-1 SPECIFICATION NITRIDING METHOD FOR INSULATION FILM,

SEMICONDUCTOR DEVICE AND PRODUCTION METHOD FOR

SEMICONDUCTOR DEVICE, 5 SUBSTRATE TREATING DEVICE AND

SUBSTRATE TREATING METHOD TECHNICAL FIELD The present

invention generally relates to 10 semiconductor devices and more

particularly to the fabrication proce r ﬁ speed
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semiconductor devices, to reduce the thickness of the gate insulation film

thereof with the decrease of the gate led§tf aeRieved as a result of the

device miniaturization. 25 BACKGROUND ART When the gate length has

been reduced to 0.1 m or less, on the other hand, the thickness of the
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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



material (so-called high-K dielectric material) 5 having a much larger
specific dielectric constant as compared with a thermal oxide film and
thus capable of achieving a small Si02-equivalent thickness while
maintaining a large physical thickness, for the gate insulation film. Such a
high-K material includes 10 Ta205, A1203, Zr02, Hf02, ZrSiO4, HfSiO4,

and the like. Bg L;Cskilng suc%;h}iﬁh-% ielectric m terifll,i becomes
possiblect%uussee the p%ﬁfc% ickness of “about 1onm in G f‘rg%iﬁﬁl—gﬁgg& )
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the 15 gate | e curren ed hy tunneling effect is successfull
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temperature of about 480~C or more. The Ta205 film thus formed is then
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oxygen glefects i the filmsargcompensatedqsfutthes the 28 filness while
undergoes crystallization. The Ta205 film thus crystallized shows a large
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cancelled out. On the other hand, such an extremely thin base oxide film
is requirebaigo fednm 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



5 cover the silicon substrate surface uniformly, without forming defects
such as surface states. Conventionally, rapig thermal oxidation (RIO)
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 1nm or less, there is a need of

decreasgn}gttpe rrloer cescsilln%t.erg@ ra%urlesaet,th }t}lrene P% tehcetflI(r)nfforrsniatlon.the
However, SUCh & thermat oxide ~film formed a owetemperature tendsto
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base oxide Tl ofca hioh-K dleledlfic gale de fim, FI5 Lagwghe
schematic construction of a high-speed semiconductor device 100 having
a high-ke20rdislettrictdate imisationfide RefémingstorRGiinhe also to
semiconductor device 100 is constugted op asilicon.substrate, L, apd
includes a high-K dielectric gate insulation film such as 1a205, A1203,
Zr02, HIOZ Ire8io 4, 34fSiod, &fd 25 tHe iK€ Yofied BhAE SilEBATSS -

substrate 1 via a thindyase<xide film 2y Furthey; @ gate electragieidids i on
formed on the high-K dielectric gate insulation film 3. In the
semicondiittdr dVRESES0 BFFr6. 11 SothRre I8 snduced Rifrog &R Ny S €4
doping emthe swtacenpark ot therbagerexide: fitte 2fwithin the,extest thataa RTO
fIaE inte_rfa}fcecis srrgairinsainesd e%\/erenftcl;llg msil}}conas%%st]rfatg l1 %r;g épee_ algzem with
oxide filli2 &S 3 résult' 54 1Ré nitrogen 8op|ng, fhie base oxide fifm
includest lan axysitride! filnh 28k frewiewodf thertarge speeiic diedectrics a need
ﬁob” esctz?née%; 3ch a sllican oxynitride film, larger thap that of a silicon oxide, ;
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



5 possible to reduce the oxide-equivalent thickness of the base oxide film

2 further, by forming the oxynitride film 2A in the base oxide film 2. As
explained before, it is preferable that 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 Inm or less, such as 0.8nm or less, or even 0.3- 0.4nm,
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gate 20 insulation ormed on the base oxide performs as a
high-K dieleeteic fithait is-hetessar t6 thystallize theldepaditedatighas

dielectrig, film 3, by a-thepmal annealing process-and caNAYE! +hickness of

compensation process of oxygen vacancy defects. 25 However, such a

thermal BRRe&fRfprotess apphidd to & itk dicleétpieryaitd irfsifation
film 3 causes i an increase of thickngss inkthehaseaxide fikm 2y and the
desired decrease of the effective thickness of the gate insulation film

achieved by the use dzf%oetﬁB%ﬁdﬁlﬂddiglﬁ%%egatéqnéﬁaﬁ)dheﬁlﬁ?%}Qijse that
more orlessicapeeltadioe. Such an inerease ofthicknessiefihe bases

oxide film 2. aseqciated with the thetmal annealing - o, Procgss, suggests,

the pOSﬁBIﬁﬁ/ of mutual 8%S|on ofgxyge% atoms an§sﬁ]|con atoms ané

associatedo tormation of a silicate transition layer, or the possibility of

gKNWh(ﬁthebaseoxgg%@gE%FaH%e%as 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



5 by the penetration of oxygen into the silicon substrate. Such a problem
of increase 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 present invention has

previously proposed the use of ultraviolet-excitation oxygen radical. .
(V-09 A SR8 b Sedt Bt e 18 for the Tothiaton G fg s 1om
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apparatys, 10nReferring 10, FiG.2, the subsitate ;p/ocessiag apparatus 10

includes a processing vessel 25 11 that holds a substrate 12 therein

under a FEMFEERSR sstreCenviropRtent Sherfein e sasstraté 124hs kage
on a stage {ldA kaving 2 heater ka, Kurther o there is prpvided-ass becomes a

showerhead 11B in the processing vessel 11 so as to face the substrate

12 on thR3tAgE 30N andiarPUxidiitPgas sach 58 oxfges, 03 20,
NO, or aimixie shereof isrsupplied to feishawemhaad 23B.dhe to
showerhead 11% is formed o{ a material tr$nsparent to ultraviolet radiation

1 severa a micC ayers or S . . .
such as quartz, andtt e processing vesse 11 5s formed with a window

11C of quartz and thellikey wdnchoi§ ttanspaientdd ithe ultréddlet radiation; he

IS; ‘d‘;{;} g;aitaﬁb;% Window 416, > expases the subsirate. 12 pndhg stage 114,
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



ultraviolet source 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 oxidizing gas such as oxygen is
introduced into the processing vessel 11 after evacuating the interior
thereof. E}/ activatin thecglt@i/jcorlcgtvsgﬂrgg 13a|érl%ecr ithis stat(:k? active

radicals such &°15 0* are formed in tiie OX|d]|:2|ng gas.ofhes}lac cals th%usartz’

excited by the bkrapiotetaadiationcasse bxidatibn dothedxposed a window
surface e silicon substr. 12, and.as a result, there is formed
?EE:: o% a ucz ?%{5_%613 Pl%e W%lc}tl ﬁg %rag%%?%%nt to

extremely thin oxide film o nm thickness on the surface the
silicon stbstratetiz In tHee Sulystrhite processingcapparatusti@ o FiIgoy 11C

the oxideg filip can %@r@@gwmyr&@rr@nth&q@e&9%&%1@9 ePe¥Rr, a
the ultraviolet source 13 along the optical window 11C. 25 Because of the
oxide filkhlis¥ermed BY tF itravidtet-adtivateadfidaiba tcedse the ndow

oxide film basasradvantageous featuse of small sefectedensitysugbas e
surface states as is reported by Zhang et al. (Zhang, J-Y., et al. Appl.

Phys. Lt S71(29), 517 NOGEMBEr 1867 0P 2864-2866) and is suitable
for the base oxide filnTtoube formetiunder thehigh«k dielectiegateduced in

insulation film. As explained before, the _bas '%e ilm underneath the
MIGH-K IECHiE Jats TeLTAUARIR N 15 o okemely B o B r=ce 2,

thicknessraf about:0.8nmias been achibved farspghra base oxidedilmed

g e e s L

andit 1nterior 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



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
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 | "hig%\fi idity", would lead.to a mechanica . .
nstabiity BT Bt te HIoR ChiSh 8 Shd 6 a0 £11lm
oxide filima antd ¢hatesucht nrechanicahinstakbility nayt tausendefectst{sebout

for exampig,G- hueoylsky, el gl Aol PRYS 1Lall/: 20002008 499110 by
Further, in order to avoid this problem, there is a proposal to form a
transitional feyer lof okyhiftider atithedntetfaee thetween tive silicongy

substratg and the, metay; gxidediim by infraducing,a single |ayer of Bitrogen e

atoms. Further, 25 formation of such an oxynitride film for the base oxide

film of aHigh-KodielerficSg&té indRatiers il Bfodght Bffebfid foF, and it
suppressing qiffusion afapetal glementorioxygen drtheshigh-K dielegtrieme 1y
gate insulation film to the silicon substrate or 30 diffusion of silicon from |
the silicdn $GostatE%o the high-KodiBiegticdgate 5ot sUpPre&singy thettorm
diffusiorcofidopast €lement from the gate electrode. In order to form such
an oxynitride film, - 8 liggre rflasltéeent éarop%%asl t%oxidize the surface of

an'Oxide film by using microwave-excited remote P astha Thig gument that
technoldgyy mhichbachiéves thetddsiretli airidation by using eamicrewave,
e Ll e L L
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,



process conducted under such an extremely high-degree vacuum state
raises the problem in that minute amount_ o%irgpurity 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
thicknesghof the hoxid film. As noted befgre, such aél.incret?}'lse of Is £
thickness 0f the Oxide |rennataihgrp?g€ess% oftf8rrﬁ|“>ﬁb fhzeeoxyn?triag?i moc ©
cancels out theieffect ofmishng threl higheK dislectrie gatesinsatatioanfibre
Conventignally,. it been extremely difficult to form such. an.exireme
thin oxyé%%l éx é2'0r;ﬁlﬁnlv?/itﬁ?ec)lgia ﬁ%}%éﬁd rcva%lﬁ)c uc%n |t; %nV% %atéeg%m%ééred
easily achieveédiby aprorlinans semiconducto?Wproeess, amitholt caasingry
increasg, of fijmthickness by, oxidation 125 RISCLOSURE OF THE 1 _ 1 33
INVENTIO Agcordlngéy itis a general object of the present invention to
provide & noveFand(d ?'uI‘s&&tra@ﬁﬁbhes@iﬁgeﬁf@tﬁod%h*ardﬁ%?aqfé@%
whereindhe Jfotegaing grehlems are £liminated . 30 Aretherangd MO —degree
specific object of the present invention is to provide a substrate
processifiyethat ¢dpablé offofmintg ak exfrefBly thihiasuldtio fifn aRount
a substrate, agamiconddeion device asingustichoary nsulagiomnfiieandn the
fabyoation. process,of such. semiconductor device, Another gbject ofthe .o
present?nven%on is'90 provﬁe substrate procesﬁng method &n
apparates Geaabe ofrformiig ar extrentely thin oxidefilng tyipicallyccurred
having a thickness of 2 - 4 atomic layers .or.less, on a surface of a silicon
substra%tcwft[h@ereﬁa rﬁ%yoa%]dtcurthtI-:'llrl %éfgzﬁﬁg 5??‘0%1%955%%% BB Hle
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



