%eplrocessing of an oxide |mfé:sot|mate% from the results of
FIGS.46A - 46D and 4&¥ac42D ilorFIS5048A 3 Rishoaitdibe motedithat thosegeartsscarresponding to the

parts described previousl| are deésigsna qbg heC 2 e rq{gre& nu %@!LsBa the g%scription
thereof will be omittecfg.l XF})(Ia%errinlg to Iéllé%4§A,élt canSBe seen th’atj?ﬁwee é\qroduce nf?r“ogen atoms are
concentrated to the s@facepart ofifiie exide ditm by controlling the 10 condition of the RF-N2

processing is appropriately, and thatthe proplgm.ef foppation gt surfage siates. by the nitrogen atoms

penetrating to the interface part of the silicon substrate 1 and the oxynitride film 3 is suppressed. See
Watanabe, K., et al., VeSS Appl° Phys S04, Pp-4701, 20011 e the'ddse the conitiohlofsticAdh RF-N2

processing is inappropriate, Qsrthe etheehand, thers ipapossibility that the pittdationseaction
proceeds excessively. I S At e %98tz above the showerhead 321B
such that the showerhead 321B and the substrate 322
10 underneath the showerhead 321B are exposed by the
optical window 321D. In the stage 321A, there is
provided a heater 321la heating the substrate 322.

On the processing vessel 321, there is

provided a ultraviolet exposure apparatus 324 via a
15 coupling part 323 provided in correspondence to the
optical window 321D.

It should be noted that the ultraviolet
exposure apparatus 324 includes a quartz optical
window 324A corresponding to the optical window 321D

20 and a ultraviolet source 324B that radiates the
substrate 322 with the ultraviolet radiation wvia the
quartz optical window 324A and the optical window
321D, wherein the ultraviolet source 324B is held by
a robot 324C so as to be movable in the direction

25 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
direction. For example, an excimer lamp having the

30 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



20 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 is finished within 30 seconds. 25 Thus, in the present embodiment, the pymbey of ygtation 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 during the RF-N2 processing continued for 30 seconds. 30
FIGS.49A and 49B show tﬂe depH1 plgofile of Sié Ntand Of\toms res ectivel¥ attthe gentrfill part (C),
intermediate part (M) and’ maérlgsinz:xl2 paﬁo(g) “obtaine %?/aa SIS asnalfﬁscfs? for'the cas€ A UV-02 - 89 29
MAY 2006 oxide film havingatheiinitgiaBthiiékness of inrpisanitride dafos S0cninute»Wwhile eotating the

substrate, wherein it shPuIdabe Dot d trhg(g1 FIG.A9 hov&s e sgrfa%?1 artlocf ]!;Ige oxy iEride film of
FIG.49A inan 5 enlaréea ‘scale. Re erringlto Fllégfvgrf aﬁg1 e4%8 1t cangbél seen that %e peak of the
nitrogen concentrationrigdloeateelatthe deptP 8fi&bdut RBmdrom the sarface dfeiebryitritle film

13A and that excellentjn10.plage Unitormity, {s;achieyed, Conceptyation gt fitregen,atoms at the

interface between the silicon substrate 1 and the oxynitride film 3A is not recognized. FIGS.50A and
50B show the depth pFIfiRE6F A5Si, NeaiEe afonhs i e Case a ® VD2 i -havinetpe indtia -

thickness of 1.3nm is suhjected te the pitridation:progessing gondueied byrthe R N2-progessing.
inside the ultraviolet exposure apparatus 324 through
a gap formed in the mounting part of the optical
10 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 324B with the driving of the
ultraviolet source, there are provided blocking
15 plates 324F at both lateral sides of the ultraviolet
source 324B, and the inert gas such as nitrogen is
introduced into a narrow gap region having a gap
width of about 1mm or less formed between the optical
window 324A facing the ultraviolet source 324B via a
20 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.
The inert gas passed through the blocking
25 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
FIG.51, it is possible to control the movement or
30 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



In this case, too, a result similar to the 20 case of FIGS.49A and 49B is obtained. [SEVENTH
EMBODIMENT] FIG.51 shows the construction of a subsfrate processing apparatus 320 according to
a 25 seventh embodiment of the present invention. Referring to FIG.51, the subsjraje Pregggsing
apparatus 320 includes a processing vessel 321 accommodating therein a stage 321A for holding a
substrate 322 to be processed, wherein the processing 30 vessel 321 is provided with a showerhead
321B formed of a mate{igl trans argnt E%glltr%violet radiatior% sqé:h s.%uartzfs h that the
showerhead 321B facés the Subsfrate” ReldGn %%Ss?aae 35 A. The< 90 29 MAY' 008"
processing vessel 321cig evactiated from the evactatien portt324 Cae anaoxdizifg dag such as
oxygen is supplied to t[lﬁ_?pzo %rgggg SS?lthogrp an exern I gas squrce. 3 Itcs(prg)tui lﬁ g}pted that the
processing vessel 321 is further provided with an optica window 321D of a materia transparent to
the ultraviolet radiatioA&uchashourtAZatssverthesshowerhead 32 0B coudir that tHeeskowerhead 321B
and the substrate322 30 underneatthe shqwerhead 3218 are expased.by.the opticalwindow 321D.
In the stage 321A, there is provided a heater 321a heating the substrate 322. On the processing
vessel 321, there is pfovided s ultfaVidlet 8xpdstiré apparatqs 322 viee4E15 coupling part 323
provided in correspondence to the eptigal window 824D fsheuld,be notedhthat the wliraviolet

exposure apparatus 324 includes a quartz optical _ o
thickness of an oxide film formed on a silicon

substrate by the substrate processing apparatus 320

10 of FIG.51 under various 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
used for the substrate 322 in the state that a native

15 oxide film on the substrate surface is removed by a
surface preparation process to be explained later. In
each of the experiments of FIGS.52A - 52C, the
internal pressure inside the processing vessel 321 is
set to about 0.7kPa (5 Torr) and the substrate

20 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
with the flow rate of 1SLM, and FIG.51A shows the

25 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
becomes 30mW/cm? right underneath the optical source.

30 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.



window 324A corresponding to the optical window 321D 20 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 a robot 324C so 3s,tqAe moygple in the
direction 25 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 direction. For.example excimer lamp having the 30 wavelength of
172nm may be used for the linear 0%)?%§F§()lurlrge.t A tﬁzr&cbéé I’lflCtFC%‘]eO tf%lggﬁ(lemc%)ﬁ&%%n part
323 is supplied with aminerhgasi91 20 MAN 2006 sechas N2 fronrtanexterndl gasosaurfe Znot

shown) via aline S23A sp ag o qyoid gbsarption,of the wiiawislet radiation. prodiced fy.lhe
ultraviolet radiation source 24Blby oxygen In the air%e?ore the 5 ultraviolet radiation being
introduced into the precessinygvessdr82¢ thrpughuhe dpticalsvindow 821D. Theinhert gas thus

introduced flows igto a:5paee324P ingide;ihe ultaviolet expostise apparatys 324 thypugh ng gap

formed in the mounting part of the optical 10 window 324A of the ultraviolet exposure apparatus 324.

In order to suppress the-mpéafg BEoRyfeh FittHe &kt thelregfirAgit iHtePrféat thé ldtraviolet

source 324B with the griving of the: yitravieletseurcethere aresprevided-blocking AsJlates 324F at
both lateral sides of the ultraviolet source 324B, and the inert gas such as ni(t;rogg]rsl IS _igtro_duced into
. , 1t 1s

anamegaprernhﬁﬁﬁgiﬂéﬁfon substrate. In the case of FI
also noted that there is caused a decrease of oxide

10 film thickness at the 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
thickness variation of the oxide film thus formed on

15 the silicon substrate has a relatively large value of
2.72% 1in terms of variance. It is believed that this
reflects the specific peculiarity of the substrate
processing apparatus that has been used for the
experiments.

20 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
limited stroke range of 100mm.

25 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
variance.

30 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



width of about 1mm or less formed between the optical window 324A facing the ultraviolet source
324B via a 20 pair of lines 324b. In this region, the inert g?a from the line 323A is also supplied, and
as a result, oxygen that causes absorption of the ultraviolet radiation is effectively purged fram this
gap region. The inert gas passed through the blocking 25 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 substratg rgcesséngi%%gar tus of FIG.51, itis X|§)ossibie gp clontrol the
movement or 30 scan%}fr;?’gggfnth%auﬁtralﬁo et'Source in the ditraviolet (la&lgosuerg Sz;atepparaztus 324 by
the robot 324C, and assa résuttg#decemesysosgible to control the distribution of film thickness by

controlling the - 92 29 MAY 2006 ug&rgvioget rggiaggn do]_§ %tlﬁg of f%mintghar!:}gzl('dse film on the
surface of the substrate 322 by a uVv:02 prrlocess. It%ﬂoul%obe noteﬁét a controller 325 such as a
computer is used to corirct e robots 3240 Further dthescontrotiern325 afsotdontrols the driving of

the ultraviolet sousce 324B. £1GS.028 5 02C,y€ djagrams showing the. thickness pf an oxide film

formed on a silicon substrate by the substrate processing apparatus 320 10 of FIG.51 under various

conditions, wherein FISS52A52C ShorAtfe thitknédsSolstafieer sy 8llifSSMeay i temhs of A. In the

experiments of FIGS.52f.- 52Cua gjlicoipepstrate having an eightsinch diametgrds wsed for the
substrate 322 in the state that a native 15 oxide film on the substrate surface is removec{ by a surface

preparation process t&°béRRFRmMeY 1ater e Sxposure time 1s shorter than
minute, the film thickness increases with the

10 exposure time. The 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
processing apparatus 320 of FIG.51.

15 FIGS.54A - 54E are diagrams showing the
film thickness distribution of an oxide film obtained
for the case the inner pressure of the processing
vessel is set to about 0.7kPa (5 Torr) and the
substrate temperature is set to 450C in the

20 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
thickness of the oxide film is represented in terms

25 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
respect to the center of the substrate, wherein it

30 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.



each of the experiments of FIGS.52A - 52C, the internal pressure inside the processing vessel 321 is
set to about 0.7kPa (5 lorr) and the substrate 20 tempgra%re_is set to 300C. It should be noted that
the illustrated result is for the case in which an oxygen gas is supplied to the pracessing messel 321
for 5 minutes with the flow rate of 1SLM, and FIG.51A shows the 25 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 [Be luminance. flux densi bec}:{orggs EQT}T\IN/cmZ right

underneath the optica Source. 30 EiS.52B Shows t %tcla%ré in WhtiC Tthe f%)regomg ultraviolet source

324B is caused to scahhuniformalys withirsthérange of dimne Sueh thatrthe entire surface of the
substrate 322 uniformly. - 93 29 MA: gog%é?efggintghtg @&%%A}}Qg Xi eélglwschrmeed on the silicon
-0.3nm i {

substrate has a thickness of about O.; nm in the case no ultraviolet radiation Is made, and thus,
there is caused no subistantial €ira S¥ofhatibnthdhe ebsé of FEGIH2BY vhdhe BiHar hand, it can be

seen that there is formg, Quide il ; with the, thickness of abgut 0 8nm ppthe sudace of the silicon

substrate. In the case of FIG.52B, it is also noted that there is caused a decrease of oxide 10 film
thickness at the centrat paftist thé 8LAEh SSificEh Sitbstraté! 39 1 Spife oftHe facthiat tie” Scanning of

the ultraviolet source 400-is congducted- ynifermly ovee the-rangeof 40083 naAs atesHly, theethickness
variation of the oxide film thus formed on 15 the silicon substrate has a relatively large value of

y axis with the distance of 12.5mm. As can” be seen

from FIG.54B, the film thickness variation has been

10 reduced to 3.07% in terms of wvariance.

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
scanning is displaced from the center of the

15 substrate in the downward direction along the y axis
by the 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
of FIG.54B.

20 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
from the center of the substrate by the distance of

25 37.5mm. In this case, the film thickness wvariation of
the oxide film is reduced to 2.70% in terms of
variance.

In the case the origin of scanning is
displaced from the center of the substrate in the

30 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 wvariance.



2.72% in terms of variance. It is believed that this reflects the specific peculiarity of the substrate
processing apparatus that has been used for the experiments. 20 FIG.52C shows, on the other hand,
the thickness distribution of the oxide film for the case the ultraviolet source 3248 igcausgg o scan
over the central part of the silicon substrate 322 with a limited stroke range of 100mm. 25 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 ﬁriatio%is reduqced. to 1.35°/<%in ter ogtvacr'ancgﬁ% FIG.53

shows the relationship between the ul?rrﬁvi% ejtsekpésurlestirﬁg%% %ﬁg icKiiess of the “oxide film

formed as a result in thé expermentsaofi BIGS1524f- 52€ forthé<ase the flowrate ohthehe94 29 MAY
2006 oxygen gas '“”OQHE%‘%}?}%%éh%g?{e§§%&€‘9bveesr§%k§%\]i J3 §hanged yarig Sé&rﬁsz‘i%%be seen
t xide film

from FIG.53, the thickness of the o ormed as a result of the 5 processing does not depend on
the oxygen flow rate substartiadly andthactverd appedrstdaturation av itheé s/aluecofraisout R when a

time of 1 minute has ¢lapsed- When the gxposure time isshorter than. 1 sminyte the film thickness

increases with the 10 exposure time. The result of FIG.53 shows that a very short time processing is
sufficient for forming aP#iR DRt NPT asetf as &te Basé b%idefilm on the silicon substrate

surface by using the substrate FIGS.55A - 55E show the distribution of the
film thickness of an oxide film formed in the
substrate processing apparatus 320 of FIG.51 for the
10 case of setting the scanning distance of the
ultraviolet source 324B to 100mm and setting the
origin of the scanning at the location offset from
the center of the substrate 322 in the downward
direction along the y axis with the distance of
15 37.5mm and by changing the luminance flux density to
3mW/cm?, 6mW/cm?, 12mW/cm?, 18mW/cm’ and 24mW/cm?,
respectively.
Referring to FIGS.55A - 55E, it can be seen
that the variation of the film thickness is minimum
20 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.
The result of FIGS.55A - 55E shows that the
25 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
in which FIG.56A shows the case of forming an oxide
30 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



processing apparatus 320 of FIG.51. 15 FIGS.54A - 54E are diagrams showing the film thickness
distribution of an oxide film obtained for the case the ign%r7pr_essure of the processing vessel is set to
about 0.7kPa (5 Torr) and the substrate temperature is set to 450~C in the 20 substyate praggessing
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 200mm. In the drawings, the thickness of
the oxide film is represggﬁ% in terms 25 of ang;troms Ftu}qther, the silicon su}ps&rate is represented by
a rectangle for the sake 0 smBﬁ&tcy? SEIG.%EA sﬂ%w%%he ¢as8 i Which' the sc%inrﬁling is made within
the range of 50mm withh iespeet to therderiteof the sebstrate, Wheteindb 30mwandbe seen that there is

a tendency of the oxide film thickness.incr i%go thg center qff the %L(ij trate to %rg .urpward
direction along the y axis and towar tkge 'ﬁggﬁtward g:?ect%%walong the x axf?.c- éS % MAY 2006 In
this case, the variation-dfethexdidefilnt ehidkité s5nis g 7 3% A temis obvarkafeel FIG.54B, on the other

hand, shows the ghickgglstagj:sgg@utm ofithe §@H£ec9>§9@ f@p&@@gq@tg%&&e{gm&sof%stroms for

the case the origin of the scanning is displaced in the downward direction from the center of the
substrate along the y @kistWith fhe distanc@'vf a2 Shif. PRIGHPBE Se&f S FIGBAE SR8 film

thickness variation has been 71Q-gduced te 3.07% in terms, af-varianeesElG. 54§, ondhe other hand,

shows the distribution of the oxide film thickness represented
optimum scanning region while FIG.58 represents the

flow chart for seeking the optimum luminance flux
10 density.