oxynitride film by causing nitridation in the oxide 10 film thus formed.
Another object of the present invention is_tqQ 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

concentr. etioncand a .%esirsed tQicknes?1 ggfagsigg n%triflr%tion r%thfea inritiaclat on
oxynitride ﬁflrln.%\n%%ﬁergobjél& of the ;l:)resen?mlventiorll i5'"20°t0 prov%ela *
cluster-type sabstraté procéssing systenmdnctuding desubstrate

processing apparatus,c e of forming reme in.oxide filmor. .
nitride film typically hﬁﬁﬁtﬁéﬁic {% S5 ora- zef)rﬁﬁ oF %sgé B et don i
of a silicon sbstrattewithilpsliability 25rarekfasthes capatile &f aitddimgrhsatus

Oxi,%e_f_"%'azfaﬂ'ﬁ@d%ﬁ'n%H}%&fﬁgﬂgg vath repreducipiity, and Wt £5 1,
reliability. Another object of the present invention'is to provide a substrate

processingrhethotlcdpabiersf BoHoirfle st eRtferfely thirPoahitFidé FiAL S
on a siliggn subsirate dirgctly, with excglient reliahilitynard repredueibilit:n
Another object of the present invention is - 10 to provide a method of

nitriding &N ih&Giadion Yilfi "ortAnfritf theréih xygeR [cHarattenZed by
comprisingythetstepsoft farming nitkgen@dicats by asingrhigh- $he oxide
frecbuen%y_ Rlas a, ang nitridépg a surface of said insulation film by
1 . 1 1m us orme . C oy . .
supplying said nitrogen radicals to said surface of said insulation film.
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



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 Is 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_foyming a. .
high-K ciéteEie filfeorsAia Exymithe Him: AMolfr Shiect ST prédent 1
invention is: tte jpndvide atsubsinteoproressinglappacates i chdracterized

by comprising: 25:a itrtqggn rggicgl fo].l__rmation unit forming nitrogen
radicals%%ﬁﬁ%ﬁ-?rleq ency p asn?a; and a processing vessel holding a
substrate formed with saidinsulaticn filesaid Pictessingwessehibeing g9h—

suppliedewith, 30, sgid nitragen radigals form said nitrogen radical

formation part and causing nitridation of a surface of said insulation film

by supplying said nitrégért rddiedl 1 said §afsce bf saidinsulatorpfithpr £ilm

11 Accergingtethe presentinventions i -becomes: possible toitlide the 2 ce

surface of an extremely thin oxide film with excellent reproducibility by

using th8 nitfGgéh rdiidaié 5&3&itéd b high-frequency plasma. Further,

according to the presenbirtventiom jebecaoimes pesgiblesterfermnarntion is

oxypitride fim of gl nirogen opespRlen Wi 8 desired (ieknese Y o,
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.



an extremely thin oxynitride film by using the 10 nitrogen radicals excited
by the high-frequency plasma. By using_higl:f-fr_equency 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 plasm gr:?s %rinerelgoevt%:gatlr:gc the processing vessel, %t

the beginning of the ni Ell%g prggess toa's |esr?t]i]y low pressﬁr%r.l’ *

Therebybh ¢ problem of imwantedroxidativn cadusedbyftheaesifiuah
oxygen d%@%@é’m%sfoc@%e&pmﬁ% of jngregs %t_hé%'@?effeor(%he

oxynitri m are successfully suppressed. Particularly, the present
inventioh @pabi&sc hitddation divaniéxtremelysthiniibaseexide 4ith Clokmed

under a figh-Klielgetric; Qf';&%t%%% gn4m, P2-and aggyreaulh the ccory;
problem of mutual d%usi%gar?%qf metal _elenf%g%t and silicon between the . °
silicon $iibstiate BRE H7& highPK Hidléttric ghlte Ristfation RS e theto form

associated preblem of fprmation of 8 tragsitignallayerareaftectivelyt i on
suppressed. 30 While it is generally unavaoidable that an extremely thin

insulatioch'ffith Sudas-65de il T "Ghitrde i UriePgodd icradstaste °f

film thickinessx as anesylt of incotpgration ofisitiogen atopmsatiibe + 12
time of the nitridation process, itis p(:)Lscseib e.in tjgﬁéar sent invention to

maintain the thitkness oi‘.L The Tnstation filn After the AtRidation Proces :
in othemwersisahe Blyickisessooftthgloxynitrigesfilny, to Halsenextrémelecomes
small, by contrplling the thickness chhtger!“i?‘]‘c'%%%?ﬂ' bglore the, ¢
nitridation process to 2 - 4 atoms layers or less. Another O]E)jeCt of the
present indkentionedy 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



to provide a substrate processing apparatus 10 characterized by

comprising: a processing vessel defining a %)c_ess 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 essel for evacuating said process saace, 20,

to a first process pressure; and a second évacuation path prcﬁ/ldge on

said pradessimgaessel fonevacuating-saidprodessrspace toha skoests of
process pigssyre, Agetsr, opiech of e presgal inyeqlion, 5: 23 taprowids, .,
a cluster-type substrate processing system, characterized by comprising:

a substratégansfer érarnber; @hdcarphsraligfofidrecessing champefst lm, to

conpectgd tQ said.gubsirale iransfer, chamber, 30 9ne; ?Eﬁ%?dtmﬁ@ﬂ%%fs of

processing chambers comprising: a processing vessel having a substrate
load/unib&g paitcoimettdd tbisdid SabstFate thinsher-rI3 Thariberapasss to

first endzand a figgt sadicalbseuree gt a secpond end opposite to said first
end, said processing vessel defining therein a process space; a stage .

provided in said procés¥pate B rotatably betveenyaid first end dndssig S
second endpsaidistage helding thereon astbstatestobe frecessed; a
first procgss gas inlet provided Ingald. < ng:

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



process space between said first end and said stage, 10 said first process
gas inlet introducing a first process gas_int%sald 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 k?aaiqo%tage;ca girs%ievaguati?vvlog prO\QQ%d in s%igiprolces

S
space at'd part closer t6 said first 8nd with™ 20 respéct t6 Said Stagd¥a ™ ©© at

second evacuation portiprovidestiinsaich predesstspace atralpart clicser to
said ?e°§”9c6$93 With respectito sajd Jtage: ayfiLst i“ﬂ“%cg%%%@% Qpace;
said first 25 evacuation port so as to evacuate said process space to

first process pressured aseesad pumpeethected folSaidsecond space

evaguation part 59 @sig eyacyate said Pracess Space e &88¢PNkcond end,

process pressure lower than said first 30 process pressure; said second
pump bé&iAdgdispored ik tHel Vidnity 6§48 secoih eht dF aidPprotessing
vessel. Acgerding o the present invention, it - 14 becomes possible to
conduct ultraviolet-excited radical oxidation process of a silicon substrate
to form an oxide film and Hr3licd Rt ProtBss oStk Hifdkide said
fiIm., formped d_systhe m&oleésx@(@iﬁe@ radical oxidationdpreeessshy usi@gage ,
e B ooy ol g, e e e
processprocess 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



Although the pressure suitable for ultraviolet 10 excited radical oxidation
process and the pressure suitable for ra_diq}ali 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
Pirdatas o T BT Eh e baod S8 s BRL I U erREth
high-K dielédtrie lgate inkutation filocarsdsas & resulf, lthe prollebsafrate to
mutual 30, diffusien.of metay element and slicon bgiween g SIEAN o oce e
substrate and the high-K dielectric gate insulation film or formation of
transitional layemh agsociatedewiti stueh Artoalditfysionss udiicorssfullgt -

suppressed by Jer@iggitbgfigﬂzlfd%&gisi??i%g@@énwaﬂ% filn padhe 1 s

base oxide film. Further, the present invention enables easy construction

of a clustért/peSUPErafIBrotESSIHE PSystamitife GdiAg e sabsthatehat

processing-apRatatus; hyiarranging the first aad secand evacuation paths
in 30 the processing vessel such that a turbo molecular pump, which is

necessary forreRRARG higiPdedree” 98d i iR The frobBBsRG VeSES!; is
located atl thieo ayterend parkekthedprocessing vessel. Therehy.ithest1l5

substrate processing apparatus can be connected f9 a, sybsrate tiansfer
unit'at an inner end par ereoffJAno her otﬁect 0%%%8 presen mfén%on IS
to provideia tsemieorfductaradevicel, chatacterkzeidlby & oomprsinghducted by
silicon sybstate; and an ingulation film provided on said silicon substrate, .,
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



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 atomi]% layers. 20 Another pobject of the @resent invgntion IS to fed t
provide a'méthod of p%é)ecses%nsglél1 ubStFate’ ‘characterized 83? %8ren%ri%mg © 4
the stepsoffertmiagant oxidefdm om atsuafaceof arsikconesubstrate by laareof .

oxidation process, 25sgd gxidation pracess b@f@r%%ds“ec edWilhontion is
oxygen radicals having a partial pressure in the range of 133 - 133 x
10-"mPa.Amutheridsiect cfthe praseitttinvertionis <o provide aimetictl by
of fabricatipg a;semigonductor 30 device, characterized by comprising the
steps of: forming a base oxide film on a surface of a silicon substrate;

forming a high-K dielettrid fiht6R saitPs16 Pede cide film; and forming a

gate electrode layer ogrsajch high-K: diglectric filpy saidistepnf fermingsilicon
said base oxide film 5 comprising an oxidizing step conducted by oxygen
radicals a9y 4 prtial pressure in the range of 133 - 133 x 10-"mPa.
According to the preseatiiavemtion, dfct ion 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



becomes possible to form an extremely thin oxide film 10 suitable for a
base oxide film used between a silicon substirate 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 oxige fi%mlhas rown to a thickness of 2 - 4 atomic layers.
Another oab?eect%)ﬁhee prelserﬁf invention is to provide a method of
processing a substratép2t characterized ®yleamprsiag the stepsofsaid

supplyiggi%%NI@ gastea sy:{fgc%ﬂﬁ silicon substrate; and forming an

oxynitri m on Said surface of said silicon substrate by exciting said
NO gas 25 with ultravitlétdradiationoAcéording o the ptes@stanyentidm, fiilm

becomes fpssible ip;form %Qéﬁ@qﬁﬁ]@@e@e&%d@%é‘_eﬂi Yibsyate

surface by exciting an NO ambient with ultraviolet radiation. Thereby, it

30 becohfeslsassible 1y shfpresB #hé bduiréifceSof dxitatiohbyrange of
choosing the wavelength of the sultraviolet radiation to be longer than
145nm but not exceeding 192nm, for example to 172nm. Thereby, an -

17 oxynitride film haviy 8 High AittogehEonRERF&IoN 16Vt i forived! ©
Such arexysitede fil shows a dlefay-af flm grovdhat the filni thiekness film

of about 0.5nm corresponding to two atomic layers. Thu ,tlgeSoxynitrid
0 u1t£%f ?q% %%s X %lﬁ% ! i%e

il % 8 a OX1 se WﬁFD.F 51?icon
film canbe formed stably and with excellent reproducibility to this film

thicknessulQthes objertsiand furgierfeatusdseoftthepresent inventiomtwitin
becomef%@n?r%qttfﬁorg tl{‘;%iform 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



following detailed description when read in 10 conjunction with the
attached drawings. BRIEF DESCRIPTION THE DRAWINGS FIG.1 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-02 radical substrate processing
apparatus; FIGt.3 Isa d%agfan%showing th%co%strucgion 20 of a subs%ratet .
process%@élplparré%es ac%:olrrndinicaj1 Yo a5irst emBodiment of the Sf)e%%%P ration
inventione G Si4A andrdBlareSdiagraams showingrani@xidationgrosessa

of a substrat condupiad by Ihs, Hbstrale progessing APRRIAINS OLEIG B0y
respectively 25 in a sﬁie Y ana In a plan view; FIG.5 Is aralagram
showinglary oxidation spreeass-oba sabstrateadopidiictetbietusing thets, the
substratg.pracessing apparatus.of BFIG.3,ElG.6 is a.diagram explaining

the procedure 30 of measuring the film thickness by an XPS analysis as

used in BESSresBRTINYEREG GO istdnother diagran eXBlaifiAgRess -
procedure of measuring the-filoy thickness by amXP&r18 analysisass the

used in the present invention; FIG.8 is a diagram schematically showing
the pheRGRERAMN of BERY fof FxidE iim JronthobeBRETE WhehT6ninGSn
oxide filldayl theisubstrate: 5 pracessing-apparatusoidnl G:3:2k1GS 9A and
9B are diagrams %howin tg(ﬁ (% ide fil(ng;ocr@ea&ion rocess on a surface of

a Silicory QUB&tHS e PG 10 a |§gr%m showmgdt 8Vfé§kgasgé

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



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.13is a qziggriam shO\GviSneg dtheﬂcgrplsetruction of a remote tJFJJasnja source

used in He® 207 sUbstrate’ procesSing Apparatis of FIG.3: FIGST4A is a

diagram comparing theI Ghéracteristids of REremotenpdasma hhd showing
microway epc'&ﬁsg}]aor%{%*}{'&”@?éé ANdIAG arediagrams [eSPeCively o e
showing the construction of a stan ard 25 remote-plasma source and a
microwaveslagmasotcer NFi3k184s andthebdidgramseompardigethe

characteristics of RE remoie.nlasma apdimigrawave plasma; FIGS.16A

and 16B are diagrams showing the 30 nitridation process of an oxide film
conducted by the subStt&te - procéssing appafatts 8PFRS'S rebpactivély- e

a side viey; ard aiplan view: S GSal (A apd dd Brarediggrams eopakng

the - 19 relationship between nitrogen concentration and film thickness

for an oxidé T hitridBd byUsirig the RF remote plasma and an oxide film

nitrided by using the micgon@ve plasraao Fiom. 18hswidiggram leakage

schematically s owipl% the XPS apalysis %sed in theé)re tinv rgion;
S

FIE19 iS H diggrar SAoing the TefationShip Betivash the hithiddton tmes 7
and the thitrogem soneentrationdn ancdxidé filnp ferthetcasevention;

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



10 the oxide film is nitrided by the remote plasma; FIG.20 is a diagram
showing the relationship between the durafign 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 fi]Cm thicﬁnes of an oxide fiJCm associated with theC _nitridati%n .
rela(fon% ere%P ni ro%8n oncentr? ion,.and film
process according to the first embodiment of the present invention;
FIGS.23Aand 238Bsarédiagnams:shimving im plane uaddrmity ostheg the RF
nitridatio]_n roces %%Iir%gdi the su strate pro %ssing pparatys of .

T d th
FIG.3; FISR&OAf IS ;éiagramas owigr?gt%lZS rgraltlfonsrﬁjl'p gletween euSlng ©
increasengffilavehickness sawd the nitrogen concentration of the film for

the scase an UV-02 oxidg fiirg OIéﬂaUM‘l'\AQM”Er&%%HL‘&Eﬂéa’?y%?%f}%tv@ing
an RF nitridation process; FIG.25 is a flowchart showing an RF 30
nitridatid*fro€8ss af-an U\V-02'wiide filtn; PG S 262C26C aYe diagPars

showing the chemicalzshift appearing inianyXEs speairium ofaa Si2p
orbital at the time a high-K dielectric film is - 20 formed on an oxynitride

film obtdified A¢CSHhPto° tHe st erbodimént sithe prederftnviitioh e
FIG.27 is ixdiageain shawingthedneiease of rfilawthickness eceurringtia case

the1 é)xyr]ci rige fgl{rp d5e 0 ta'ined. by the first e odirgﬁeﬁpt of the present

invention before and affern%hé?ornrﬁé;ﬁ:olndo hehigh-K dielectric m?;sma;

FIGS.28A and 28B areflowthaits showirg aasulssirate pgodessing
meﬂmdE%E%@ygkghﬁge%g%%een 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



10 embodiment of the present invention; FIGS.29A and 29B are diagrams
respectively showing the film thickness an 6hg 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
embodirPent of the present inventian; FI%;SIslAde_sleare diaggalms ‘
respectivé)l§/m§ sﬁgw?n% {refilm ﬁch(l%ﬁessl and the %ftrr%)egenaggr?cenjtfla?iono
in the filmhfer anroxynitride filbmeformed bytthe precesstof FIGS30Aand
30B; FIG.32 is a flow t showing a substr processi ethq
according to a third em od?lngnltgofa%%ﬂlhaeégéé%eﬁg %%%%gr?h FeIGJS(%L§§AeaSe of
and 33Bfarediagraphs showingtherthickness 'of thecasymitrideditmTodmed
accordingto, the.gubsfrate progessina.methed:gf the third embodiment.
and the thickness of the oxynitride film 30 formed according to a
comparatiécsariplePrie32 isatliadgrant shOWing s pofehtial efinfesr high-
an NO molgeuledfor various; excitation states thereof; - 21 FIG.35is a
flowchart showing the RF nitridation process of a UV-NO oxide film; .
FIG.36 is a diagram shoihg’fie aRtrisutfonBihitdgeirantSintarwing a
oxynitride filex Sahtaineddystherproeesholf 1&:3okdlGS;3¢A ands3d nd
ar?odiagramsgshowir]cg ?g % am[g)le of dis,ctribution %tate of nitrogen atoms
inan oxyritnde Tim, FIG.38'iS a'diagram explaming the’problem

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;



10 when a cluster-type substrate processing system is constructed by
using the substrate processing apparatus BleI_G.S; 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 _usjng the_substrate processing system
FIG.39; 20 FIGS.41Age%d% 4%1% are aiaaiifrﬁvgﬁéﬁgv%in%%ﬂﬁ i%gtp}}gcgosgsing

of a substrateicernducte by assing thie sulistrat® processingisystem of
FIG.39; FIG.42is a d@ am.showing h% 0 tr%%ign.of a sc%rgiconductor
device according to a 25 ég}tsh (larsnb%d(lgrﬁe t of the prgslenn invention;
FIG.43 idasflovidhari slowihgrthé sopstratet plstessing' methodidccording 1 1m
to the sigtﬁglt%rggggin}%pt;t}lféGprr%igéasgiaglﬁarp £xplaining the thickness

o I : .

distribution of an initial oxide film used 30 in the sixth embodiment of the
present invention; FIBSH#5A /A5enste Hidyrah®s ShowingTse Hickhess an

distribution@fan-oxmitide fitmiarmed aacording o the sixtieembedimentn an
of the present - 22 invention; FIGS.46A - 46D are diagrams explaining the
kinetics ST HE-GXyHitfidé it formation process according to the sixth
embodiment of t_h(_a presen.tﬁei'nyentiomﬁ@@ﬁ?&;ﬁf@i@rﬁﬁgrtﬁﬁ@ problem
dlal%ramshexplalnlr)gtghthe k|n§t|cs of th&o&/gl%nde film formation process .

according fo the sixth erbodiriant St'the prasentinventions 9 System 1s
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