Referring to FIG.57, an arbitrary region on
the substrate is specified in the step 71 and the
substrate 322 is introduced into the substrate
processing apparatus 320 in the step 72 and the

15 ultraviolet radiation source 324B is caused to scan
the specified region of the substrate 322. Thereby,
an oxide film is formed. Further, by repeating the
steps 71 and 72, an oxide film is formed on a new
substrate 322 in each cycle in the state that the

20 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
thickness distribution becomes minimum is determined

25 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.

Referring to FIG.58, the optimum scanning

30 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



in terms of angstroms for the case the origin of the scanning is displaced from the center of the 15
substrate in the downward direction along the y axis by tglg 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, sjmilarly{g the case
of FIG.54B. 20 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 from thetcer)éer o%the stubs£rgte t%lt?he dis;ctance of 25 37.5mm. In thistcase, the film
thickness variation of the oxide fifih is feducedto2: S%ri% s of Variance “thithé ¢asé the origin of
scanning is displaced¥fdm dhel cehter of theasulistrate #othec30 dowRwasd diectaah along the y-axis

by the distance of 50.0mm a&{sgogv ig HIG.5AE t}eerh/algliat'% og}pe x'qle fiIgn l;gl'écckngg% is increased
to 5.08% in terms of variance. - 96 %69 MAY 00%) From thljé, ricliﬁl's conc ugec?tha% the film thickness
variation of the oxide fitth¥orhéd @nthénsulsstrate 322 2 idantdeemiimiZetbalss &yBptimizing the

origin of scanningsof t@%@'&@:‘!@é‘?} spuree, 3248 S wih sespect g the sybstrate inthe, subsirate
processing apparatus 320 of FIG.51. FIGS.55A - 55E show the distribution of the  film thickness of an

oxide film formed in thet§@sstiate pPdcessingy apparatisS20f oM G-51 forthed(Pdase dfdetting the
scanning distance of the Hitraviolet source,324B.to 100mm and sgttingthee that the

foregoing driving energy is changed.
Further, in the step 314, the thickness

10 distribution of the oxide film obtained in each
experiment is evaluated and the optimum driving
energy of the ultraviolet source 324B that minimizes
the film thickness variation is determined. Further,
in the step 315, the program for controlling the

15 ultraviolet source 324B of the substrate processing
apparatus 320 is determined such that the film
formation is conducted at such an optimized energy.

Thus, the controller 325 controls the robot
324C and the ultraviolet source 324B, and as a result,

20 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
thickness of 0.3 - 1.5nm, preferably 1lnm or less,

25 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
thickness of 0.4nm or 2 — 3 atomic layers in the case

300 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



origin of the scanning at the location offset from the center of the substrate 322 in the downward
direction along the y axis with the distance of 15 37.5mmand by changing the luminance flux density
to 3mwW/cm2, 6mW/cm2, 12mW/cm2, 18mW/cm2 and 24mW/cm2, respectively g Rgfefring i
FIGS.55A - 55E, it can be seen that the variation of the film thickness is minimum 20 in the case the
luminance flux density is set to 3W/cm2 and that the variation of the oxide film thickness increases

with increasing amount of the, luminance flux densit)é. The r.%suit.of FIG]§.55A-55E.sho shthat the 25
. S nd with excellent re ducibllify.. combinin e .
thickness variation of the oxide filnt ¢ai be® minimize alsojby oﬁtm\/lzmgythe?umlnanc%fux density of

the ultraviolet source 324Bld-1G5156A land 568 -stalv eomparativieséxamples Limavhickh FIGIS6A shows
the case of forming an.cgm%% C%Qnglgn gg%eﬁriﬂgf éCOtngltIIO algelr%gécai I){wtg Xt}efgg% QEFI(%%%SA - 55E except

that no ultraviolet irradiation  is made, while FIG.56B shows the case of forming'an oxide film by a
conventional rapid thefrhahoxidatich 97 29 MXeY 2006 (RTO) processs thanry of thesetcases, a film

thickness variatiog excgeding, 4%isQbseryed. (EIGS.5/4 and-38 show g flpwchart of seeking the

optimum condition of substrate processing 5 conducted in the substrate processing apparatus 320 of
FIG.51 in view of the foregoing result8, Whéreht 16157 Fapresemaihe flbwieharn Forsdekifgthe

optimum scanning regionwhile FIG £8representssthe: flewshaitfor segking the optimsim luminance
flux 10 density. _ _
formed by the UV-0, processing. However, the oxide
film is not limited to such a film but may be any
10 oxide film as long as it is formed with precision
oxidation process conducted under a low radical

density.

[EIGHTH EMBODIMENT]

15 FIG.59 shows the construction of a MOS
transistor 340 according to an eighth embodiment of
the present invention.

Referring to FIG.59, a base oxide film 342
of a silicon oxide film having a thickness of 2 - 3

20 atomic layers is formed on a silicon substrate 341,
and a so-called high-K dielectric film 343 such as
2r0O,, HfO,, Ta,0s, Al,03, 7Z2rSi0O4; or HfSiO4 is formed on
the base oxide film 342. Further, a gate electrode
344 of polysilicon or a metal is formed on the high-K

25 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.

FIG.60 shows the construction of a cluster-

30 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



Referring to FIG.57, an arbitrary region on the substrate is specified in the step 71 and the substrate
322 is introduced into the substrate processing appar_atlisogzq in the step 72 and the 15 ultraviolet
radiation source 324B is caused to scan the specified region of the substrate 322. Thereby,;an oxide
film is formed. Further, by repeating the steps 71 and 72, an oxide film is formed on a new substrate
322 in each cycle in the state that the 20 foregoing region is displaced. Next, in the step 73, the

thickness distribution %sogrbtaia{ledlfgg Icheermgdg t1‘dilerlpns grl:l)g?iriedc llpl érées exp riorg n%oag}(d the region that
minimizes the thickness distiibUtion bécomes minimum is détermined” 25 A the Step 74. After the

search of the optimumcscanining £ohdifion of G157 thedearchafdhe gptimemip sfuraination condition
shown in FIG.58 is co q_,%cé%%. C%%fgd{rl%g Eonléh%% tgl%zogl%gn scanning 30 I(%glﬁg tdﬁtf%rmlned by

the procedure of FIG.57 is specified in"the step 81 and the driving energy of the ultraviolet source
224B is specified in thestele 821 Nexarif the stepr83;ahé substate@2 2XLiscrog- 129 MAY 2006

introduced into the subgstiate precessing-apparatus;$26 and e ultrayiglet;source 3248 is caused to

scan over the specified optimum region of the substrate 322 while being driven with the driving
energy 5 specified in the SRGF3 2. Firthet by FéeatingtRe Ssteps 312R 313 bt de film is

formed on a new substrate322 in eagh gysleindbe staterthatithe foregaing divingenergy is:
changed. Further, in the step 314, the thickness .
high-K dielectric film such as Ta;0s, Al;03, ZrO,,
2rS5i0O,, HfSiO4, and the like on a substrate, and a

10 cooling chamber 355 cooling the substrate in the
state that the chambers 351 - 355 are connected to a
vacuum transfer chamber 356, wherein the wvacuum
transfer chamber 356 is provided with a transfer arm
(not shown).

15 In operation, the substrate introduced into
the load/lock chamber 351 is transported to the
preprocessing chamber 352 along a path (1) and native
oxide film or carbon contamination is removed
therefrom. Next, the substrate thus processed in the

20 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
thickness of 2 - 3 atomic layers.

25 The substrate thus formed with the base
oxide film in the UV-0, processing chamber 353 1is
then introduced into the CVD processing chamber 354
along a path (3) and the high-K dielectric gate
insulation film 344 shown in FIG.59 is formed on the

30 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



10 distribution of the oxide film obtained in each experiment is evaluated and the optimum driving
energy of the ultraviolet source 324B that minimizes the fg thickness variation is determined.
Further, in the step 315, the program for controlling the i ultraviolet source 3248 qfthe syhgtrate
processing apparatus 320 is determined such that the film formation is conducted at such an
optimized energy. Thus, the controller 325 controls the robot 324C and the ultraviolet source 324B,
and as a result, 20 th?f ultgvi(%lgg{so%rce §24B355cfm§ lthe optimumtﬁeg%n of the substrate with

optimum energy, and betomas pgssal'ﬁle% form an e%r%maelyﬁﬁm a )unjlff%Fm radical oxide film on

the substrate 324 withtthe nthigkness 060.3:-01.6ne, queferalsly Inm or less, 25 more preferably 0.8nm
or less, and most preferably with thtf I’}thi{:ﬁge%su%fsg.ég% %g?g%@égoiwf?_%aysgteew@g%d ggfore, there

appears a slowdown of oxide film growth at the thickness of 0.4nm or atomic layers in the case
30 an oxide film is forrié& oG silicon sulsstrate Reesrdidg to-suchr @ UML82processing by using the

substrate processing ?%%?@éé@giqfl&%%bmusf Jhe oxide, flm githis thickness £ap heformed
stably - 99 29 MAY 2006 and with excellent reproducibility. By combining the oxide film thus formed

with a high-K dielectri®fift it BeEameR pRsible B-feafipe ahextrenay fiié highspeed MOS

transistor having a redusgd effective. S fhiskness-for e gatednsulation film. In the present
embodiment, explanation has been made for the case the oxide film is the one_ formed by the UV-O2
processing. However, the oxide 61 is a diagram explaining the radical

oxidation processing conducted in the UV-0,
10 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
processing vessel 321 of FIG.51 by the ultraviolet

15 source 324B in terms of Torr. Further, the vertical
axis represents the process time until the slowdown
phenomenon shown in FIG.8 appears after the start of
the processing and also the process time until such a
slowdown phenomenon vanishes, in terms of logarithmic

20 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
ultraviolet source 324B and the ultraviolet

25 wavelength.

Hereinafter, the relationship between the
ultraviolet radiation power and the radical density
will be explained for the case of using the
wavelength of 172nm.

30 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



film is not limited to such a film but may be any 10 oxide film as long as it is formed with precision
oxidation process conducted under a low radical density. [EIGHTH EMBODIMENT] 15 FIG.59 shows
the construction of a MOS transistor 340 according to an eighth embodiment of, the,Rresent nvention.
Referring to FIG.59, a base oxide film 342 of a silicon oxide film having a thickness of 2 - 3 20 atomic
layers is formed on a silicon substrate 341, and a so-called high-K dielectric film 343 such as ZrO2,
Hf02, Ta205, A1203, gr§i404 or 5!{520455_, formed o }tlhe base oxide._film 34.2.further, a gate
electrode 344 of polysilicon &r a metai'ls formed on t e%i&aﬁﬁeZ?dl%Jrecﬁﬁ‘gﬁﬁn %ES.SleffﬁheGr, while the
illustration is omitted, pliffusion regidriscarel formed i ¢e siitbatsubstratevd@4l atbotbriatéral sides of

the gate electrode 344. Flggo f%g\é\‘lg %.t)g% cggégg%ct@ﬁd%%e}%g%er-t%% type Qﬂstrla e Qﬁoecessing
1G.59.

system 350 used for fabricating the MOS transistor of F Referring to FIG.60, the substrate
processing system 3568 isiar appardtis comfiguired t6ta0e 29 Mw¥Q@0D6fotrh @ cluster system and

includes a load lock chambey, 351 dor logding.andydploading.a, SUBSIEAIE, & Jreprocessing chamber

352 used for removing native oxide film and carbon contamination from the 5 substrate surface, a
UV-02 processing chahtber 35 3P FfifctPdftfie ‘Sebstate’proctdsifg appariius 326 ot fFI&281, a CVD

processing chamber 354dor depesitincha Righdcdielectc film suelras Te20R, A12038, Z402) .
Assuming the case of using a tubular lamp having a
width of 2cm for the optical source 323 and

10 irradiating a silicon wafer of 20cm diameter with
such a lamp, the average photon flux on the silicon
wafer surface becomes 4.34 x lOwch, which is about
1/10 the photon flux value noted before.