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 t%%et er with the distribution of oxygen atoms and Si atoms;
FIGS.50A'and 508 dre further diagrams 20 showing the distribution of
nitrogen atoms in an BXESitriderfilm fofMedaecdiding tonthessigtheining the

embOd”?Q‘ER%%fi”c‘g presentinventiontogather yiih t?&%‘é%‘goﬂ%cess
oxygen atoms and Si atoms; FIG51is a diagram showing the 25
constructioncsfdl substraté processing appardiuseatcordingte dsevaith
embodimgpt.ofithg present invention; FIGS.52A - 52C are diagrams
showing the thickness distribution of an oxide film formed by 30 using the
substrate processing apfarafudiof FIt5/ 51 275G B ishediag it ShBWing

the relatiopship.between the pracessingdime aad dilnpnthickness fanan

oxide film formed by the substrate - 23 ﬁ%zzlcessin apparatus of FIG.51;
FIGS.5470T BAE 8 flrinsi i SgrantShowifig “the'thickneds distibiion st
an oxidefilm fasmeddae the substrate pigcessing apparatus of FIG.51; 5
FIGS.55A - 55E are flﬂj}f#eg _d@%ramsdskh%\%lngrthe thickness dlsFé]rlbu.tlon chhe

an'Sxide film formed by the su strate processm% 366 Al of RGBT

FIGS.56A and 6B arerdiagranmss-sizowing the thicknessidisfributionroftame
OHdef“g§¥%§¥@Qgéofilm 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



10 a comparative example; FIG.57 is a flowchart showing the procedure

of determining the optimum scanning regiof jn 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 semiconduct0£ devic?Faéfgrngg to 20 an eighth
embodir%@ﬁtcgfstﬁénp?eggrﬁa}rr\\?en ion? 'FIG.60 is 4 diagram showing the
construction of a cluster@gpe sabstrdid processingr sistemiiised amtheshowing

eight embodiment; FIG,61 is.a diagram for determijning the 25.process
conducrtri%?rlweuste%li%ktégselsgh%%r%%%r%%ﬁ%néés%g&%ﬁg%z512%@ Ttmed by
diagramisishowidig theathickpess distabaticroofearmoxide fifmHofmeéd on a

silicon substrate for theieasesthg oxidg Blm, is, subjected toa WY-NES showing

processing according to a ninth 30 embodiment of the present invention;
FIGS.63A8nd 638 dre Hagrafis showing the thitkne&s arstributibnietdred by

oxynitridenfilmsfer the- pasethe exynitride filppisfarned on a-surface; of a -

24 silicon substrate directly by the UV-NO processing; FIGS.64A and

64B are diagrams showifig tﬁéﬁir@ﬁ@s of Bxyiffid i ornaior Bhad the
silicon subistiate syrfages by the UVeNOogrogassing @scarding etecdtheing to
niqtgl embodiment of theé)resent i[jve.ntion; FIGS.65A and 65B are further
diagram% gﬁ@\ﬁ%ﬁ%é‘ﬁme?%g%? o?q’/nitride film formation on a silicon
substrate surface by the@\3-NQ sitedihgoprdcessingrasecording e therocedure

nmﬂ]eW&quggQE%E@§ng 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



10 present invention; FIGS.66A and 66B are further diagrams showing
the kinetics of oxynitride film formation on ? ilicon 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,af ap ogynitride fim objained, 20 according g asubstrate g,
processing process according to a ten embodiment of the presen

invention; FIGS.69A Bn¢ $9B4dreadiagrasis shrawinganrNOs gassupply the

sequenge agcordingd an deventh embedimentathe presentinventions,

25 FIGS.70A and 70B are diagrams showing t ickness of an

oxynitridefilftfored Byrdsing thy NO ¢as\supp i seguante gfccording
FIGS.694,and 59Band,a pjiragen capcespration hemin, FIGS ¢ 1Ae ihE
are diagrams showing the 30 fabrication process of a semiconductor

device according to & thelft? efhsoriiméentofthe presdriteiventoramns

FIG.72 isradiagran showing-a prefepeds.2m condition of Ri--N2rmation on
processing according to the first embodiment of the present invention;

FIG.73 i§ adiagfam shbiig the® rélafidistip Béwiden thé Pigcadd * +ding
conditiop anddimim thickness dlistgbutiort incthe isixih esplodimestef ke the
present invention; FIGS.74A and 74B are diagrams respectively showing

anlﬁPS%]ﬁgéterﬁlr% of & Sificory Bkide film and the relationship between the
chemical shift of the 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



10 XPS spectrum and the film thickness; and FIG.75 is a diagram showing
the result of measurement of film thickness yariation 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 8onstructi09 Qé(% II§ubstrate processing app ratus

0 .
accordincgofb a Eb?i?stoem Jinferit of the %%éls%n? INven |<l)f1lgliorJg f%rr%%% first
the thin babe dxiderfiimoZ onlike siticersubstnatertt iofi-1G.1 together with

the oxynitride film 2A.ﬁ%f¢q£r19itso EIG3.t ]gasrybgﬁrg;[vei rpr%o% sesing

apparatus 20 includes a processing vessel 25 21 accommodating therein

a stage 22 ezjuippethwith Beheater 22hssurhahasthecstage 2248 neovdbfel 1m
vertically hetween.a pracess:positionand, a;sybstate: joadiulgadent of the
position. The stage 22 is rotated by a drive mechanism 22C, and the
processiigAEssk| 2130 Hefines a process space 21B therein together

with the stage 22. Theiprersutfaceof the processing vessel 2ddsectively
covered with an inner liner 21G of a quartz glass, and the inner liner 21G

suppresSBS tHe Metdl -76° coRGMihETor bf theSdubstiate 5B pricedied
to the levet of & XatQlGadoms/amt e lessthurthercitiere is providedb@ the

ma}%netlgésgal 2e8catt the connecting part r([?f e.stage SZSZ.argane 5 drive
mechanisnt 22E°stch thaf the magnetic Sea separates a magnetic
seal chamber 22B heldlii a7’ vatgum ehvdronament firom the dive result of

mecm”ﬁ%ﬁéﬁ%&%@f%‘f tﬁq%ﬂ%"”&i&%ﬁ‘é’ﬂroé‘ &/, BEGause 8, qucted by
magnetic seal 28 Is a liquid, the stage 22 is held so
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



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 th te valve 27A in th
S oD S IAAL Be B Ivised 1 e Ta/cHods 20 ARSI the
Further, the pioceSsédsubstrate WWsdg dransferréd 4s the substrate transfer

unit 27 from the stage, 22, JILhe supsbiate BrasessingaPPArgis 2.0l sea
FIG.3, there is formed an evacuation port 21ATnear 25 the gate valve 27
of the prdeessingvesselris ahdrey tidotmelectl ptirgwe3B4s and the

conpectgd {q the, Svacyatgn port 214 vja the valve23fand R ARG .1 25

(automatic pressure controller) 24B. The turbo molecular pump 23B is
further COPRRERERD EplRP A 3T fotfifell SHRBRPpUMpTandEdd 1n a

mechanicat hoRsten pumpn Midna valver? 3G, angkthepressureinsigde the:
process space 21B can be reduced to the level of 1.33 x 10-1 - 1.33 X

10-"Pa (1058 90-6"T5M*F by HATiNG tA8 Ydrbo 7 nolBEGIAF pEmp 238
and the dayypemp24 dashaudd be noted that dhe evacuatiofpart 21A iseld so
connected also tkg) theg)lum 24 direc%l% via a valve 24A and an APC 24B,

o _be a g% ota

anhothus?ﬁhe pressure o Re Ibrocess spré%%li%/ feduced to the level of

1.33Pa - 1.33kPa (0.01n- T&:& oiir) by she pump 24 athen theevalve @4A%8 is
eSS Oy V2 RFE3 5F o «
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



10 to the evacuation port 21A across the substrate W, and an oxygen gas
is supplied to the process gas supplying_ngz}zlg 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 ess gas supplying nozzle 21D, the
bstrat S AaHo RS o0 TGS R0 Sreliaed it an
ultraviolet optical sourte 28amMing ke qualtz window 26Acorethecuation port

processigvessel.21, ik couespondence 1 (he Jegionjocated between: a &
the process gas supplying nozzle 21D and the 'substrate W. Thus, %y
driving thie Littavidiat seurce25 fte 23xygan gagirtrodutedin ¢s there of

processgpacg, 218 from the-process gag SURPYING.MRzz1e 24P i8r 1 33pa -

activated, there are formed oxygen radicals and the oxygen radicals thus
formed are’cHiized (8 flolv aloh thersikfdes diltfe BbBstraté WhAR athe

result, it,301hecomes passiblertedorm a radical oxide film on the surface

of the substrate W with a thickness of Inm or less, particularly with the
thickness of about 0.41HT, WHRGHESHESHoRTE 16 the thickhedspf e with a
atomic -2& dayess Jhurthenpe/pregessing vesseali2lals proyvidediwithgposite

remote plasma source 26 at the side t of opposite to the evacuation
Dot 21 At e e R b G B The SRS Ste W TROE ChitrohoR rEERie” At ¥

formed by:Supplyingyayritrogen gas toube remdte: plasma sourwes26 gas
togetherswﬁ&%i‘”ﬂﬂ ”198%259%‘ A8pArand b xaC“é’ﬁ“%%Ehecﬁi”é’gSGQS‘fied to
thus suppllle e\/llt lasma. e nitrogen ra IC%I%I u ormeoFare
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



10 caused to flow along the surface of the substrate W and causes
nitridation of the substrate surface. By irltr(éqiuc_ing 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
22D for p%Y(jiﬁS the magnetic seal chamber 22B with a nitrogen 20 gas
and an evaluation ling'22¢ bethe purgegaschemong detadls the acuation

line 22c¢is. congegted.ip,a %”9%%%'%0 laLRUMP 298 Via avalve 294 ;e
and the furbo molecurar pump 29B Is connected to the pump 24 via a
valve 290 g thier cthiecs/aicaiation 2Bdine 22¢us tonnetted tdireblly 6 the

punp 24.¥ia 3 valye,29R WithJhis, ithecpmes possible to maintain, 4he. 1
magnetic seal chamber 22B at various pressures. The load/unload
chambef 22 ChisBVaEuated PP pimpR4 v tRE YAINVEF4C Br by thé emote

turbo 30 melagklas punaR 238 via the:vlve 23D Furthenrdn torgek tasaveida s
contamination in the process space 21B, the load/unload chamber 21C is

held at &'fovigtpfebstife thanthe Process Space B, Hhl theHiagistic'- &<
29 sealehamber2dfkis hetd aha dfuidherowed presssire Hhan themed are

loadyunioad chamber 21C.by, 3 conducting, differential evacuation . ...
process.”Hereinafter, the ultraviolet radica B oxidation process and theé
remote plasmaanadical mitridatien process comduectedssubsequenthftocthe By

e N S O e L SR M S
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



10 ULTRAVIOLET RADICAL OXIDATION (UV-02) 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 is supplied to the process space 12B from the process gas
supplying nazzle 21D and the oxygen gas thus s ied is evacuated,
ator oW AIGHE T 50 SUabd oh tedsdtirate b s ind ECa RS
port 21AhARC23D okt molecufargpump23B2dnd the pumpn24a.dBying
using thg Jyrbo, meleedlar R, 238 AN ARG 23D, the base
pressure in the process space 21Bs sef to the level of 1 x 10-3 - 10-6
Torr, which is 25 needett- for tlad bridatioh of thetsubstate by oxggen L
radicals ,SipultansouslyJodhis, theulirauiolet, source 25, preferably the

one that produces ultraviolet radiation of 172nm wavelength, is 30

activated Iaid 8Rygetraeiis afe forReddGh e BXyHRAYRHow ffusthe

formed. Theioxygenradisalsthus forned cayse oxidationpfdhe substeate
surface as_they are caused to flow along the rotating substrate - 30 W.

Thus, aSH7850IR6FNE SXidatibh6F thE Ssubbtite Wbythecessing
ultraviolepaetivated oxygerr radicals (refemreddo depainaftercas UV-02
pr(%cessing), a very thin oxide film having a 5 thickness of inn or less,
parﬁcularly the thickness of about 0.4nm corresponding to the thickness
of 2 - 3 atoiHé 1ayelrs,Tis FrPTethon @SUNFETE® a(Sican ) SURDARS Stally
and with excellent repgqduciijty, FIG-AB shows, e construgfion of 5 +he
FIG.4A in

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



10 a plan view. Referring to FIG.4B, it can be seen that the ultraviolet
source 25 is a tubular light source exten_dirf;l 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 extending directl tL‘r:O the
evacuasﬁgh [:?&FEIA% tiie ﬁﬁrsnlf)?ﬂ,oléa (?f%%%d%@lagtcﬁs?né eg\%/la ve
24A. Asxapsierseen frobythelplan Vieve ofi Bl 4 Ba dhe tarbednoleggkan
pump 238 &s groi/'éde iQ arrangement so asto eg(t%réd _rglly from
L T P e 2

the processing vesse ereby, the turbo molecular pump 25
successfllycamidsithe, substrate/ trahsfer anit@7. FIGH showsthea

relationship peween the film, thjekness.and,gxidation time.for fhe ‘E?;&ec%ness

silicon oxide film is formed on a surface of a 30 silicon substrate in the

processOf FIBSUA AndB BY 1ushTd H'dusstiate bhocestingiaspatatis 2 —
20 of FI&.3, dyrsetting the-substrate tamperatweat 450-£-and changingi con
the ultraviolet radiation power and the - 31 oxygen gas flow rate or | |
oxygen paRial prassure Vatibudlinthelexpériment of FIERT kot -be tY -
noted that any native pxideddmsoivthe silicon- substratetsustacefiSFIG. 4A in
removed pri?r to the radical 5 oxidation process. In some cases, the

substraté gur?élcevi}seﬁfanarized by removing residual carbon from the
substrate surface by usiig nitrogentradicals. €xcited by aiftrawiolekten that

;1‘23?0%8”%"!%% By 2figh temperatuse annealing, process conducted af -
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



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 (50mW/cm2) at the window surface of the

uItravioIgt radiationassou Ge 24? acnd thre process pressure is S‘?_,t toS e
665mPa (%yr%%rr? and further t%eezd)oxyﬁ{esﬁggas fi6W ratéisetto "
30SCCMadndhe btherI handcthedata ohSeties 2 repfesentsitheshould be

relationship batweer the gxigatian ime and.idq i thickpess fordhg
case the ultraviolet radiation power is set to zero, the process pressure is
set to 25 1B3Pa {1 T o) ahethe bxygengas flomrrate iscsetto c3SENL Thd

datg of 3eries, 3 represenisibe refatianship between the oxidatiop,time.
and oxide film thickness for the case the ultraviolet radiation 30 power is
set to zeTBr theYstoeEs presdtre*RsetYo "EBEPA (20 RFForfi and ther Pon

oxygen gasflowdatesigset (19 03GEN: while the data afi SetesA radicals
represents the relationship between the oxidation time and oxide - 32

film thicKriessor tHeY case-the ifradiblet Fadiatior bowet is S8ES 180% of -9

the refersnepqoaar, thes precesspfessweds settlon2itePad20 mEwtut
and fur g&t@e .oxy%en as flow, rat% is set to 150SCCM. 5 The data of
1 H .

10 n r ambien n excimer, lamp. havl a
Series 5 represents the rela?tlonsﬁlp between the oxidation time and oxide

film thickiresslfenthencase theiltnavielet sadiationr powerus setitoi20%tof
the refersegﬁ:g Cpe(_')vxéeL[Bthe process pressure is set to 2.66Pa (20 mTorr)

and the
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



10 oxygen gas flow rate is set to 150SCCM, while the data of Series 6
represents the relationship between the oxjdation 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.SSLM. Further, the data of

Series 7_represents -the relationship between the oxidation time and oxjde . .
o o B e G e e o T D Lt tppat ion

of the refereace powet ttheo pidtess pfessure issetrtor6t5 RaofbeTorr)card
the oxy %%rgé‘% dlow rate LS%%etitg 2%;@" ’t‘ééhciike. thedata of PES 8 g

represents the relationship between the oxidation time and oxide film
thicknessot thirercadec2® tgelraviotetradiation powes is sét to5% of HeeM .

refeyence power, the pEcess pressiire is-5efdo s2.66baL20,mlor) and
the oxygen gas flow rate is set to 150SCCM. In the experiment of FIG.5,

the thickiess L3O BFthEPoXige fiftfi s SPRIrSHBY: Ah KPS aRaly3iird %isle
of the fagt that thereis ag standardiprocess-of: gbtaining the thicknessPfation
such an extremely thin oxide film having a film thickness less than Inm. -

33 In viBR'6tthé Sitd&tort Roted above  tHe TREMGTSIthE Prédent “e
inventiop obtaised a:ftms thieknessskaf anozideditm by2firsthobtainingad the

Si2p3/2 XPS spectrum shown in FIG,7 b plying, observed XPS
ettt O S Ste) CHBWA I B, 28 babRorbaa Sovieoti Ba-he

separatioa worrettiSr fare separating ¢hse Bt spih state landithe sli2 spe t ween
state, apgd then optaining the fim é@!&k%%sadefr%%%et%@%@e)égsfor the
spectrum tﬁUS o%tameo?ay using Equation
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.



10 (1) and associated coefficients below according to the teaching of Lu
etal (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.(2), 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 example. Further, Ix+ in Eq. (1) represents an integral
20 spectrum intensityfl1++|2++l3++1cdlﬁrg oé Ehte oxide film

n
corresponds to the peak obsefved inthe enerélyatréﬁi%nno?%l%% SRAEY of €
FIG.7. Omthenatber handhé +ocersespondsiterthe integiat speetral petklm

intensity,_carresponding to.the energy.regi rqund. 25 100eV, wherei
this speg?rlég(grg g:sg,l éléguggtd %? tr%qééﬂlecg%q gu str\ét(a?ll'\?es%érrﬁ%tt%vllglég @
again, itWwitkbe ndksd thvgtcthe wridefilnnthickness increasegradually to an

frorg thejpitial thickngss of Qnip with the axjdatigp,30 time forhg caser1c . ¢,
the ultraviolet radiation power, and hence the oxygen radical density
formed By B EftFaHOIE Fefiation: iSetSialP E3eHestt, 2! 3 oards): e for

the casesgf3eres 4g5.t6.and 72 inswhich=t34 dhe slfraviRlet ragiation, state,
power is set to 20% or more . of the reference power, on the other hand, it

can be 388n HRIhER GIgES a'di6wddwh of dkide S grovithodiertfe

start of the, growthrandswben the Staxide filb: has ceaahedua thickmessafion
about 0.4[? as egresentediin FIG.8. '%he Jgrowth %ft e oxide film js
oly ed C e

10 a SsSOoCcla ocoeffi nts OW ,aCCO 1 to
restarte after s &&rtain time has e apse‘a in “the sfowdown sfac%e.m?he

relationstip of EHGBiord8 mieahs that a1l (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