On the other hand, it is known that an

15 oxygen molecule has an absorption cross—-sectional
area of 6 x 10 Ycm? with regard to the ultraviolet
radiation of the 172nm wavelength. Thus, the
transmittance of the ultraviolet radiation in the
process ambient, which is given by the equation

20 I/Ip=exp(—-onx), is obtained as 0.9916. Here, it is
assumed that the process pressure is 0.02 Torr
(2.66Pa) and the gas molecule density n in the
process ambient is assumed to be 7.05 x 10l4cm™°.
Further, it is assumed that the ultraviolet radiation

25 propagates the distance of 20cm in the processing
vessel 321.

Thus, the amount of the radicals
corresponding to the absorption of the ultraviolet
radiation propagating in the processing vessel 321

30 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



ZrSiO4, HfSiO4, and the like on a substrate, and a 10 cooling chamber 355 cooling the substrate in
the state that the chambers 351 - 355 are connected to acuum transfer chamber 356, wherein the
vacuum transfer chamber 356 is provided with a transfer arm (not shown). 15 lyopgration,the
substrate introduced into the load/lock chamber 351 is transported to the preprocessing chamber 352
along a path (1) and native oxide film or carbon contamination is removed therefrom. Next, the
substrate thus processed in the 20 re%)%%ceefségg chv?lrr%l%e 52 is transported to the UV-02

e

r
processing chamber 3%5%?&18985% th (2)"and ase oxit &'film 342 6f FIG.59 is formed by the

substrate processing apparatus 3200f El@.5d twithr ahumifdymtthickihess ob 2 -thatomigdeyers. 25 The
substrate thus formed V\ggj t{lg b&sg c%)élg efléry .n gtjh% éJsng% aﬁ%% e%énagotﬁ%%mq?@%% is; Bhen

introduced into the cv;% processing chamber 354~ along a p ) an igh-K dielectric gate
insulation film 344 show ireRIG.59 5 formed:orsthet 30 bhsaoxide file THessubstdts isthen

transported from the GVD en344 tothe gooling chambes 385;alang g path{4) for cooling, and
is then returned to the - 101 29 MAY 2006 load lock chamber 351 along a path (5) for transportation

to the outside. In the stib&ttate protessigsystent B50BIMPRT. 60 fit ROAS6 pb3sible-tdisrovide a 5
preprocessing chamberforonducting.a piasarizatian orecessing,in an As gtraospiiersby way of high
temperature anneallngsglgFe%%'us, from the ratio of the flux values of 3.65
x 10%/2.138 x 10'= 1.71 x 10™*, the partial pressure
10 of the oxygen radicals formed under the process
pressure of 0.02 Torr (2.66Pa) is obtained as 3.42 x
107° Torr (=1.71 x 107* x 0.02).
Thus, it is evaluated that the
concentration of the oxygen radicals formed in the
15 processing vessel 321 becomes about 3.42 x 10-6 Torr
(4.54 x 10-4Pa) in the case of the optical power of
100% and the process pressure (=internal pressure of
the processing vessel) of 0.02 Torr (2.66Pa). By
conducting similar procedures, the radical density is
20 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
of FIG.5 explained before after the start of the

25 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
in the event the radical density in the processing

30 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



FIG.61 is a diagram explaining the radical oxidation processing conducted in the UV-02 10 processing
chamber 53. Referring to FIG.61, the horizontal axis sh a logarithmic representation of the partial
pressure of the oxygen radicals excited in the processing vessel 321 of FIG.51 hby thewlitsavielet 15
source 324B in terms of Torr. Further, the vertical axis represents the process time until the slowdown
phenomenon shown in FIG.8 appears after the start of the processing and also the process time until
such a slovx_/down phegﬁrenenog vta}gisiheg inotgr@ﬁeof(l)%g%;iethrpiclrzno §galfé!:t should l%%_noted that the
oxygen partial pressure on the Rorizortalaxis corresponds to the  oxygen ra%llecalflaensfy and is
determined by the driviagepower orudteavielét radiatitrnpower efitfie t bkraviotetisouncey324B and the

ultraviolet 25 Wavelengt}l?il-l}%r]eein%ft%r trbe Qferll%tiolrgsh]icpeggﬁx{veegn.tge Sﬁ%@&/iqé%tr{gdiavtvigg owe and the
radical density will be exp ained for tﬁe case of using the wavéﬂengt of 172nm."30 In the substrate
processing apparatus 826 6fFIG.5heandhthusan thie prodessing chieadber 353 6 kivessabstrate

processing systery 359 of £1G 0. the, ujtiaviplet soyree 3248 @;@QHQ%%QI%‘OE%QH%QE'&Q% 29

MAY 2006 4.34 x 1016/cm2-sec in the case a ultraviolet source producing the ultraviolet radiation
power of 50mW/cm2 &t theodatict hdtt i ePFEatH Hhe Minddif irf el stté 61206% driving state is

used for the 5 ultraviolgt seunee343B.and an oxygen gas is supplied to the processing vessel 321

with a flow rate of 150 o _ _
Similarly, the slowdown duration defined as

the duration after the appearance of the slowdown

10 phenomenon up to the vanishing of the slowdown
phenomenon changes also with the radical density such
that the slowdown duration is decreased when the
radical density is large and is increased when the
radical density is small.

15 From the viewpoint of the actual process of
semiconductor device production, there occurs a
problem of decrease of fabrication throughput when
the process time until the occurrence of the
foregoing slowdown effect is too long. Thus, there

20 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
layers or 2 -4 atomic layers. Thus, there is an upper

25 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
ultraviolet radiation of the 172nm wavelength, it can

300 be seen that the lower limit of the radical partial
pressure is determined to be 1 x 104 mTorr (133 x
107 'Pa) assuming that the tolerable process time is 5

minutes (300 seconds) or less. Further, the upper



SCCM under the process pressure of 0.02 Torr (2.26Pa). Assuming the case of using a tubular lamp
having a width of 2cm for the optical source 323 and 10 jrradiating a silicon wafer of 20cm diameter
with such a lamp, the average photon flux on the silicon” wafer surface becomesA.34x Lkpem 2,
which is about 1/10 the photon flux value noted before. On the other hand, it is known that an 15
oxygen molecule has an absorption cross-sectional area of 6 x 10-19cm2 with regard to the ultraviolet

radiation of the 172nmlv.vl%v%Ieggthﬁ Tgus, thecg?nsmitianc of rtheS lSJItgrae\/iQIet rgtdgaetiorg.ip1 etlgle process
ambient, which is giveanyJT e equa%onﬁ?)dlﬁo:exﬁ)@f Ax), iSobtained as 0.9916Here, it is
assumed that the process pressung@ ig-0.021T.Gr8 (2.66PaPainddlse gas mpletale density n in the

process ambient s assumed 10.bg 7,93 s A03ac: 3. Fytper.Jt isgssuaied fhat e yyayiolet
radiation 25 propagates the distance of 20cm In the processing vessel 321. Thus, the amount of the
radicals correspondingtts the absorption of Heellravivlete rattaticrPpropagating irothiecprotéssing

vessel 321 30 for the distance of 20gayisgyajyated 1o Be 365 X,2013cm gseq by multiplying the
factor of 0.0084 to the foregoing value of the photon flux of 4.34 x 1015cm 2, and oxygen radicals are
formed in the - 103 29V 2666 Précedsiigiessel 32156 this-rate. On the other hand, the flux of

the oxygen gas in the processing vesset 321 decomesnt 98 %10 3ackam 2sec imterms=af volume in
the standard state, 5 assuming that the shower head 21B has the area of = |
between the two lines respectively defining the
appearance and vanishing of the slowdown phenomenon
10 is decreased with the radical partial pressure. This,
however, is merely an apparent effect caused by the
fact that the vertical axis and the horizontal axis
of FIG.61 are represented with logarithmic scale. The
duration of the stationary interval is in fact
15 decreased with the radical partial pressure.

Thus, in the foregoing UV-0, processing, it
is preferable to set the oxygen partial pressure to
fall in the range of 6.65 x 10-3Pa - 133Pa (0.05 -
1000 mTorr), more preferably the range of 1.33 -

20 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
ultraviolet radiation of other wavelengths. In this

25 case, 1t i1s 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 10 °mPa) or more but
not exceeding 1 mTorr (133mPa).

30 For example, in the case of using the
ultraviolet radiation source of 146nm wavelength for
the ultraviolet source 324B, it is necessary to set

the oxygen partial pressure to the range of 0.05 - 50



314cm?2. In terms of the number of molecules, this value is converted to the value of 2.138 x 1017cm
2 sec. Thus, from the ratio of the flux values of 3.65 x 1013/2.138 x 1017= 1.71 x 10-", the partial
pressure 10 of the oxygen radicals formed under the process pressure of 0.02 Tgrr(2.66P) ds
obtained as 3.42 x 10-6 Torr (=1.71 x 10-y x 0.02). Thus, it is evaluated that the concentration of the
oxygen radicals formed in the 15 processing vessel 321 becomes about 3.42 x 10-6 Torr (4.54 x

10-4Pa) in the case of t%e optical er of 100% and.the process pressure (=internal pressure of the
processing vessel) of .02 or?%zf)(%%g). By% b%%aﬁct%nng é’i?nellvér BFoctgrld%réLsa} HE ré)é)lct:a{fl)caaeinsity is 20
calculated also for othebgangusiconditions: F1G 6 12rfepresents the retationship betweenhthe radical

density, and hence thecg1 dé'cz%ilw]pa{t}jl%l ;v){re\;g%reeﬂﬁgg tg% dyr}azq%l of the slowdown phenomenon of
FIG.5 explained before after the start o The 25 substrate processing is represented. Referring to

FIG.61, it can be seen that the slowdowrseffidctappearstivdinetiiately after thet kearpsfithe process
similarly to the case of:1(,5in.the eventtheradical density in the progessing 30 yessel 321ds large.

In the case the radical density is small, on the other hand, the slowdown phenomenon appears after
a long time has elapsedPaftEistamt of IR processy Thisddifespohas t6 e SitGatioh thag- 104 29

MAY 2006 the growth rateef the exidedfilm igargedn the casenfdarge radicaldensity and-the
stationary thickness of 0.4nm is reached in short time, while in the case the radical density is small, it
takes a an oxynitride film enables further decrease of the

thermal oxide film equivalent thickness of the gate

10 insulation film of a MOS transistor.

[NINTH EMBODIMENT ]
Hereinafter, a ninth embodiment of the
present invention will be explained.

15 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
processing similar to the one explained before.

20 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
of 0.4nm, is subsequently subjected to an

25 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
FIG.62A for the central part and the marginal part

30 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



5 long time until the foregoing stationary thickness of 0.4nm is achieved because of the small oxide
film growth rate. Similarly, the slowdown duration defin the duration after the appearance of the
slowdown 10 phenomenon up to the vanishing of the slowdown phenomenon changes alsgjwith the
radical density such that the slowdown duration is decreased when the radical density is large and is
increased when the radical density is small. 15 From the viewpoint of the actual process of
semiconductor device r%ductiog, there OCcurs g rgblem 0 decrease of btr'&(l:ation tr]l{roughput when
the process time until the Scctirrence’of the ore ingrglrgw own éffect is’too Ioﬁgp‘leﬁ‘ussi there 20
should be a lower limitfor thes rantical wensity. 00 thencther Hand] vehemxthe iduratiere obthe slowdown
phenomenon is too short, i omes difficult to.fo h oxiéje fiﬁL of desired,thickness of 2 - 3 atomic
layers or 2 -4 atomic | fe?é.%h%s%hgref%s %élﬁ?p%%?ez% I?)n%/it or't rg¥alé}galgé§enli?%y9%%o%%le.61, which
shows the example of téendiieting thé exidatidn Bf te suldsteaté hp450<-Cohyo thel fHtficaldxidation
process while using the, yltraviolet fadiation of the, 172nmwavelengthy it,cap 30 he seen that the lower
limit of the radical partial pressure is determined to be 1 x 10-4 mTorr (133 x 10-7Pa) assuming that
the tolerable process fi&is 5 MirfutéS TS0 sEchricR} BF fEsSSFERNEE the tipfer - 105 29 MAY 2006

limit of the radical partigh pressuse isdeterminedeta,he 1gnTey (133 10:3Pa)assuaung that the

necessary slowdown interval is 100 seconds or more.
vessel 321 at 3.99Pa (0.03Torr). The substrate

temperature was set to 450C.

10
Table 5
90 degrees 90 degrees
center periphery
Si0+ 89.45 88.13
Sid+ 10.55 11.87
Sid+/Si0+ 0.117943 0.134687
Thickness (nm) 0.43 0.49
Referring to FIG.62A and Table 5, it can be
seen that the thickness after the oxynitridation
15 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.
Further, XPS analysis conducted on the oxide film

20 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.

25 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

processing. Further Table 6 below shows the actual



The ultraviolet radiation power corresponding to this 5 is determined to be 5 - 50mWcmz2 in the region
right underneath the optical source 23. In FIG.61, it may, seem that the interval between the two lines
respectively defining the appearance and vanishing of the slowdown phenomenan Qs dggreased
with the radical partial pressure. This, however, is merely an apparent effect caused by the fact that
the vertical axis and the horizontal axis of FIG.61 are represented with logarithmic scale. The
duration of the stationary interval is in fact 15 decreased with the radical partijal pressure. Thus, in the
foregoing UV-02 procéacsl)éllncéf it ?ssprél?grgﬁféetg sbéf tk?eie g)%?gseoﬁn Sgﬁi%I é%gssﬁbeetoc?eﬂltiﬁat%e range of
6.65 x 10-3Pa - 133Pa(x05 ad1000meT orx); exiore lpreferably the hangeof 33126 13.3Pd (X0 - 100
mTorr). Itis also possi%q(5 o.%ondtljﬁgth&ragéccai Oc%{(i(%a}ltiopeprgge %cgg%ucet%g by using the substrate
processing apparatus of F1G.51 also y using u traviolet radiation of other wavelengths. In this 25
case, it is necessary to change the drive energy of the ultraviolet source 324B or the ambient gas
composition in order to realize the foregoing radical dgnsity. of1 x 10-y mTorr (1.33 x 10-2mPa) or
more but not exceeding T mTorr(133mPa) 30 Forgxanmig.da the case of ugny iy Hitaviotet
radiation source of 146nm wavelength for theg Tltraviolgt sedree 3248, [iTiS Ngcessande setl the
oxygen partial pressurgitothe range of 0.05 -[50 - 106 £29.MAY 2006 mTorr (6. ABPas 6.7Pa) in view

of the large optical abSa#dption larger by 25 times as cohtpdréd with the 16.12
Si4+/Si0+ 0.197748 0.192179
Thickness (nm) 0.69 0.68

Referring to FIG.62B and Table 6, it can be
seen that the thickness after the oxynitridation
processing is 0.69 - 0.68nm in any of the central

10 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
thus processed for detection of nitrogen atoms

15 revealed that no signal from nitrogen atoms has been
detected. This means that there has been caused no
nitridation reaction at all in the oxide film
in the foregoing oxynitridation processing.