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,

itis post_%ble tciIEorm an ?x@e flla_h ving a thickness of a(}SJo t0.4

M on
a silicon suebsltlra e with Uniform :f&nle%s. %’Y—L?és?g% gﬁ 9 © 28° or more

schemat'nfalM@maéehgnnapp@moxidmfim&)rnmi@n dresuch a silicen be
Substratg 'é}fh@ﬁgt(jr%‘%‘@é' gégh%%@sbea“%tf%}gg@h%%”%%‘é%eef"f’{‘frg

ona (100? silicon substrate i1s very much simplifi 5 Referring to
FIG.9A, dtrcant-be 8éé&r thatheve bryderpatorisa@risoridedatoch single the

silicon atom sat theshiriace af e sligon sphstratgeand hus, JHGIE 18, anm as

formed a single oxygen atomic layer. In this representative state, each _
silicon afGHGH R BTsdbstFaté strfadé ardEcertinatéd bYewesiitont 11m is

atoms i&%%&ﬁ!ﬁt%éb%ﬁ@l%/aagi‘é@ oxygenr @torms @irﬂ@e}%@s@@f&psed in
surface, and there is formed a sub- oxide. - 35 In the state of FIG.9B, on

the othe hand;' €42R"EicdhHt6m at the uppermost part of the silicon

substrate is coordinated avithefout 0xygen @temsEnd.takes the stables that

state of Si4 . It is 5 believed that P}I% is thfe reason the oxidati%:r}1 pro ee(g%in
8_@; as

fadt’in the 'State 6FF(G BREN Slows down wHeh thé state ot

appearedx The thicknesst of blze oxideKitrmador the stateuof FIGIAB isabouty in

0.4nm, \lglﬂiée 5@%&%@?5% mpg%%% ggreoe%n%msv{ilq@oen 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 oxide film thickness observed for the slowdown state in FIG.S. 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
15is 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 exceedlend ﬁnm ISt ou%i%t %slgeig cause%}? Si4+ and

indicating the formation o ary oxide fitm excee ing 0 the thic ngts—‘él(e)fflhand’

atomic layerh F@ﬂﬁ@oshma raw XpPs spgptaéurmc&ﬁa Isﬂh;bn oXidenfim
formed %’1?'Séi'acr%’”s%%?&r?%ec%”qﬁa chemical shift caysed '%é%%xgﬁ%%gzeg

spectrum,whle FIG.74B shows the relationship between tt}le XPS
thicknesstofrthe silidoh dxiie il irs btel words thedifmYhickness is

obtaineq, by {he XS analysis and; the. ghemicalshiftiof FIG. /A« i on
Referring to FIGS.74A and 74B, it can be seen that the magnitude of the

chemicd?SAFES0 hckeasesinittt fitréasitg XPS filkrthickmie’s, white' st down

can alsq/pe seen thatithe chemical shifreaghes gpe vplue. ofrdeV omhichne s s
is inherent to a silicon oxide film, when the XPS film thickness has

reached36 e YA hetwEBN EEnhd*6. 2R, Furthe? itk hotedPout
that there.appearssatusation i the lohemieali shiffaddhe powdmdren theth the

XRS fim (hickness has aadhed the value between, 0.3am and 0.4nm. A ...
5 explainéa before, the thickness of such an extremely™ thin oxide Tilm

may changerwhen the measurement apparatus is changed or when the

value of the constants 2. and Q used in the, equation;(d),ngted, pefore i§ o 1o

changed. In view of this, it'is also
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



10 possible to define the 0.4nm thickness explained heretofore in the
present invention as being the minimum slgwdown 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-02 radical oxidation process explained with referenceto .,k .
FIGS 4/ B T R 678 Bning i RS0 i b SRahioga aldh ih®
any oxideofilerformation hproeespas dong as itus eapable of farmdnghemical
exiremely, fip oxide fims wih high grecision. Bx.confiying (e oxdation,
process further from t e State of FI .88,t e thickness of the oxide 25

film startztodherdasb again. WGOET slkews thes ratatiorship Betweehsa

thermal-oxjde-equivalgntihyckness I eg,andleakage, curtent 19 foré  reme1y

laminated structure in which a ZrSiOx film having a thickness of 0.4nm
and an 30" efectrode ilrh ‘a8 i 6/ AR0XIAE filnt fstnierPsy tRE®V-02

oxidation precessief HIGS4A andAR (referancershopid be made to
FIG.11B to be explained later) by using the substrate processin
apparatG§ B 37 G’ APshdlid'5& Pote {HAE tHetieakage c Pr%nfwted
characteyistics ©f F1GC did-areqneasured in the state, asyoltageief A8V
is applied across the electrode film and.the silicon, suybstrate, wherein Vf
o D T ERabE (LEh Pt Erlel C8 R e Grre T Sine
comparisen cflGE 20 @lsonshoves theeleakage rousrent charestéristicg of ae

thermal oxide film. ﬁ‘é{}&'%ﬁéw@?g@ﬁraéﬁgce#gh"e\@ée”}%ﬂi&k'%%%istf%&é@ ess
structure chuoHng %Ot the oxide film and the
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



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 Teq also takes a large value of about 1.7nm.

Contrar this, it can %es n that the thermal-oxide equivalent
ke e O ke Tl et
increasethfromc®amitotO.4amo In Buch aGtatecthec oxigedidmiis the state a

interposed hetwee Hic bstrate and rSiox film, an
there sh%%%%%gc%%he%%% %%Feﬁ;ségofgb% %ﬁ:g th%c Irlgé(g 'Itﬁleg 2% 1'%%%rode
observeflidetrease ¢fhihe sguivatentihieRihass Feq g ehereforéfdontrarg

to this inefease af physical hickness; This opservatien suggestsghe. +he

situation that, in the case the ZrSiOx film is formed directly on the silicon
substrate2there beEararakensive 30 Hiffustort 6F2r it e Sili€ont cakage

substrate.or &l intoc the- A& Ox film assepresented G . d 1Agleadingto
formation of a thick interface layer between the silicon substrate and the
ZrSiox il BYfihterp0Sing L 98° te bide Fif 'of 014t thidkredegs 15 for
represented iB tléxt hBeit ismbelieveddhatthe fermmation eksuchian and the
int%facezl e([)is %ffelcr'r[lively suppressed and the decrease of the

equwalen]f ifm thicknéss is achieved 5 as a result. With this, the leakage
current is reduced witteifereasing thickneSs o thel oxiderfilme Itsskould bet

AT LA e sl
is 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



10 formed on a silicon substrate 41 and a ZrSiOx film 43 is formed on the

oxide film 42. When the thickness of the_oxig e 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 0.4nm, it can be seen that the value of the

leakage current is degreased with increase ofthe thickness, suggesting,
that the increass of the equivalent thickness’is caused as a%resu 0
increaserofsthelghysical thickressafdhe thxade filne Thuspittcanrbeoseenich an

that the oxide fi hickness of ab Anm, in which there is cause
oo e b S AL DA T NS SR EPUIEE e
the minifemy of tite eduivalentthickness of tHel systémifokned of tfe exidecved

film;and bigh-K diglectric filnayang, that the, diffusion.of. metal.element,
such as Zr into the silicon substrate is effectively blocked by the stable
oxide filFPSHEWAT 30 It FIG OBE Futhed, it-Carrbe Seén that'the etfeeesr T11m-

blockingrthednetal glementdiffusion iscnetenhanced ssignificantyneven a
when the thickness of the oxide film is increased further. - 39 It should be

noted thaf tHEAILE of TR Jeaiige CUtrétit 1o the TARE BITRidg e didéed
film of thedoregoing @ 4amsthickaess és smalierithandhe deakage catrent2 is

of g thermal oxide fim.haing a5 corresponding hiciness by the order.of
two. Thus,]fay using an insaration fitm aving suc a structtre for e gate
insulationsfilmoafee MQS transistor it ebeciomest pessible to minimize the

gate leakage current. /45 3 result ofislowdown of the eXidg M. £3511 nas

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.



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 fi rowth during the slqwdown period, it become
possible to obtain an g%r%rﬁg@q%a% oxide %Frrg 45hoaftun| %?m%ﬁ‘r%%ﬁic rges%sh ©
as 20 repeesented miEKEA2CE As explained befofe tthergyistiestanddrd £i1m

measuring method of film thickness for such an _extremely thin, oxide fil
at the m%?neth?%.gl TI’%%I %%ﬁ?‘eﬁeﬁt'\%ﬁe ?r}i{al)r/& gél %%)téainle@d fy‘oﬂrlIa;llr?el%lgm%lf%JTIJI the
thickneskasfhhe oxiderfiierd?2 of FFG t2€nmhdn axdifferént medsuringy a

method is,used However, beqause. okthe reasan explainedbelore, itis, s, 1y

determined that the slowdown of oxide film growth occurs at the thickness
of two atbhiitJayets 1 TRy, 3tis tRodghtm30 #attHe Preferablé titkiesscoff or

the oxidefilm4Zis abeutitweiatamic layers: Itshaid be notad that thist
preferable thickness includes also the case in which the oxide film 42

includes”s FEgi6 0P SHOMIC- 40 [BYSrsT Apart therebisuththalthecur = ent

thickness of two atomig layers isimaintainetddatthenentifetyref theioddeilm
film 42. Thus, it is concluded that the preferable thickness of the oxide
e e P et 3 0 e B RO Sp AL o

range of 7 05%
RADICAteNERRIDACT ION RE-NR) RROUESSING 6.3 shows ¢hes 1 owdown

constructipn.of 3 remgte, plasma Sg“g&%?ez‘%‘f%%d UEheSUBSUal8 1\ growth at
processing 10 apparatus 2 ofﬁ 3.
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



Referring to FIG.13, the remote plasma source 26 includes a block 26A
typically formed of aluminum in which a_ga4socir_culating passage 26a is
formed together with a gas inlet 26b and a gas outlet 15 26¢

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 qrilrcuhatigg assage 6a, gas .
inlet 26l 8R4 the ééls aZdogﬁt?et ec,rgﬁé pféls(fnaE C'is formed int Iéegass ©
circulating passage. 264 by supplyingna highefreqdericyr (REppewelirety of
400kHz endicular_to,the coil wound arqund,the ferrite core i

the excit@ﬁaooﬂ%% pFals%nIQa C,\Az%%nlstfogle%n rlaflj%iic% slg ériléll aﬁo rﬁﬁ%g:(\e/\ré e
ions aredfomhed dhlke gaschealating hasbage 26dewhérsin fhe hitrdgerthe
iong thus formed have a sﬁroggggqgeqcy%gr proceeding straight and are
annihilated as they are circulated along the circulating passage 26a and

the 30 gas outlet 26¢ ejects nitrogen radicals N2* primarily. In the

construetionaf- G k3 eharged panticlessucha as mifrogenions alocESSING

eliminated in the construction of FIG.13 by providing an ion filter 26e at

the gas - 41 outlet 26¢1i the sBRETatthe idiPfiter 268" s CCortected Ot C
the grounda $herehy. obly the nitsegen: tadicalsare supptied tor-theessing
process space 21B. n i case the ion filter 26e is not grounded,
the 5 ior i grr?%eu%rlf%/ﬁor?éﬁr]atgg(;di usion plate and it becomes possible

to eliminate charged particles sugh tas Ailiogen jondisuffierently. Inlthema
case of condugting.a progessthat regiires alarge amount of N2, e of
radicals,s i?lllsrposg%le to e?'lm?neate theq#)n 10 |Iter%§<i,gI 30 as to prg\]/f&et ©
annihilatigmoftherN2n which a gas circulating passage 26a 1is

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



radicals caused by collision at the ion filter 26e. FIG.14A shows the
relationship between the number of ions ang 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.14C. Referring to FIG.14A,

fonization, of, nitrogen molecyles is faciitajedin the case the 20 plaspais
excited By a micréwave power, and as a resut, there'are formed a very
large amount®f trittogen ons. dr thencaseTtherptasmads éxcitétebyhat rogen

high-fre cy.(RF) er of 500kHz . or less, on the aother hand,
nlmbor 5 e Aoge font Imes by 35 M paSrec rodiagy 222 Even
significahtly tinethe Tase Wi asingthé higlefregaencys plasmatherslista the

tendency thatdhe plasma conrtaing felatively largg:areparion ¢fieRs ang it
having large electron energy and that such ions may cause damaging 30

in the SUIREERE InERE BdRstRuctionof FIERES, D e eftfer PRl thees such

nitrogen-igng, havingdhe stipagstendency af prpceeding-straightare
effectively annihilated in the gas circulating passage 26a, and - 42 it

becomeS Poskible tFinfroBhes B Ne Tabicaik defetiivéty itbdhe amount of
processim?g vessetaAS notetd. above, FHGH1B and 14kishowe ththe ion
construatio,of.a standard high frequency plasma 5 spyirge and g standarg
microwave plasma source, fespec vely. Re erring o FI 148, & process

gas is imtroducedsintcea plasniy chambérs 426 coverdaewitlva quartzlinerce .

426d from a gas inlet 426b provided 10 ahove, and PlASMA 426G18 ecry the

excited in the plasma
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



chamber 426D by exciting the plasma gas by a high- frequency power.
The nitrogen ions and the nitrogen radicgls&orgned 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 nitro%elr&oens,C which tenogutgeprocee strai%{lltbals

t £ t
completély evenin 20 thecase a tra8 426678 prowded? The’same

situatiorskdlds alsceihithé rcase tofthp micravedvesplasmaesource of
FIG.14C. Only differences ot a migrowaye isusedorexciing 0., tne
l/ g e

e
plasma. Thus, it is difficult to remove the 25 nitrogen ions, which tend to
proceedstreighty froaPthe fadicals 2avkrrin the Tasé zetwas isprovidesina

Thus, by, ygingdhe radical.source shown in £lG+13, andap distribytion
shown in FIG.14A by a dotted line is obtained, and it becomes possible to
30 condbEas ftelY feiote plasma nitridation processing with minimum

amount of ions. In thercaserthe plasa precessing is genducted by yising
a microwave, a high vacuum - 43 environment of 1.33 x 10-3 - 1.33 x

10-6 Pa'(F07°0H6 AT oIS rieeBibd Wil irtHeasethe pramgd with 2
processingsis condueted by using adngh-figgueney (lasmarit isrpessikie

o e i rocersal £ Sy Lo s o 338 e
frequencyhand processipregsurecsuitable for¢he femwote glasntay a high-
processip]gé %Q eFAg;Y?%gQ%V%/S_ the relationship between the

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



plasma excitation frequency and the pressure interval in which ignition of
plasma is possible. Referring to FIG.72, it capn 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 -elrg)vfligrr(rf)hr%ré the cafselth%plgsré;g_,ex_cit?t.i%% frgq%n@yés Z'élSOGHZ—’ 10-
the plasma ignition 20 takes place n the pressure tange of 1 3mPa

1.33kP4d (amTorts 0@k Tert). Mére] eonsidetationaritt belmadé asrthe
preferahle pressure. When roce essure is too Jaow, the nitroge
Argc SYH & (yg%gucccgg gssue %vo%ldaciul ehdiﬁ%i%u%ndy

radicals‘introduced In the 25 processing v nan
there wolRisapgpealta ien-DAfGrP hitridaticroprdeessing on awlkick dalyat a

the mmargipalpary of the,sufstiaie. which Isfocaied glose to thegadicaly 1 —

source, undergoes nitridation, even in the case the substrate W is 30
rotated ih&hé Stbstrate processing apparatus 20 of FIG.3. Thus, in order

to achieve a uniform nitridation-processing in the,substiste REREESSING: he
apparatus 20 of FIG.3 by using the remote radical - 44 source 26 of

FIG.13, tHEETE aFicetithhat e fidvF BFIHE Yadibalsan 56> ComFiRE16S
some exent: £6I dhisy it i$ hecessasy (0 partsaldhe preeessipressure in

the processing vessel 21,10 e  pessure of 0,015 IO (L33PALES . ¢ he
shown by a line A in FIG:72. Ren "the process pressure is%o igh'in the
processimga vessed 24 oatthe othiferdwanen the nirdgehesagicalsswoaldibeé erval

annihilated by gaysing, gallision. Thus, i, i negessan g gantrol the
process pressure in the 10 processing vessel 21 to the value of 3 Torr
(399Pa) 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



or less as represented by a line B in FIG.72. Next, consideration will be
made on the preferable plasma excitation f, gquency. 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%r u xceeds 13.56MHz represented in FIG.7
e D 5 e ot Hant 50 & becbHEL I R o SEd e hibria o of
processinge withdargelflow aatebF husrit isqréfetable toset thefplasmarFor

eXCitaﬁoﬁ‘hf{%‘l“el cy not exceeding 13&@6%"&&#% ummany 11S.s s pressure
preferable to set the 55 process prgssure and the frequency in the
hatchediarea of RIG r2edefined bietheslineslA t O ipcthe casesawadicalf 0.01

nitridatiop,processing s, 10 be condyeted, by, the; subsirae, pracessig when
apparatus 20 of FIG.3 while using the radical source 26 of FIG.13. In the
30 preséhtanVEiftions & Rqueney of abolit4doKHyz 5P uséd aBaPcessing

represeqiative fregueney, while this, sepresentationdneansthgibtheradicals
foregoing range is included. In the range of 40kHz - 4MHz, substantially -

45 the 4ié I&E?né‘BPdééjséﬁb‘%Q rOXliZeAP TABR fBéFoW&&ﬂpaPé@’tﬁe it
ionizations energyscoversion efficiency, presspre tange eapadderaf in the

caysing electric discharge, plasma power  consumption andprocess,ga,.
flow ratd between the ¢ase’s exciting plasma’ by a microwave and the
case ofexcitimggplasmadyyra hightfeelquency (RE)powernTalle 172 .

lonizationpressureplagmaprocess energyrangepoWergaslion. 5o 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



conversioncausingconsumptionrate efficiencyelectric discharge
microwavel.00x100.1m -1 - 500W0 - O.ITqrr100SCCM
RF-wavel.00x100.1-1 - 10kW0.1 - 100Torrl0SLM 10 Referring to Table
1, it can be seen that the ionization energy conversion efficiency is
reduced to about 1 x 10-~ in the case of the RF- excited plasma as
compar%crilwith respeclt to the value 15 of about 1 X 19-2 for the case of
the microwavéexcited ﬁggm%?ﬁﬁﬁgrl, fttan’be Seen %heac% the pressure
range causing the elettricldisdhdrgeé isv aboup 8rles100:& olirod 33Ral on

13.3kPa) far the ¢ f the RF-excited plasma, while in the f the
20 micr(%vr\%}:eg- ngait%%vr%ggr%%%thee%(gr%%égrrggl}é’n %gggﬁt{% O%g %%r%rglapable

0.1 Torrqi3 SPasin33RPaY. Asso cidied Witlvthis, the plesnie gewer
consumption ispereased in the case of the RErexcitedplasmaase, the

compared with the case of the microwave-excited plasma and that the 25

processasIIow r&td foitheae e RiF-pladhfal Processitibédsines se
much largerdhan the,grasess gasupijow ratefar thesease efthe maicrowane. .
plasma. In the substrate processing apparatus of - 46 FIG.3, it should be
noted that the nitridation processing of the oxide film is conducted not by
nitrogen ions but by the nitrogen radicalsd¥2*% Thus, it is preferable that

the number of the exditech nirogen jops sssuppresses@sstnall as| process
possible. This is also| preferableyin the viewpoint of| minipvizing dampges flow
caused in the substrat€qRfRE S1on | causing | consumption | = rate
efficiency | electric
discharge
microwave 1.00x10" O0.1lm - 1 - 500w 0 -
0.1Torr 100sccM
RF-wave 1.00x10" 0.1- 1 - 10kw 0.1 -
100Torr 10SLM
10

15

20

25

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

of about 1 x 1072 for the case of the microwave-

excited pl

asma.

Further,

it can be seen that the

pressure range causing the electric discharge is

about 0.1

of the RF-excited plasma,
microwave—-excited plasma,

(13.3Pa - 13.3kPa).