From the result of Table 6 and also from

20 the result of Table 5 before, it is concluded that
incorporation of nitrogen into the film is not
possible by the oxynitridation processing conducted
by the UV-NO processing on the oxide film already
formed on a silicon substrate surface however small

25 the thickness of the oxide film may be.

On the other hand, FIG.63A shows the
thickness distribution of the film formed on a
silicon substrate for the case the silicon substrate

is directly subjected to the UV-NO processing in the



case of the wavelength of 172nm. It is also possible to nitride the oxide 5 film having the thickness of 2
- 3 atomic layers thus formed to form an oxynitride film. ause of the larger specific dielectric
constant, the use of such an oxynitride film enables further decrease of the thejmal;axide film
equivalent thickness of the gate 10 insulation film of a MOS transistor. [NINTH EMBODIMENT]
Hereinafter, a ninth embodiment of the present invention will be explained. 15 In the present
embodiment, the substrate processing apparatus 320 of FIG.51 js used, an _oxynitride film is
formed directly on a siﬁc?éns sﬂ%%{era%%ucr?ascselél&o%ﬁa 6 l%luﬁv-ﬁg ra%ica progc:lesa}s/#ltgeérimilar to the
one explained before. 20~ IG62A showsdke fhitkneiss distribution ofiteefilai obtaireedtfoi the case an

oxide film, formed on E@lei%i}i%%régu%%tr%ttf yéksénq_gheo%%bas{r%% Q{f\?c%; 'ri%gg%rtaéus 320 of FIG.51
su itridat

with the thickness of 0.4nm, is subsequently subjected to an 25 oxy i0 process%[rig by supplying
an NO gas to the shoWertide 32 IR dkeréirs FIY.6 2AshowWslithien tickriess tdbtaifed by télligsometry.

Further, Tabie 5 below;showsdhe actyal thickngss.af the spbsirate,of -E1G,62AJar the.gentral part and

the marginal part 30 thereof obtained by the XPS analysis explained before, wherein the

measurement of FIG.62°R CoheRicted by Sefting thecdetédtiori'andie 16 9btdetffeé$@nd reducing the
resolution. Thereby, thethickpess Wasq1107% 299dAY2006-ahtained-eanvepiantlyfeom the-ratio of the

peaks corresponding %Olgl%B%r,]d §J|c4 é-lqrol%féy%iteridr?gggd that the experiments of
FIG.63A is conducted in the substrate processing
10 apparatus 320 of FIG.51 by supplying an NO gas to the
showerhead 321B with the flow rate of 200SCCM and
driving the ultraviolet source 324B at the foregoing
reference power for 3 minutes while maintaining the
internal pressure of the processing vessel 321 at
15 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
surface with a generally uniform thickness. From
20 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.

Table 7
90 degrees 90 degrees

center periphery
S1i0+ 86.81 86.92
Sid+ 13.2 13.07
Si4+/S10+ 0.152056 0.150368
Thickness (nm) 0.55 0.54

25
Further, FIG.63B shows the film thickness

distribution obtained by ellipsometry for the case

the oxynitridation processing is conducted under the

pressure of 665Pa

(5 Torr)

by setting the NO gas flow




processing was conducted by supplying an NO gas to the shower head 321B with the flow rate of
200SCCM 5 and driving the ultraviolet source 24B for 3 mjnutes within the foregoing reference power
while maintaining the internal pressure of the processing vessel 321 at 3.99Pa/9.Q3Fprf) fhe
substrate temperature was set to 450 C. 10 Table 5 90 degrees90 degrees centerperiphery
Si0+89.4588.13 Si4+10.5511.87 Si4+/Si0+0.1179430.134687 Thickness (nm)0.430.49 Referring to
FIG.62A and Table 5, it can he s hat the thickness after the oxynitridatjon 15 processing is 0.43 -
0.49nm in any of the cre%ﬁgl %%rt%%ﬂdvﬁ thaenr%a%rlﬁéfllp%?t g ﬁe%% gérlg e a%% tRat’ ﬁeerezlc‘s? %10
substantial difference mttheH#m£ thielkaessdrone flee mitia tirickressfafrabout Omdnma.. Further, XPS
analysis conducted onEtggtqg('de fil 29 éh%s Rroc sts%%g%g Sdeg%%tioP %fur}Littro%%n atoms- r ealed that
no signal from nitrogen atoms has been” detected. This means that there has been caused no
nitridation reaction at dlhincthe @xiderfilrsinthecforegoing oxyritidationsroadsing.1265FIG.62B shows
the thickness distgbutign;of ;& filim gbtained {grdhe case gpso%qﬁ@,gggggq(?ntm} silicon substrate
similarly with the thickness of 0.7nm, is subsequently subjected to an oxynitridation processing.
Further Table 6 below3&hbRstheactisl 1 208°28 MAYPoeES -

Table 8
90 degrees 90 degrees

center periphery
Si0+ 87.78 87.57
Sid+ 12.22 12.42
Si4+/S1i0+ 0.1339212 0.141829
Thickness (nm) 0.50 0.51

10 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
is about 0.5nm at any of the central part and the
15 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.

20 Table 9
atomic %
center periphery
90 degree | 30 degree | 90 degree | 30 degree
O1s 67.23 63 66.88 66.13
Nig 11.18 10.19 9.13 9.63
Sizp 21.59 26.81 23.99 24.23

Referring to Table 9, it can be seen that

the signals corresponding to the O;; orbital, Nig
orbital and Siz, orbital are observed in the film
25 thus formed and that the film shows the oxygen atomic

concentration of 67.23%, the nitrogen atomic



thickness obtained by ellipsometry for the central part and the marginal part by the XPS analysis while
setting the detection angle to 90 degrees. 5 Table 6 90 ees90 degrees centerperiphery
Si0+83.4983.88 Si4+16.5116.12 Si4+/Si0+0.1977480.192179 Thickness (nm)0,.6§90.68 Refegring to
FIG.62B and Table 6, it can be seen that the thickness after the oxynitridation processing is 0.69 -
0.68nm in any of the central 10 part and the marginal part of the substrate, and that there is no
substantial difference in the film thcickness f:from tq% initial hig ness.qf about 0,7nm. Further, XPS
analysis conducted onthe oxide film thus processed f6i detection o rJﬁFr88er‘?1 atoms 15 revealed that
no signal from nitrogernatams hastheen détetiedh Thissmeans thattherelhasbee aused no
nitridation reaction at al| in the oxide. film in_the foregoi ynitridation SSi rom the result of
Table 6 and also from%i%g %hlee%?eé%nlo#r'rr]%l@?e %%%?ﬁ%?t%s% )éonéc ﬁ?gg &Qaatoﬁfgor%%?gfo%rgoftﬁtérogen
into the film is not possitie bytha oxpritridationJtocessing eondiictéd <oy thetUvaNO processing on
the oxide film already formed gna silican sybstrate surface howeyer small 25 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 fortR& ¢a8é Besificore Substraté Sis difeetly shbRetst BHPBIPV-NO processing in
the - 109

concentration of 9.13% and the silicon atomic
concentration of 24.23% at the marginal part thereof.
Thus, it was concluded that the film thus formed is
10 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.63B by the XPS analysis.

15 Table 10
atomic %
center periphery
90 degree | 30 degree | 90 degree | 30 degree
O1s 67.3 63.84 67.2 64.2
Nisg 11.66 10.36 11.44 10.43
Sizp 21.04 25.8 21.37 25.36

Referring to Table 10, it is also noted
that the signals corresponding to the 0;5 orbital, Nig
orbital and Siy, orbital are observed in the film

20 thus formed and that the film shows the oxygen atomic
concentration of 67.3%, the nitrogen atomic
concentration of 11.66% and the silicon atomic
concentration of 21.24% at the central part of the
substrate in the measurement conducted by setting the

25 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

concentration of 21.37% at the marginal part thereof.



29 MAY 2006 substrate processing apparatus 320 of FIG.51 after the native oxide film is removed,
wherein the film thickness of FIG.63A is obtained by glli@g(}mgtry. Further, Table 3 shows the
thickness of the film thus 5 obtained at the central part and marginal part of the syygtrate by the XPS
analysis while setting the detection angle to 90 degrees. In the experiment of FIG.63A, it should be
noted that the experiments of FIG.63A is conducted in the substrate processing 10 apparatus 320 of
FIG.51 by supplying an NO gas to the showerhead 321B with the flow rate of 200SCCM and driving
the ultraviolet source é}fg at tjhte f"(%?lesgo(i:r?gi1 f(ratlafeﬂrlgr?lceJg ét‘%‘vt\/er£ or 3Minutes Wﬁcﬁre1 a}n§aintaining the
internal pressure of theprdcessingyvesset 821 af 16 3189Ra(3.08ddri)similanty tonthetprevious case.

Thereby, the substrate temperature i%get Qlﬁ%gv f%eferarin tgézlgﬁp AO i can P‘f Seen Sthat there is
formed a film on the sificon substrate surface with a ge%eral y uniform thickness. From 20 Table 7, it

can be seen that the fifmithieRness istabotit 01Srm at whg tof #ivee centrdlgpzet-and the marginal part of

the substrate. Takle 7 90 degrees90 degrees centerperiphery s3i0:+86:8186,92 Si4#13-213-04
Si4+/Si0+0.1520560.150368 Thickness (nm)0.550.54 25 Further, FIG.63B shows the film thickness

distribution obtained bifeHipseRieti fr ffe E&se e OxYHitritlatioh presEssiig R comdtetetfunder the

30 degrees, it is noted that the nitrogen
concentration is decreased slightly as compared with
the case of using the detection angle of 90 degrees

10 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
oxynitride film undergo attenuation as they are

15 transmitted through the film obliquely. As a result,
the composition of the upper part of the film is
mainly detected by such a measurement. Thus, the
result of Table 10 also indicates that the nitrogen
atoms are mainly concentrated in the oxynitride film

20 thus formed at the part near the interface to the
silicon substrate. A similar tendency is observed
also in the result of analysis of Table 9 for the
central part of the substrate.

Next, the kinetics of the oxynitride film

25 formation on such a silicon substrate surface by the
UV-NO processing will be explained.

FIGS.64A and 64B show the thickness of an
oxynitride film and a nitrogen concentration in the
film for the case an NO gas is supplied to the

30 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



pressure of 665Pa (5 Torr) by setting the NO gas flow - 110 29 MAY 2006 rate to 1SLM and driving
the ultraviolet source 24B at the foregoing reference QO\g%fo_r 1 minute. Further, Table 8 below
shows the result of the film thickness measurement conducted on the film thus Sphjaiped hythe XPS
analysis while setting the detection angle to 90 degrees. Table 8 90 degrees90 degrees
centerperiphery SiO+87.7887.57 Si4+12.2212.42 Si4+/Si0+0.13392120.141829 Thickness
(nm)0.500.51 10 Referriné; to FIG.63B, it can gte s;g%tpat t%%fimthicknessﬁgi%tgbution is generally

uniform for the film foPrﬁe&%ﬁSthgrsﬁﬁgt%tee surfaceé andath it canoﬁg ée%ﬁ rom ﬁ'able 8 that the film

thickness is about 0.Snrbat any of tenpenteal paet ard the0I6 marginal part of the substrate. Table 9

below shows the result of element a aIJ srjs cgnd%%tegﬁg tgg fiIm.ocbt i Sdk?é/ th exper ent of
FIG.63A by the XPS analysis. 20 Tat%eé atomic % center'perﬁ')herly 9% %egreeso gegree 0 degree30

degree 01367.236366?8‘&’;66_3@1[3’L Mi@@iﬁl&@.%l%ﬁ@J&Zéﬁ?SQ%BlQB@Q@&%R@ﬁéﬁng to Tabie
9, it can be seen that {he,signalsicorsesppadingdg the 013 arital, M3re occurs a

slowdown phenomenon of film growth similar to the one
explained before with reference to FIGS.5 and 8 at
the moment the film thickness has reaches the value
of about 0.5nm. Further, FIG.64A also shows the case

10 in which driving of the ultraviolet source 324B was
not made during such a nitridation processing by O.
In this case, it will be noted that there is caused
no growth of the oxynitride film at all as can be
seen from FIG.64A.

15 On the other hand, FIG.64B also indicates
that the nitrogen concentration detected by setting
the detection angle of the XPS analysis to 30 degrees
appears smaller than the case the detection angle is
set to 90 degrees in the period immediately after the

20 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,
FIG.64B also indicates that such a non-uniform

25 distribution of nitrogen in the thickness direction
is gradually resolved by continuing the
oxynitridation processing.

The result of FIG.64B indicates that an
oxynitride film of high nitrogen concentration is

30 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



orbital and Si2p orbital are observed in the film 25 thus formed and that the film shows the oxygen
atomic concentration of 67.23%, the nitrogen atomic - 111 ,29 MAY 2006 concentration of 11.18%
and the silicon atomic concentration of 21.59% at the central part of the substrate ipthe ¢
measurement conducted by setting the detection angle to 90 degrees. Further, it was 5 confirmed that
the film has the oxygen atomic concentration of 66.88%, the nitrogen atomic concentration of 9.13%
and the silicon atomic concentration of §4-23% at the %rgigallpart ther%%f. Thus, it was concluded
that the film thus forméd s iﬁud:nsgx%%trilaetfﬂ%ecolnrt]ainm% nltlrof;neﬁ:{rﬁ"rhlarl?,e?a sie 19" below shows
the result of element afalysis £0Adsetedromsthedibm dbtainetdayt thef experimentiofd;1GL63B by the

XPS analysis. 15 Tablgk}o z%toggc % ggntgrgerilp§|er 90 tdeIgr%efso g gree90 de ree30 ge ree
Ois67 363 8467 2645 HET L LE10 a1 LAATC 45 Bits1 Bat BT 3P0 58 Ree%relr%ng to Table 10, it is
also noted that the sigrixgs €éarraspdnidifig e thecOlssorbitaln Niss orbital lareldSi2p orbital are observed

in the film 20 thus.formed and that the fitm shaws the pxygen atqmic ;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 substrafe frcthe HheasitteifEht EBABGCEA By Settiiyihe?s Befcfidh angke to 90

degrees. Further, it Waghich the oxynitridation processing is conducted by

setting the driving power of the ultraviolet source
324B to 20% of the reference power. It can be seen

10 that a result similar to the case of FIGS.64A and 64B
is obtained. Thus, there is caused a slowdown of film
growth when the oxynitride film has reached the
thickness of about 0.5nm and that an oxynitride film
of high nitrogen concentration is formed at the

15 beginning of the film growth, with the concentration
of the nitrogen atoms in the vicinity of the
interface between the oxynitride film and the silicon
substrate.

FIGS.66A and 66B respectively show the

20 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
substrate surface is conducted at the substrate

25 temperature of 550C.

Referring to FIG.66B first, it can be seen
that the concentration of the nitrogen atoms
incorporated into the film is substantially smaller
than the case of FIG.64B or FIG.65B in any of the

30 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



confirmed that the film has the oxygen atomic concentration of 67.2%, the nitrogen atomic

concentration of 11.44% and the silicon atomic concent L?n_of 21.37% at the marginal part thereof. -
112 29 MAY 2006 Thus, it was confirmed that the compositional uniformity of the filR-is improved
further and that an oxynitride film having a uniform composition is formed on the silicon substrate
surface. 5 In the measurement of Tabie 10 in which the XPS spectrum is detected with the detection
angle of 30 degrees, it is noted that the nitrogen concentration is decreased slightly as compared with
the case of using the e%séé’tleo\ﬁeéné%%%tf S?E) dlt-:%grégss Tg%oﬂfﬁlsn %ecnen?r%ﬁlﬁgﬁ alrg'r{é ii\é}%ﬁe marginal part.
In such a measurement conduicted bf usingla shalfowedetection anglehthessignalsaatised by the

photoelectrons emittedC e hottom pagt qg@ o) niyéde.@m n%er aﬁteng%goga they are 15
transmitted through the%#‘r%]eo%%qﬁely. As a res%?t, e co?nlpo%?tllion gfgtﬁg uprper pértlo ?helélm is
mainly detected by sutiha measieremient TS e Jésult of Tabie 10 also indicates that the nitrogen

atoms are mainly concentrated in the pxyfgride film 20 thus formed atthe partneardhe iptgrface to the

silicon substrate. A similar tendency is observed also in the result of analysis of Tabie 9 for the

central part of the subStfate: Nexg ke’ kinetiek 8ftHeleamitAde Flle 25 othativh ohfsuith?& Bilicon
substrate surface by the, 10¥-NQ pracessing willthe-explainede EIGS 644 angh64B showthe thickness

of an oxynitride film and a nitrogen concentration in the _
the slowdown of film growth takes place for an oxide

film as explained with reference to FIG.5 or 8,

10 wherein it i1s 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
the oxynitride film is obtained by Eqg.(l) explained

15 before and associated parameters that are derived for
an oxide film. Thus, there is a possibility that the
film thickness is calculated to be slightly larger
for those oxynitride films because of the effect of
escaping depth of photoelectrons. In any case, it is

20 believed that the oxynitride film formed by the
present invention has a thickness controlled to about
two atomic layers.

Meanwhile, in the case of applying the
substrate processing apparatus 320 of FIG.51 to the

25 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
to the one explained already with reference to FIG.34.

30 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



film for the case an NO gas is supplied to the 30 showerhead 321B of the substrate processing
apparatus 320 of FIG.3 with the flow rate of 200SCCM the ultraviolet source 324B is driven with
the reference power for various durations while maintaining the - 113 29 MAY 2906 processjoressure
at 3.99Pa (20 mTorr) and the substrate temperature at 450 C. Referring to FIG.64A, it can be seen
that the thickness of the oxynitride film increases with 5 time while it is also noted that there occurs a
slowdown phenomenon of f|Im %Coplth Si n&llar to the one e %) amgg befor with reference to FIGS.5
and 8 at the moment %e kness fhas feadh est &'vald bout §:Shm. Eurther, FIG.64A also
shows the case 10 in Whnchedm/lr}g oftheiunitravidletsoulten324B was metmade dunngstich a

nitridation processing hy thln ﬂ}'§§ e, it ‘f\%“ é%.e npied tha H?fr‘fi%ﬁ%u &4 ngogf{lgg\/fgfgo c?c%ﬁes that

oxynitride film at all as can be seen rom Fl A. 15 On the other han FIG.64B also in
the nitrogen concentratioaidetédted by setmﬂgtlthe’deﬂe@tloﬁcang@of:@@aﬂqis amalyssite30 degrees

appears smaller than the,case the defection.angle i5e seLo 9Q degiees inthe pedod immediately after

the 20 start of the oxynitridation processing. This indicates that the nitrogen atoms are mainly
concentrated to the inte?faeeé régivh ot the BiFRRAGE ilhs ahBhe Sficoh siPEtae. Fulthel FIG.64B

also indicates that suchra, pen-yipifern 25 distibution of nigrogendn the, thickness dirggtion is gradually
resoNedbyconUnumgthe Oxﬂgngggggégo%iﬁgmkav1ng the wavelength of 172nm

and the excimer lamp having the wavelength of 146nm

10 are the sole candidates for the lamp that satisfies
the foregoing requirement. Thereby, it should be
noted that the lamp having the wavelength of 146nm
has a half-height width of about 13nm, and thus, a
part of the spectrum becomes shorter than 145nm. In

15 such a case, therefore, there is a possibility that
the oxygen radical excitation may not be caused,
depending on the state of the lamp or the peculiarity
of the individual lamps. From these considerations,
it is concluded that the use of an excimer lamp of

20 the 172nm wavelength is most preferable for the
ultraviolet source 324B of the substrate processing
apparatus 320 of FIG.51 in the case of choosing the
excimer lamp form the commercially available excimer
lamps.

25 FIG.67 shows the schematic construction of
an excimer lamp (dielectric barrier discharge tube)
341 producing the ultraviolet radiation of 172nm
(reference should be made to the Japanese Laid-Open
Patent Publication 7-196303 or 8-85861).

30 Referring to FIG.67, the excimer lamp 341
has a double cylindrical vessel including an inner
quartz tube 342 and an outer quartz tube 343 and a Xe

gas is confined into a space between the inner quartz



The result of FIG.64B indicates that an oxynitride film of high nitrogen concentration is 30 formed
immediately after the start of the nitridation processing an that the nitrogen concentration in the film
decreases gradually with time, while this indicates that oXidizing reaction becomegs gaminadn - 114
29 MAY 2006 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. 5 FIGS.65A an 65§43re qjitggrtabms ccl)lrtr(gsrponézlailngC Zto aFd%eSG:f& and @ﬁB respectively
[ |

showing the case in Wtﬁllc Tthe oxyan' ridation %rocessﬁ*{]g i§ condticted y sgﬁing the driving power of

the ultraviolet source 824B1028% 6f the referen€e powebklPean beGebnrt thal arrebelt similar to

the case of FIGS.64A gnd B iso ta{r}led Thus the %('Escc%%sedﬁglowdo]yv %f fgm r tg when the
oxynitride film has reached the thickness of a louf{1 O.egnm and that an oi;s/nitr(l%e film Oo% h%% nitrogen
concentration is formedratehie 181egieing of tree fllrmgrowah awita thetbencehiratiod of the nitrogen

atoms in the vicinity oftheyinteriace hetween he oxynitride Hgy-and the, siligon Subsirate; F1GS.66A

and 66B respectively show the 20 relationship between the film thickness and process time and the
relationship between tRé nitFGyet: eBAcERMtPation ihthe fift andtthe Prccesstirfi€ forcthe case the

oxynitridation processingpfissilicorns substrate,suiface is copductedat dhe substratg Zotemperature
of 550 C. Referring to FIG.66B first, it can be seen . _ o

347 and a getter 346 1is provided inside the space 347.

The excimer lamp 341 is turned on and turned off as

10 desired by applying an a.c. voltage from a power
supply 350 across the electrodes 344 and 345.

For such an excimer lamp, it is possible to
use the model UER20-172 marketed by the USHIO or the
model HES1703S marketed by Hoya Schott.

15 Of course, the ultraviolet source is not
limited to those mentioned above and other optical
sources such as a low-pressure mercury lamp. Further,
if the situation allows, it is also possible to use
an excimer laser.

20
[TENTH EMBODIMENT]

Next, formation of a uniform oxynitride
film on a wafer surface by the UV-NO processing
according to a tenth embodiment of the present

25 invention will be explained.

Referring to Table 7 again, it is noted
that the oxynitride film formed under the process
pressure of 3.99Pa (0.03 Torr) and the 100% UV
radiation power shows a generally uniform thickness

30 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



that the concentration of the nitrogen atoms incorporated into the film is substantially smaller than the
case of FIG.64B or FIG.65B in any of the 30 cases in whjch,the detection angle of the XPS analysis is
set to 90 degrees or 30 degrees, indicating that the oxynitride film thus formed has @, compesgition
closer to that of an oxide film. It is - 115 29 MAY 2006 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 03%%& In FI%.GGA it is noted ;Chrag1 tt_dhe slowdown_ of fil gEOWthTtﬁE%S place at

the thickness of 0.46nm, w iechr?‘sl cﬁ)%%r Po tchoentﬁlecrkness of B.4ln?n f}lovtvhll(l:ﬁl e g](')wdown’of film

growth takes place forlabdxidé filmbas explainegdawith reférerce tonkGrE en8, 16 winerein it is
believed that this resu%tiljlsef_(:%lgisﬁerg}.11 srll rees%ll.ltﬂgt Og%@tr&ge fjclmethy§j%r(5nedr_g%\éirs1 itng o(gnposition
ilm. It should t mis o

closer to that of an oxide e noted that the thickness of the oxynitride fi tained by
Eq.(1) explained 15 befdre aned dssociated paranteterstthi are dervedfor ancaxide filby STIRUs, there

is a possibility tha the . film. thigkness is, calculated to.he slightly larger for those oxynitride films

because of the effect of escaping depth of photoelectrons. In any case, it is 20 believed that the
oxynitride film formed by the preseRtifvéritionThad's thiekndddicaritoned 46 absii vé Atomic layers.

Meanwhile, in the case of applyinarthee subistrate pracessingsapparatuss3aRotbiGibt ta the 25
oxynitridation processing of & UL SRS bt that the duration of the
oxynitridation is set to 1 minute and 30 seconds. On

10 the other hand, FIG.68B shows the thickness
distribution of an oxynitride film for the case of
forming the oxynitride film under the same condition
except that the ultraviolet lamp is moved back and
forth. In FIGS.68A and 68B, the number of measurement

15 points is increased to seventeen. In the experiment
of FIG.68B, the back and forth movement of the
ultraviolet lamp is conducted such that the
ultraviolet lamp is moved from a first wafer edge to
a second, opposing wafer edge separated from the

20 first wafer edge by the distance of 200mm with a
speed of 60mm/sec and is moved back after stopping at
the switchback point for 0.1 seconds. The ultraviolet
lamp is also stepped for 1 second at the center of
the wafer.

25 Comparing FIGS.68A and 68B, it can be seen
that a more uniform film thickness distribution is
achieved in the experiment of FIG.68B as compared
with the experiment of FIG.68A by adopting the back
and forth movement sequence of the ultraviolet lamp.

30 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



is preferable to use an optical source capable of producing ultraviolet radiation in the wavelength
range of 192 - 142nm from the consideration similar to t ne explained already with reference to
FIG.34. 30 In view of applying the substrate processing apparatus 320 of FIG.5]14t0\a single wafer
semiconductor production process, it is preferable that such an optical source 324B is the one
capable - 116 29 MAY 2006 of being turned on and turned off as desired. Currently, excimer lamps
having Fhe wavelengt@slg%sg(%%o%mé%ézt}r?@%%%m, ci46r%r}r11 and 13%3052 ar Cﬁ%ni%rgi _ I¥ gv%ilable as
a ultraviolet source capable ‘of being 5 turned on an thrned off as desired. Thése excimer f%lmps
have an advantageous feattitecoftraving-amwvenyt sharp specteury simultarecusiyn Qnithesothep hand,
only the excimer lamp n};léa\é/'gnlgrtkgq W%veil%n%th %f L2nm. aruFl atgg ex%n%re@gw @%Vér‘},% thc%\é/avelength
of 146nm 10 are the sole candidates for tﬁe lamp that satisfies the foregoing requirement. Thereby, it
should be noted that thedamp evims trewavelengthcat 148nm Hasea halfdreighe Widehtsfabout
13nm, and thus, a; part,of the spectium becgmes shorter than-145n8aln 15, s4ch agase, therefore,

there is a possibility that the oxygen radical excitation may not be caused, depending on the state of
the lamp or the peculiatity °oF the Grdivieial RRpst Froh these esrsigefatibAs, s concluded that the

use of an excimer lamp of 204bg 172nrewavelength isimestprefesabledor the yltravielebgource 324B
of the substrate processing apparatus 320 of FIG.51 in the case of choosing the excimer lamp form

the commercially avaifabfé:

er lamps.
10 Table 11
90 degrees 90 degrees 90 degrees
center periphery 1 | periphery 2
Si0+ 87.76 87.2 86.11
Sid+ 12.23 12.81 13.89
Sid+/S1i0+ 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
Sid+/S1i0+ 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
Nis 9.82 9.38 8.88 8.75
Sizp 20.29 23.86 20.14 23.73
15
Table 13 (continued)
atomic %
periphery 2
90 degree | 30 degree
O1s 69.98 66.42
Nig 9.95 9.36
Sigp 20.06 24.23




25 30 FIG.67 shows the schematic construction of an excimer lamp (dielectric barrier discharge tube)
341 producing the ultraviolet radiation of 172nm (refere should be made to the Japanese
Laid-Open Patent Publication 7-196303 or 8-85861). Referring to FIG.67, the exgimgrJamp34l has
a double cylindrical vessel including an inner quartz tube 342 and an outer quartz tube 343 and a Xe
gas is confined into a space between the inner quartz - 117 29 MAY 2006 tube 342 and the outer
quartz tube 343 with a pressure of Xe gas of 33. 25k ak@ rr) Further an aluminum thin film
electrode 345 is formed-en-the—innersurfaceoft e .

electrode 344 is formed on the outef-side t tibe-345-Frthe H‘éﬁ}t” chamber 348
is formed at an axial gnd of the spac¢ 59@%@5%% eg.gl azé@ V@ip%ig@@géiﬁﬁpag%rhe
excimer lamp 341 is {igned on and [umeghqf as 10 desiredoby applyirkggaqg.c. voltage from a power
supply 350 across therelectrodes 344 and 3@5. For such apiexcimer lagp; 3t iIs ppssibde B use the
model UER20-172 magketed by the | USHIQ. 68the |model HES17(03S arkeéted by Héya Séhott, 15 Of
course, the ultraviolet source is not limited to those mentioned above and other optical sources such
as a low-pressure mercury lamp. Further, if the situation allows, it is also possible to use an excimer
laser. 20 [TENTH EMBODIMENT] Table 14 (continued)

¢

atomic %
periphery 2

3
3
-'1

C) (
=
N

_YC

90 degree | 30 degree
O1s 69.1 66.99
Nisg 9.79 8.93
Sizp 21.11 24.08
5 Comparing these results, it can be seen

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

10 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.

15
[ELEVENTH EMBODIMENT ]

FIG.69A shows a NO gas sequence that has
been used in the ninth and tenth embodiments of the
present invention together with a temperature profile

20 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

25 a nitrogen gas is introduced into the processing

vessel 321 at the initial state of the heating



Next, formation of a uniform oxynitride film on a wafer surface by the UV-NO processing according to
a tenth embodiment of the present 25 invention will be explained. Referring to Tabie 7 again, it is
noted that the oxynitride film formed under the process préssure of 3.99Pa (0.G3 Ty apd the 100%
UV radiation power shows a generally uniform thickness 30 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 an the distribution - 118 29 MAYtZ(’l}%O%m‘tthe qlitro en concentration
is not uniform. Thus, Talleindica elssth%%ﬁrlg gﬁrllm%%rstaﬁts isSle in the ox;?niFrl e film fofmed by the
UV-NO processing to achievetthe tusifoemity of filnh thicknesstasndl ritrogen Stconcéntedtion at the

same time. FIG.68A shaws i thiknsss sisiribution,af. ancxyiiids, firy formad.ynde fhe same
conduction as noted above e>%eptt at the duration of the oxynitridation is set to 1 minute and 30
seconds. On 10 the othélRand, FIGLE8B showsahe tisickiessn distdburtipnisfhdgmitride film for the

case of forming the oxynitrde film.under the sameygondition, except thatthe ultraviolet lamp is moved

back and forth. In FIGS.68A and 68B, the number of measurement 15 points is increased to
seventeen. In the exp&ifieRi oF BIGBBBL thebadieand forfi Rigvefert of 7 etralddiet lamp is

conducted such that the witraviglet lamp isumoned fogra disstwafer gdge 1@ A $eaNd: opposing
wafer edge separated from the 20 first wafer edge by the distance of 200mm with a
conducted.
Thereafter, the ultraviolet source 324B is

10 turned off, and the supply of the NO gas is
interrupted. The substrate 322 is then taken out from
the processing vessel 321 when the substrate
temperature T has been lowered to the room
temperature.

15 FIG.69B, on the other hand, shows a NO gas
sequence according to an eleventh embodiment of the
present invention used in place of the sequence of
FIG.69A in the substrate processing apparatus 320 of
FIG.51.

20 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
that introduction of the NO gas is started at the

25 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
for a predetermined time and the desired UV-NO

30 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



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 cent r f the wafer. 25 30 Comparing FIGS.68A
and 68B, it can be seen that a more uniform film thickness distribution is achieygd ip, the,gxperiment
of FIG.68B as compared with the experiment of FIG.68A by adopting the back and forth movement
sequence of the ultraviolet lamp. In order to ensure accuracy of the conclusion, Tabies 11 and 12 are

presented below showing the result of film t icgggfss Oﬁneasu emen condu.éctegl by the XPS analysis
ARG 6BE, i h &

for the samples of - 15 29MAY 2006 FI&SS.6 fe B. i %trﬁgul?so abies 11" and 12, the

measurement at the niarginal partincludes-twb toeasuringqointsefprther; Jable 13 beiow shows the
resuit of measurement for the nitrogﬁkcg-n%gtr%tli%p %rétlg%%%sec%fet@ esl’;\g%glg I%ﬂ .68A, while
0]

Table 14 beiow shows the resuit of measurement for the nitrogen concentration In the case of the
sample of FIG.68B. 10Ftak#e 11 90deyreesIt dégrees9e degrees ceritempetiphelygperiphiery 2

SiO+87.7687.286511 Sgﬁglg}g;grg@gggesggm@}g;so33%%%57&34531%0&1@1305 Thickness
0.500.530.58 (nm)
relationship between the processing temperature and

the nitrogen concentration in the oxynitride film. In
FIGS.70A and 70B, it should be noted that @
represents the case of using the NO sequence of

10 FIG.69A while O represents the case of using the NO
sequence of FIG.69B, respectively.

Referring to FIG.70A, it can be seen that
there exists no material difference between the case
of using the NO sequence of FIG.69A and the case of

15 using the NO sequence of FIG.69B as long as the
substrate temperature is set to 500C or less. In the
case the substrate temperature has exceeded 500°C, on
the other hand, it can be seen that there is caused
an increase in the film thickness of the obtained

20 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
film is increased substantially by using the NO

25 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.

Thus, by introducing an NO gas into the

30 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.



Table 12 90 degrees90 degrees90 degrees centerperiphery 1periphery 2 SiO+87.2687.1387.31
Si4+12.7412.8812.69 Si4+/SiO+0.1460.1478250.14534 ickness 0.530.530.52 (hm) Table 13
atomic % centerperiphery 1 90 degree30 degree90 degree30 degree 01369.8966, 76£Q.9864 52
N139.829.388.888.75 Si2p20.2923.8620.1423.73 15 Table 13 (continued) atomic % periphery 2 90
degree30 degree 01369.9866.42 N139.959.36 Sit20.0624.23 - 120 Table 14 29 MAY 2006 atomic %

centerperiphery 1 90 degree30 degree90 de eeO 69.6 2}6.9 8.1967.12
N139.869.219.438.73 S|2p20.5323 §2§%%‘§ﬁjb‘?a61 %d(cl&e}r% w?ucjéE s 528 SEquence

of FIGS.69A and 69B can be used also in the substrate
processing apparatus 20 of FIG.3 for achieving a
similar effect.

5 [TWELFTH EMBODIMENT]

FIGS.71A - 71E show the fabrication process
of a semiconductor device according to a twelfth
embodiment of the present invention.

Referring to FIG.71A, diffusion regions

10 331la and 331b are formed in a silicon substrate 331
by an ion implantation process of an impurity element,
and a surface region 331c of the silicon substrate
331 is exposed at an opening 337 formed in an
insulation film 335 and an insulation film 336.

15 The exposed surface region 331c is then
subjected to a process of removing a native oxide
film, and the UV-NO processing is conducted
thereafter in the substrate processing apparatus 320
of FIG.51 under the condition explained before by

20 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
formed uniformly.

25 Next, in the step of FIG.71C, a high-K
dielectric film 333 such as ZrSiO4, HfSiO4, Zr0O,, HfO,,
Ta,0s5, Al,03, and the like, is formed on the SiON film
332 by a CVD process.

Further, a metal electrode layer 334 is

30 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.



atomic % periphery 2 90 degree30 degree 01369.166.99 N139.798.93 Sit21.1124.08 5 Comparing
these results, it can be seen that a uniform film thickness djstribution has become possible between
the central part and marginal part of the wafer by causing a back and forth movegmeptn 1hg
ultraviolet lamp. By doing so, it is also 10 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 atqg forth movemen oféhe ult{aviolgt lamp. 15ILEL VlENTH
EMBODIMENT] FIG.69A shows a gasese UERCe that has“been used in the Ainth and tenth
embodiments of the présenttimeerfionNogetherwithianteniperaturdprafidld 2@ TaReferring to FIG.69A,

the heating of the sub§g e 322 IS start g ilgrrg:edé'%{elry afgeoro' orggrartiog of the gg%t ate 322 into
the processing vessel Sé%%?ev&:hergﬁ\ it \I}vﬁl beé noted that 25 a r?tcrougenegas %eln3 g«?uced5 into the
processing vessel 32Paefriinitial statd of thenkysating -1128 29 MAY32006-précess. This nitrogen

gas is switched to:the gaspwhen thetemperaiyre has reached a predetermined holding

temperature. Further, the ultraviolet source 324B is driven for a predetermined period when the
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 value
larger than the actual value is obtained because of

10 the adsorption of organic molecules and the like on
the film surface during the measurement process. In
the case of measuring the film thickness at a number
of points, in particular, there is a tendency that
the measured value changes during the measurement and

15 it is difficult to evaluate the exact uniformity of
the film.

In view of the situation noted above, the
inventor of the present invention has made an
improvement of film-thickness measurement process so

20 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
gate of the deposition apparatus up to the wafer

25 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
increase of the film thickness within 0.02nm (O.ZAJ

30 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



5 concentration of the NO gas has reached a predetermined level in the processing vessel 321. With
this, the UV-NO processing explained before is condgct; Thereafter, the ultraviolet source 324B is
10 turned off, and the supply of the NO gas is interrupted. The substrate 322 is thentaken gyt from
the processing vessel 321 when the substrate temperature T has been lowered to the room
temperature. 15 FIG.69B, on the other hand, shows a NO gas sequence according to an eleventh

embodiment of the pr Eent invention used innplaqce of th§9sequenge of FI%69A ir%the substrate
processing apparatus 6%}?nl‘—e|%5s.5fef(§ ﬁ%?er%rrllg t6 Y:I .6@?, the %egﬁng of the™ stibstrate 322 is
started immediately aftertlie dacorpordteoniaf the seisiratet82P irtte the: lprodessinggessef 321,

wherein it shOL_JId be ngtneg ‘g%a?t <!‘r%t(g%dcuc]gioj?]ﬂ(l)f tgl%(al ykqlgg% isd%t?ﬁtﬁ aé}tlheS 25 same gqle ith substrate
322 has been incorporated in the case of the present invention. Thus, when the substrate
temperature T has reached & fredefermindy Qémperafive, theuitravioles seareé B32udlistdriven for a

predetermined time and.the desired \J\V;NO WPQ%%%”Q%%OQW%JJ‘%Q@%%@G ultraviolet
source 324B is turned off, the supply of the gas is turned off %ilrther. The substrate 322 is then

taken out of the - 122 ZRPMIAY2006- prdcessingWes8er321({Wheh the stibstratdenierbftfe T has
been lowered to the ropm temperature, 51GS.70A.and,Z0B spewthe relatianshipent

conducted at a fixed point.
Now, FIG.75 shows the result of measurement
10 of an oxynitride film formed on a wafer having a
diameter of 200nm with the thickness of 0.5nm by
using the UV-NO process under the condition explained
before. The measurement was conducted by using the
measuring fixture explained above. In FIG.76, the
15 film thickness was measured at 49 points on the wafer
surface.

Referring to FIG.75. it can be seen that
the in-plane variance o of the film thickness 1is
0.65%. In terms of the thickness, this means that the

20 film thickness variation is in the order of 0.0065nm
(0.065Z§). In other words, the wvariation of the film
thickness has been reduced to near the detection
limit. Thus, it should be noted that a completely
uniform oxynitride film is obtained over the wafer of

25 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
uniformity characterized by the film thickness

30 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



between the process temperature and the thickness of 5 the oxynitride film thus obtained and the
relationship between the processing temperature and t itrogen concentration in the oxynitride film.
In FIGS.70A and 70B, it should be noted that 0 represents the case of using thegNQ.sequegee of 10
FIG.69A while O represents the case of using the NO sequence of FIG.69B, respectively. Referring to
FIG.70A, it can be seen that there exists no material difference between the case of using the NO
sequence of FIG.69A and the case of 1 usirqg theé\l% sed encecof FIG.69B eg,elorgggs the substrate

. us, var,i 10 C lons, ma
temperature is set to 500~ "0 le€S. Ththe “Case the substrate femperature hasexceeded 500 C, on

the other hand, it can lpe skenthatdheretisrcausedmart inereaseoin thé fithe¢hickress-afcthe obtained 20
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 film is increased stiistantiBMy: by AskiglthaINO Ph'sequence of FIG.69B. This result shows that the
observed increasg of thickness of theoxynifridg film infelG.70A s, attributed primarily fo the nitrogen

atoms that are incorporated into the oxynitride film. Thus, by introducing an NO gas into the 30
processing vessel priof %6 BHEFraeessing Lt be€omesr pessibieto fcorpsiaté a Iafge amount of

nitrogen atoms into the.@xyaitdde fitm af thectime of the, UV-NOLreeassing. - 123 29 MAY 2006 It

should be noted that the NO gas sequence of FIGS.69A and 69B can be used also in the substrate
reproducibility by using the nitrogen radicals

excited by high-frequency plasma. Further, according

10 to the present invention, it becomes possible to form
an oxynitride film of high nitrogen concentration
with a desired thickness by nitriding the surface of
an extremely thin oxynitride film by using the
nitrogen radicals excited by the high-frequency

15 plasma. By using high-frequency plasma, it becomes
possible to conduct the nitridation process at
relatively high pressures, and it becomes possible to
dilute any impurity gas components such as residual
oxygen remaining in the processing vessel by the

20 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
associated problem of increased thickness of the

25 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,
and as a result, the problem of mutual diffusion of

30 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.



processing apparatus 20 of FIG.3 for achieving a similar effect. 5 [TWELFTH EMBODIMENT]
FIGS.71A - 71E show the fabrication process of a ser_niv}(z\;gugtor device according to a twelfth
embodiment of the present invention. Referring to FIG.71A, diffusion regions 1Q g3%a-ansl331b are
formed in a silicon substrate 331 by an ion implantation process of an impurity element, and a
surface region 331c of the silicon substrate 331 is exposed at an opening 337 formed in an insulation
film 335 and an insulation film 336. J@ The ex‘%osed surface {Pl%ion 331c j%t%Te SJEJ[ jected to a

cted

. . . ile 1 era .UnNavol al .
process of removing a native oxide |Im, an& e @\ﬁﬁ processing I1s COFI(?U erea?trér in the

substrate processing apparatus1320t of FIGhduiridet ¢ne €onditieneXplainedkbefere by R0arsing the
ultraviolet radiation of 172nm,wavelength, As a result, there is ed slowd f.fi rowth on the
% 1t é_qee %q_d['é‘lnn ué}%Nrﬁ%né 35‘?1&8%% q)lilk ?’191%’%%1@?9 %gg\lt

surface of the silicon substrate 31, an aving a thickness of about 0.Snm is
formed uniformly. 25 Nextainithe stép ofFIGZ2CPahigh-Kn digfectii¢ fila S83xuehasaZrSiOs HfSIO.,

2r02, Hi02, Ta2Q5, AlaQ3, and-the like isifarped onthe SION film. 332 by,a GMR pragess. Further,

a metal electrode layer 334 is 30 deposited on the high-K dielectric film 333 thus formed in the step of
FIG.71D, and a metal afe R¥&cife 334G iformell by contieting BhcetEh-batResdcess in the step

of FIG.72E. - 124 29 MAY 2006 Inthepresentembedimentait isipreferableon process, in

other words the thickness of the oxynitride film, to
be extremely small, by controlling the thickness of

10 the insulation film before the nitridation process to
2 — 4 atoms layers or less.

Further, according to the present invention,
it becomes possible to conduct ultraviolet—-excited
radical oxidation process of a silicon substrate to

15 form an oxide film and a radical nitridation process
of such an oxide film, formed by the ultraviolet-
excited radical oxidation process by using radicals
excited by high-frequency remote plasma, such that
the radical nitridation process is conducted

20 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
using a high-frequency remote plasma are very much

25 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
nitridation of an extremely thin base oxide to be

30 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



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 103Pa. 5 [THIRTEENTH EMBODIMENT] In the case of
measuring the thickness of a very thin film formed on a wafer by way of ellipsometgy, $hergdg a case
that a thickness value larger than the actual value is obtained because of 10 the adsorption of organic
molecules and the like on the film surface during the measurement process. In the case of measuring
the film thickness at a numblertof oigts in partiéular, t]gere is aFtendencyé that thf easured value
changes during the measurement an qusn}t i diffictlf fo evalugte ﬁmreaélx%c unitormi yagfeJﬁm film. In
view of the situation neted@abovesthevimtentoradf the present iMensionhasimade an improvement of

film-thickness measurem rocess so 20 as 1o re exactness on iformity of the film
%uggggsﬁ}?eﬁ% szuFﬁrt%S%%%{gy %‘é%ﬁ S PNHE ynjiormit

thickness. In the improvement o ven e entire pat the substrate from the load/unload
gate of the deposition dpparstts up te tewaferPdsstage of ahellipsonietebizslaced dader the down

flow stream of a c@em@lﬁlgerﬁg%ﬁ&s’edtf% rgg@é(g}g;or_ggggnrp@[%u@a@fggrdé’%go such a

construction, it is possible to suppress the apparent increase of the film thickness within 0.02nm
(0.2A) 30 even in the ca¥eStheWrafePis placed mlihet ffeasuRsméntarhbrnt fatPREFS I When such

an ellipsometry is used,ahaut teRMinutes;are naeded fos eonductipgdhe film 1 d 25,29 MAY 2006
by arranging the first and second evacuation paths in
the processing vessel such that a turbo molecular

10 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
substrate processing apparatus can be connected to a
substrate transfer unit at an inner end part thereof.

15 Further, according to the present invention,
it 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 and with

20 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
- 4 atomic layers.

25 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
ultraviolet radiation. Thereby, it becomes possible

30 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



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 Q.001nm (0.01A). Further, it is confirmed that 5
the measurement apparatus thus improved has the reproducibility of 0.006nm (0;06A)./in terys of the
variance value a from the repeated measurement conducted at a fixed point. Now, FIG.75 shows the
result of measurement 10 of an oxynitride film formed on a wafer having a diameter of 200nm with
the thickness of 0.5nm b¥1 .ﬁng}thﬁe UV-NOcprocesscuntger thelcond'ition explaine before, The
measurement was contuct by bsﬁl%qtﬁré m%%%ﬁﬁné: fixture exSPé\lenedl dbove. T FIG: %?{he 15 film
thickness was measured at4@npaintsdsn thelwafeh swsfaced Referring td F16. Z5: itvdam ke seen that
the in-plane variance a Qf the.fil ick is. 0.65%, In terms of the thickne is. means that the 20
film thickness variatio% @ein]’[gﬁé %r h&lo%‘]%ﬁéoé&nor%s (%?é]élétA)@l'n%ﬂ&e?%vgorr%%,éég%éﬁgt%r? of the film
thickness has been retucedteonéar the xiatectiohh limit. Thas dxshddld beéendtéd thatancdapletely
uniform oxynitridefilm 45, phtained qyar the wafer of, 25,the 200mm diapeter Indhe similar,
measurement of the oxide film formed by the UV-02 processing, on the other hand, it was also
confirmed that a film of Bx&elfeht uriifotmity haracterized by the film thickness 30 variance a 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 - 126



29 MAY 2006 various variations and modifications may be made without departing from the scope of
the invention. INDUSTRIAL APPLICABILITY 5 Accord_ingr%% the present invention, it becomes
possible to nitride the surface of an extremely thin oxide film with excellent repradygibjlity hyusing
the nitrogen radicals excited by high-frequency plasma. Further, according 10 to the present
invention, it becomes possible to form an oxynitride film of high nitrogen concentration with a desired
thickness by nitriding the surface of an extremely thinﬁ xrili[%de film by using the nitrogen radicals
excited by the high-frequency 15 plasma. By using high-frequency plasma, it becomes possible to
conduct the nitridation process at relatively high pressures, and it becomes possible to dilute any
impurity gas components such as residual oxygen remaining in the processing vessel by the 20
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 associated problem of increased thickness of the 25 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 insufatioft fltfit 2Pid sxfa Pesuitt tHe Broblerh ®F Wirbardiffdsidn of 30

metal element and silicen, bgtwesan;thesilicon- skbstrate andithe high-Ksdiglectric gate insulation film,

and the associated problem of formation of a transitional layer are effectively suppressed. - 127
forming nitrogen radicals by high-frequency

plasma formed by a high frequency power of 13.56MHz
10 or less in the frequency; and
causing nitridation in a surface of an
insulation film containing therein oxygen, by
supplying said nitrogen radicals to said surface of
said insulation film.

15

2. The method of nitriding an insulation
20 film as claimed in claim 1, characterized in that

said insulation film is an oxide film.

25
3. The method of nitriding an insulation
film as claimed in claim 2, characterized in that
said oxide film has a thickness of 0.4nm or less.
30

4. The method of nitriding an insulation



29 MAY 2006 While it is generally unavoidable that an extremely thin insulation film such as oxide film
or oxynitride film undergoes increase of film thickness result of incorporation of nitrogen atoms
at the 5 time of the nitridation process, it is possible in the present invention to painiaip the tRickness
of the insulation film after the nitridation process, in other words the thickness of the oxynitride film, to
be extremely small, by controlling the thickness of 10 the insulation film before the nitridation process

to 2 -4 atoms layers %r_l SS. Furthler,. ac%Prding tg the p{eserﬁ invention,, it b comecshp%ssible to
. ] 1lm %F ﬁ a%p% in-c alq .. C aragﬁerl%e n a . .
conduct ultraviolet-excited radical oxidation process of a Silicon substrate t0 15 form an oxide film and

a radical nitridation preceiss ohsuchean oxideifilm, formed bytheidltradieletiéxcited radical oxidation
process by using radicals excited by high-frequency remote plasma, such that the radical nitridation
process is conducted 20 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 using a high-frequency remote plasma are very much 25 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 nitridation of

an extremely thin base oxide to be 30, formedyindesaeath a\highik diglectric gata.insulatign film, and
as a result, the problem of mutual diffusion of metal element and silicon between the silicon substrate
andthehkﬁ»K(ﬁdemﬁ&bﬁuﬁs claimed in any of claims 1 - 4, characterized

in that said nitrogen radicals are supplied in the
10 form of being carried by a gas flow formed along said

surface of said insulation film.

15
6. The method of nitriding an insualtioni
film as claimed in claim 5, characterized in that
said gas flow is caused to flow from a first side of
a substrate formed with said insulation film to a
20 second, diametrically opposite side to said first

side.

25
7. The method of nitriding an insulation
film as claimed in claim 6, characterized in that
said gas flow is evacuated at said second side of
said substrate.

30



- 128 29 MAY 2006 insulation film or formation of transitional layer associated with such mutual
diffusion, is successfully suppressed by forming the h_igtﬂ(z dielectric gate insulation film on the base
oxide 5 film. Further, the present invention enables easy™ construction of a clustegtypesupstrate
processing system while using the substrate processing apparatus, by arranging the first and second
evacuation paths in the processing vessel such that a turbo molecular 10 pump, which is necessary
for realiz_ing high degree vacuum inétheﬂqgc%ses%rflgo\ée%sgl,ﬁ tlqucfé?% gt tahr? %l{tseurga?gi%anrt of the
processing vessel. Thereby, the substrate processing apparatus can be connected to'a” Substrate
transfer unit at an innef ehd past thezeofe d5 Furthey, adcordiagrte tHe presentirveatior,r it edomes

possible to form an extr hin, oxide_ film_sui r.a base oxide.film used betwe silicon
substrate and ahigh-Kl ieqe%%r%c%%leginss% tio%%%n%véﬁtﬁ%gun%l o%réwt ﬁzjﬁng 5 gné%v%hgzgolagxcellent
reproducibility by utilizitripeighehohienont filhe gedwthedalay, which appearsiarthesadicalt bxidation

process of a silican substygte suface.in terapedhe ride thas dianip a thickngss of 2 -4

atomic layers. 25 Further, according to the present invention as set forth in'claims 66 - 76, it becomes
possible to form an oxXyMitFidé Fifffiretly Bnasifiéort SebstateSsurfadelBy e4&ing afn NG &Pnbient

with ultraviolet radiatign,,Thereby dt becomes pgssible 3Q-to,supRygss the-eecurrence of oxidation by
choosing the wavelength of the ultraviolet radiation to be longer than 145nm but not exceeding

192nm, for

10

9. The method of nitriding an insulation
film as claimed in any of claims 1 - 8, characterized
in that said high-frequency plasma is formed by

15 exciting said nitrogen gas with a frequency of about

400kHz.

20
10. The method of nitriding an oxide film
as claimed in any of claims 1 - 9, characterized in
that said step of nitriding said surface of said
insulation film is conducted under a pressure in the

25 range of 0.67Pa - 1.33kPa.

30 11. The method of nitriding an insulation
film as claimed in any of claims 1 - 10,
characterized in that the method further comprises,

prior to said step of supplying said nitrogen



example to 172nm. Thereby, an oxynitride film having - 129 29 MAY 2006 a high nitrogen
concentration level is formed. Such an oxynitride film s a delay of film growth at the film
thickness of about 0.5nm corresponding to two atomic layers. Thus, the oxynitrige filmy.canbeg 5
formed stably and with excellent reproducibility to this film thickness. - 130 CLAIMS 5 29 MAY 2006
1. A method of nitriding an insulation film, characterized by comprising the steps of: forming nitrogen

radicals by high-frequency, plasma formed py.a hiah frequency power.of 13.56MHz, 10 or Jess in the
requency; and causing nitridation in"a‘surface of an “insulation film containing therein oxygen, by
supplying said nitrogens tragdicals tosaiisurfacecafo saislinsylatien film wibi 2hThe hvethod of nitriding an

insulation 20 film as clajzied [0 claimeL, gharactedzed indhat said splation, ftp is ag,pxde film. 25 3.
The method of nitriding an insulation film as claimed in claim , Characterized in that said oxide film
has a thickness of 0.4rmesrdess 3054 dTHenfreicd ofihitridiag antinstlation - 131 29 MAY 2006

5

12. The method of nitriding an insulation
10 film as claimed in claim 11, characterized in that
said purging step is conducted so as to evacuate said
process space to a pressure of 1.33 x 107! - 1.33 x

10 *Pa.

15

13. The method of nitriding an insulation
film as claimed in any of claims 1 and 4 - 12,
20 characterized in that said insulation film has a

thickness of about 0.4nm.

25
14. The method of nitriding an insulation
film as claimed in any of claims 1 - 13,
characterized in that said insulation film is an
oxide film formed by processing a surface of a
30 silicon substrate with oxygen radicals excited by

ultraviolet radiation.



film as claimed in claim 1, characterized in that said insulation film is an oxynitride film. 5 5. The
method of nitriding an insulation film as claimed in any of claims 1 - 4, characterized in that said
nitrogen radicals are supplied in the 10 form of being carried by a gas flow formed algng sajd ;surface
of said insulation film. 15 6. The method of nitriding an insuaitioni film as claimed in claim 5,
characterized in that said gas flow is caused to flow from a first side of a substrate formed with said
insulation film to a 20 second, diam?(ggical#/ op %sigg siriie %o I%aid fir%t. side. 25 7. The rgethCOd of
nitriding an insulation film as claimed’ih € aim 6, characterized iy that “shid gsag oW IS evactated at
said second side of salesubstrateh 30act32- POMANY2006n8 r Tive methda o higniding &n insulation
film as claimed in any of claims 1 - Ta Ocprgg%cteg%edi r11% Hl ttSf.{%d stgglq{ f%rlllnigg Ssﬂdigi rogen radicals
comprises the steps of: exciting a nitrogen g%s with 5 said hig I1‘requency plasma; and removing
nitrogen ions formed with &kcratiorsofrdaid ditrogen gas with any of a diffusion plate or an ion filter.

10 9. The method:of nitriding an insuflgygri\nfjjrth%glggj’@' gd jnany. of claims 1 -}ﬁu(ﬁlggracterized in that
said high-frequency plasma is formed by
frequency plasma formed by a high-frequency power of
13.56MHz or less in the frequency;
nitriding a surface of said insulation film
by supplying said nitrogen radicals to said surface
10 of said insulation film; and
forming a high-K dielectric film on said

insulation film having said surface subjected to

nitridation.

15

16. The method of fabricating a
semiconductor device as claimed in claim 15,
20 characterized in that said insulation film is an

oxide film.

25
17. The method of fabricating a
semiconductor device as claimed in claim 16,
characterized in that said oxide film has a thickness
of 0.4nm or less.

30



15 exciting said nitrogen gas with a frequency of about 400kHz. 20 10. The method of nitriding an
oxide film as claimed in any of claims 1 - 9, characteri_zepii that said step of nitriding said surface of
said insulation film is conducted under a pressure in the range of 0.67Pa - Lg3kRa. 3Q)3%. The
method of nitriding an insulation film as claimed in any of claims 1 - 10, characterized in that the
method further comprises, prior to said step of supplying said nitrogen - 133 29 MAY 2006 radicals to
said surface of said insulation film, ttfg st?g of ug%inag a process space, in which said insulation film is
held to a pressure lower than a preSsure used in said nitrida %nrsjtgﬁ. 5. The method of nitriding an
insulation 10 film as clemeddn dlaimcll, dhatacte dzed-insthatsaidpurgiagrstép is conducted so as to

ei.scs x 101 é%s:ful;gthé"Paf 15,13..The method of

evacuate said proces%?Qgg% Qa P%%%SU{S Otf“r&
nitriding an insulation film as claimed in any of claims 1 an 20 characterized in that said

insulation film has a thkiskmegsrafcbout O0nm. 25 14. The method of nitriding an insulation film as
claimed in any of glaims 1 - 13, characterized in that said insulation film is an

19. The method of fabricating a
10 semiconductor device as claimed in any of claims 15 -
18, characterized in that said nitrogen radicals are
supplied in the form of being carried by a gas flow

formed along said surface of said insulation film.

15

20. The method of fabricating a
semiconductor device as claimed in claim 19,
20 characterized in that said gas flow is caused to flow
from a first side of said silicon substrate, on which
said insulation film is formed, to a second,

diametrically opposite side to said first side.

25

21. The method of fabricating a
semiconductor device as claimed in claim 20,
30 characterized in that said gas flow is evacuated at

said second side of said substrate.



oxide film formed by processing a surface of a 30 silicon substrate with oxygen radicals excited by
ultraviolet radiation. - 134 29 MAY 2006 15. A method o ricating a semiconductor device,
characterized by comprising the steps of: forming an insulation film on a silicon syibgtrate syface; 5
forming nitrogen radicals with high- frequency plasma formed by a high-frequency power of 13.56MHz
or less in the frequency; nitriding a surface of said insulation film by supplying said nitrogen radicals to
said surface 10 of said insulation fil% anfj};‘grmingh%gigh« ielectric film on said insulation film

having said surface subjected to nitridation. 15'T e (r)nfet 5a of Fa%tri%:gﬁnﬁ a semiconductor device

as claimed in claim 15520 haratterized iethatsaid snsulatiorefilmiis aamyoxide filire 26s17.5The method
of fabricating a semicgnductor.devi s claimed in.claim_16, .characterized in that sajd oxide film has
o1 cﬂgg%igégégga 1%O%h§% sard gﬁé%(é 95Q$f%g g%lé

a thickness of 0.4nm or less. MAY 6 18. The me abricatinga semiconductor
device as claimed in claifrigjecharadterized s thep saikinstlatona fitmss af: exciting a

5 nitrogen gas by said high-frequency plasma; and
removing nitrogen ions formed with excitation of said

nitrogen gas by an ion filter.

10

23. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
22, characterized in that said high-frequency plasma

15 is excited at a frequency of about 400kHz.

20 24. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
24, characterized in that said nitridation step of
said surface of said insulation film is conducted
under a pressure in the range of 0.67Pa - 1.33kPa.

25

25. The method of fabricating a
30 semiconductor device as claimed in any of claims 15 -
24, characterized in that said method further
comprises, prior to said step of supplying said

nitrogen radicals to said surface of said insulation



oxynitride film. 5 19. The method of fabricating a 10 semiconductor device as claimed in any of claims
15 - 18, characterized in that said nitrogen radicals are ét%oli_ed in the form of being carried by a gas
flow formed along said surface of said insulation film. 1 . The method of fabsigating,a, 4o ¢
semiconductor device as claimed in claim 19, 20 characterized in that said gas flow is caused to flow
from a first side of said silicon substrate, on which said insulation film is formed, to a second,
diametrically opposite ft,i. eto sca}ild firsg side. 25 21. The method of fabricating a _semicon%uctor device
as claimed in claim 20, 30 ¢haractefized inthat' said lg%l% flow is evactatdd at said secord side of said
substrate. - 136 29 MAYi2006:22. 1 Hiel metfod of fapribating a osemicoadactoe dévige mstdlaimed in
any of claims 15 - 21, gh?ra&esrhzgg iﬂ él%?[hgflﬁd ggjepdof r{?rt iﬂg (,js,caiqJ nnitgcg%en radicals comprises the

steps of: exciting a 5 nitrogen gas by said high-frequency plasma; and rem%\'/ing nitrogen ions formed
with excitation of said nitrogen gas by an ion filter. 10 23. The method of fabricating a semiconductor
device as claimed;in any of claims 15 - 22, characterized in that said high-frequency plasma 15 is

excited at a frequency of about 400kHz. 20

26. The method of fabricating a
semiconductor device as claimed in claim 25,
10 characterized in that said purging step is conducted
so as to evacuate said process space to a pressure of

1.33 x 10°' = 1.33 x 10 ‘Pa.

15

27. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
26, characterized in that said insulation film has a

20 thickness of about 0.4nm.

25 28. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
27, characterized in that said step of forming said
insulation film comprises the step of processing said
surface of said silicon substrate with oxygen

30 radicals excited by ultraviolet radiation.



25 24. The method of fabricating a semiconductor device as claimed in any of claims 15 - 24,
characterized in that said nitridation step of said surface, of said insulation film is conducted under a
pressure in the range of 0.67Pa - 1.33kPa. 25. The method of fabricating a 30 segi¢grducteydevice
as claimed in any of claims 15 - 24, characterized in that said method further comprises, prior to said
step of supplying said nitrogen radicals to said surface of said insulation - 137 29 MAY 2006 film, the
step of purging a process space in vggich aid inscLéL[atéPn film isbhreld tqcfil [pressure lower than a

pressure used in said nitridation step.”5 216. Thémm

R0d o fafbarlca{“lﬁgaj1 a 'sémiconductor device as

claimed in claim 25, 16 eharactelizeddn thiatsaid parging stepeid condaotedo §o0 asddrevathate said
process space to a pregsure. of 1,33 %(rlpz_%ﬁl 1,33 %&%"F’s £ 24 Jé]e eﬁ:& m%fr{igb%%atﬁ‘g a
6, C edint E

semiconductor device as claimed in any of ¢

aims 15 - aracter at said’insulation film has

a 20 thickness of abodhg4hat. 250 & Mhe m@ﬂwcﬁﬁéfdfab’ﬁi@a‘tmgﬁé isemigbaductér deviée as claimed
in any of claims 13 - 27, charactgrized i that said-$igR.of funipg said- jpsulatiap film ¢emaprises the

step of processing said surface of said silicon substrate with oxygen 30 radicals excited by ultraviolet

radiation. - 138

10

15

20

25

30

same processing apparatus, without exposing said

silicon substrate to the air.

30. The method of fabricating a
semiconductor device as claimed in any of claims 15 -
24, characterized in that said step of forming said
insulation film and said step of nitriding said
insulation film are conducted consecutively in the
same processing apparatus without exposing said
silicon substrate to the air, and wherein there is
provided a purging step purging a process space in
which said insulation film is held between said step
of forming said insulation film and said nitridation
step of said insulation film, such that said purging

step is conducted 0 - 4 times.

31. A substrate processing apparatus,
characterized by comprising:

a nitrogen radical formation unit forming
nitrogen radicals with high-frequency plasma formed
by a high-frequency power of 13.56MHz or less in the

frequency; and



29 MAY 2006 29. The method of fabricating a semiconductor device as claimed in any of claims 15 -
28, characterized in that said step of forming said insglaiigg film and said nitridation step of said 5
insulation film are conducted consecutively in the same processing apparatus, withgutexpasing said
silicon substrate to the air. 10 30. The method of fabricating a semiconductor device as claimed in any
of claims 15 - 24, characterized in that said step of forming said 15 insulation film and said step of
nitriding said insulation film are conducted consecutivel;g ineTehgilg]%éprocessi%% ggg%reatus without

exposing said silicon substrate to tite gﬁ,oacnedg\?vﬁrel%iﬁ]?hesre IS provi d aapﬁrlf;mg Step purging a

process space in 20 whichrsaid ingubateon filnsislhetd betwedmsaid step of forming said insulation film
and said nitridation step of said insglgiiign i!{n&, se%cgitrrﬁt %}ig Epeuigiggugtgg gis S(laggli%{gg 0 - 4 times.
ze

25 30 31. A substrate processing apparatus, characte by comprising: a nitrogen radical formation
unit forming nitrogen rAdicals withavigh-frlegaendy plasmaformedbya Hightfeguency power of

13.56MHz or lessdn th@ufﬁ%@@%&f\ﬂq <L3% 29:1MAY,2006 a processing.yessel hglding a substrate

formed with an insulation film, said processing vessel causing nitridation
nitrogen radical formation unit and supplying said

nitrogen radicals to said surface of said insulation

film.

10

32. The substrate processing apparatus as
claimed in claim 31, characterized in that said
15 processing vessel carries said nitrogen radical
formation unit on a sidewall surface thereof, said
processing vessel supplying said nitrogen radicals to
salid surface of said insulation film in the form of
being carried by a gas flow caused to flow along said

20 surface of said insulation film.

25 33. The substrate processing apparatus as
claimed in claim 32, characterized in that said gas
flow is formed in said processing vessel so as to
flow from a first side of said substrate formed with
said insulation film to a second, diametrically

30 opposite side to said first side.



of a surface of said insulation film by being 5 supplied with said nitrogen radicals form said nitrogen
radical formation unit and supplying said nitrogen radicalﬁbo said surface of said insulation film. 10
32. The substrate processing apparatus as claimed in claim 31, characterized indhat:said 1§
processing vessel carries said nitrogen radical formation unit on a sidewall surface thereof, said
processing vessel supplying said nitrogen radicals to said surface of said insulation film in the form of
being carried by a gas flow caused gp4flovsf alon%J ai 20tsurface of said insulation film. 25 33. The
substrate processing apparatus as claime Sn 2laim : chafactérized in that said agagsflgv?/ is formed
in said processing vessébsonas! ta rflowi from & first siderefcsaid Substrate fomméd mithcsaidiinsulation

fim o & second, diametricglly 39 onpOSt, sicke {052l st sle. o 1405349 MEY 2006 34. The -
substrate processing apparatus as claimed in claim 33, ¢ aracterized in that processing vessel is
evacuated at said secénidsideadfsaid substrate. 35. The substrate processing apparatus as 10
claimed in any of glaims 31 - 34, characterized in that radical formation unit comprises a gas passage
and a high-frequency plasma formation part formed in a part of said gas passage for causing plasma
excitation in a nitrogen gas flowing through said gas 15 passage.

35. The substrate processing apparatus as
10 claimed in any of claims 31 - 34, characterized in
that radical formation unit comprises a gas passage
and a high-frequency plasma formation part formed in
a part of said gas passage for causing plasma
excitation in a nitrogen gas flowing through said gas

15 passage.

20 36. The substrate processing apparatus as
claimed in claim 35, characterized in that said high-
frequency plasma formation unit causes said plasma
excitation of said nitrogen gas at a frequency of 400
- 500kHz.

25

37. The substrate processing apparatus as

30 claimed in any of claims 31 - 36, characterized in
that said processing vessel is connected with an

evacuation system capable of evacuating an interior

space of said processing vessel to a pressure lower



20 25 36. The substrate processing apparatus as claimed in claim 35, characterized in that said high-
frequency plasma formation unit causes said plasma exe gz%io_n of said nitrogen gas at a frequency of
400 - 500kHz. 37. The substrate processing apparatus as 30 claimed in any of¢jaips,3% o $6.
characterized in that said processing vessel is connected with an evacuation system capable of
evacuating an interior space of said processing vessel to a pressure lower - 141 29 MAY 2006 than a
pressure used in said Q'Egdation ste of said 5 18 1520 25in sul%tlon flljgnlsurfagce 30

n a pre sure used 1nh sal ridation step of said

insulation film surface.

10
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20

25
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