0.1 mTorr

with this,

— 100 Torr

— 0.1 Torr

(13.3Pa - 13.3kPa)

for the case
while in the case of the
the pressure range is about

Associated

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

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




substrate processing apparatus of FIG.3, the number of the excited
nitrogen radicals is small and is 10 highly syjtable 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

nitrogenFJI5GraBdical ex'ﬁed % ti%e hirgthr%qu%ncy pcl sma j% caé!eg RF-N2
processing. As’exlp aifned before, it |sopoessil§1e 0 introduce the Sroﬁgrsls

gas witholargeefievimgtedn théesubstrate priooessingappanatus0noftFIGy3

by using,2Q the Lematg, plasma r%dicéh%”r{%%?é Qf P63 Thus, n.suchy,
an RF-N2 proc%ssmg, it %ecomes%ossi le o conduct a uniform ’
nitridaticr-proeessiag sueh tratt amifohs mivodsr codcertationcited

distibution s realized onsthesubgtrate sudace, 25:ip.the C&é%'&% PIRLESS

gas flow rate is” increased, on the other hand, the region where the
nitridatiortakes plackSis IRfittPoahRé aréd neaf the eBREaFaxiS 6f the

substratg thatconnestsities plasma seuwge 26 andthe@uacuatian port the
21A of FIG.3, 30 contrary to the case of using a small Erocess gas flow

rate. ThG&I5FEGHtFolig theSsioe8s$ GRS e  fat8 fwhith 'répre%%%t?fﬂ%ber
total of the Arrgassflow tate and theyaitroges igasiflow eatemis isipessible s

47 to a LlJSt}ht[Ie extensu})ﬁof e region Wgere the nitridation refléc/:tlbyr}llin base

takds pladd ih the direction toward e Bvadiifion port 1A Fhus
optimizing ithe fdregoingrextension@dretdatingtthe subgtrate WA &liectric
e S T ey g o
that 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



the admixing of the Ar gas to the nitrogen gas provides the effect of
prolonging the lifetime of the 10 nitrogen rgdjcals. 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- N2 processing of the
present invention. In the nitridation processing that uses the 15

microwave plasma, on the other hand, there js also a_possibijlity that an
in-planeajC uonif%%r?ﬁ?tcan}b%rgB%% *thé'nY #arjl%ﬁni oer%%/nac"ﬁie%:e% lgyﬁl the
remote-plasmed aiftridatioreprocessingas attainedde thenevént thérection
nitridatiqn processing cap_be achieyed under.t Zgr%o%diti%n of large gas
flow rate. FIGS.16A angvl%%ugholwrt]h radica r%fri ati%n'(RF¥N3 g
processireecoriuetetl by thied sabstrate prodessing apparatis 20 wpFiGHZe W,

respectiyely;in a5ide viewsang adlan, v%%e@q@n%ﬁg%}@@ AW the

16B, the remote plasma radical source 26 is supplied with an Ar gas and

a nitrogért §AS a8 rirega fadicale areforied asasresalt of eXéitation -of 11

plasma with the high-freauency, powet ok severalhundred kilehertz,3@ that
frequen%{ The nitrogen radicals thus formed are caused to flow along the

surface bithe’Sibstratd W fardd Gredvatdsitddviatfe BVAEGETH 56t 21A
and the (puwp 24s Astecrestifcthie processspacei 24B isBeldi-#48 at@ of the

process pressure in the range of 1,33Pa - 1.33kPa (0.01 - 10 Torr) .. ...
o T YRR IChF M Bkton SRS o CCEaTo W, PTGy RSB L LY

the pressuegrange afduex:133Pa (0105 AL.Odkarr)isisqureferablet The to
e T SRR R e
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



substrate W. In the nitridation process of FIGS.16A and 10 16B, it should
be noted that there is conducted a purging Rrocess in advance to the
nitridation process by opening the valves 243A 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 processing that
follows, Sh e SH0 T 15 WAoo 294 BRI D3R Boded ATH thus,
the turba .moleealat puddp 23B0s Hotrinclusledtnitie evacudtion 20:pathedf

the pfocﬁ%gg?@%‘% 258 Thus, oy %%B%é@%é%b%&fatﬁa(’{%‘i%%sﬂ%l , use of
apparatus 20 o Flé.3, it becomes possible to form an extremely thin
oxide filthen theesurface afaheesulistiaté W and Jafither (Witridfing the- 0 Torr)

surtace pEthe 2pOxide film thus formed EIG. 124 Shows the niregehe g

concentration profile in an oxide film for the case the oxide film formed
on a sili€oi§Gostrete byd tHermar okit&tisn Préeeswith dahitkRess ef e

2.0nm ig subjestedita-an 30 RirNZprocessing dnthe substiate ace of the
processin‘%%g paratus 20 of FIG.3 by using the RF remote plasma source

26 of FI& nderthB condition represented in Tabie 2. Further,
FIG.17B shows the refatioisbim-i49 iketween the aigencornceosatien and

e e e @SB PICEIURIGn ol Ve same e i e,
microwavet§iSCChM-220\W8.6MTerts80Ce 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



RF wave50 SCCM2SLM2kWITorr700C 5 Referring to Tabie 2, the RF-N2
processing is conducted in the substrate p5%0e§sing 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 Ieve(lpoftabout 19}-16 Torr (1.33 x 10-"P%) l%eforte. the comme cemegt QL
the nitri aetlovrv\e;earrloces% srﬁ(l:ﬁ ﬁgteélxy%%ﬁcorr\l/véﬁaelr rleorﬁai%}:n% in the 15 ©
processspage R 18cisprmgedc sufficiently fBeéealse afhthiscary residial £1i1m.
oxygen in the process space 21B is diluted with Ar or nitrogen in the
nitridation process (RF-N2 process), which is conducted at the pressure

of about 1 Torr. Thereby, the concentratie® 2© of residual oxygen, and

hence the thermodynariEr &cti/ty ofthe résidgaloxyyers $$very safastature

the time of the foregpingittiflationt protesBiRYSh the case of the

nitridation-processing—condicted by W microwavel plasma.on
i Bomlior

1erowave = ;i . . 9
hand, ?IE the process pressure at the time of the nitridation process is2 00 C

general§th& 8%he as te purgthg preeture, 264 tHus rbSidual bxyger00C

maifitains 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 R5@ <axidé'filnt i ke infthe CsdetheWitrifatieRs S 1109

processing is seadueted byrthermickawave plasma-and $hatnro sybstantials 20
nitridation takes place in the oxide film. In the case of the nitridation

processiHyS that UseBTHE RE-Exdted plaSha akhinthé tald bt the®iPPlying
present emboshmenty ittcanbe seen thatdhe AItFOPEOCM 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



concentration level changes linearly with depth in 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 wit redetermined angle, and,
dotocto UL BATDRT b CSE10 el e Speim o the SRt
X-rays wittovaricuish anglesc dhdrebye it shpuldhlee motedathat thecdeteotor and
DETL sghio e gelectian angleof 90 degress 20.datects e exgiled e
X-ray that has travele through the oxide film 12 with mininfum path

length. Pausiehd Hray spedthem desected biytiee detaciolDETD contgins sing

informatqn,abeutlhe geeppartofthe oxide, ilm, 12 Jwith relatively large o ¢ tne

proportion. On the other hand, 25 detector DET2 set to a shallow
detectioR e fe SetRBROhHeNE Ay trateleddbver al6hd distaricerinetiet trogen

oxide filesk hhusa the-detestes DET2 mainly 1detegisithednformation n n
about surface part of the oxide film 12. 30 FIG.17B shows the relationship
betweerf tHe Aitrdlen’contentration ahd bx§geh TBhééitrationtifi Ve ©f near
oxide filmo #n EKS . 4ZBi #-sbaulg-be neteshthat dhe pxygern-eoncentiationds £ilm.
represented by the XﬁyG ?% ig%eonsity orresgondingf% thoefOtI%orbital.

Re]’r%rring to FIG.17B, it can be 2661 that thefe &CUTS teciease of oxygen

concentratmswitimancrease of @itfiogenccondentratiorvin theecasesthéXSray

nitridati%)r}lgqi()geg igg ti% 8%%%‘%%}?‘1 QX atﬂ% F S-I.\IZ processing that uses the

RF-remote plasma, indicatin

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



that there occurs substitution of oxygen atoms with the nitrogen atoms in
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
concentAHoR Tor e Cace ASHIEH Hiogeh o e o e s - 6%

by the microwave nitritkafien processing: Thislingicates thah there ovearshat

increase of fhickness, of the oxide fim with pifridation, Such, an.increase .
of the oxygen concentration associated 20 wi A the microwave nitridation
processingrisdrtieved to bercused i a resuitedfithe high adtivityafe the

oxygen gk watel Temaining in. INeRrocess space; ywhich ipfurnyis capsed
as a result of use of high vacuum environment for the nitridation

processRigCarRF 25 aBsehce ofdiftitiont st rBSidaareiR ehicrWater wWithiApting

gas or nitregen-gas; dnbke thescasg,ek thehighrfrequencyyemote sadicali tn
nitridation processing. FIG.19 shows the relationship between the

nitridatior fimB A tRE hif SGEIF cdficenitfatith i S30 theilm for the cagee the
an oxidenfilor iscfetmed bydhe subsiratedprogessiag apparatias 20 of @3
to {Qe thickness af 4A (0.4nt andt7ﬁ6\ 0. nmgiRand nitrid%ion i% eutd
conductBa Tiever 't The Dxide fiim by <52 "HeRFRD processing o t1 19
FIGS.16/cand 16Bsmhile usingbtherreatte ptasma selice izt Huitheo,£

FI1G.20 shows the 8 rerg@ti o£ nitgpélcen tg th% urfa e of 1Llhe ogl(ide film
caused as ye%%%ul% o?%]ee niatfrl8 ation 5 pro]é(easssiﬁg%fvﬁ 19, it should Bé
noted that FIGS<9 and 20ndlse show the caksesr wich the dxide filBis 1t 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



formed by a rapid thermal oxidation processing to the thickness of 5A
(0.Snm) and 7A (0.7nm). Referring to FI_G.JQ.%, 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 ¢ eo%h oxide film 15 forme lg%z[ -02 oxjidation . .
e R A B R 5 109
0.5nm nebe thesforeégoing dsicknessuaf:4am, athighérenitroged. 20 shows

tration is achieved ith oxide films f t
coertan eSS G RS it .

same condition. F shows the re
concenteatiohefof thencaseitrecatsctorsy SETL apd DETE? bi FIG d9taren

set {0 3Q,degreesand 90 gegrees respectiyelyAs £an PeSEeNHm rrcs. 19

FIG.20, the vertical 25 axis represents the X-ray spectral intensity from the
nitrogenfatdnms’settégatetty thé fint36fade obtained With hrelditedt is

angle of30-degregs dividediRy theoX-ray spectral intepsifrefitbesnitkoges the
atoms distributed throughout the entire film. 30 C'I;gse vertical axis of FIG.20
is defined'a$ hitfoen Segreyation¥alid. Mifle tase'the Vile of the

n@trogen segreggtion rRdiods 4igrgnere, m@eﬂs ,causgdaegb%ga@émfthat
e e i syace SR eeIng oI g0 e seeL et i
film is forimedrbyttheddV-02h pracessing terthe difickhessoofizk, andlithe, while
gii:;‘;gf;‘é%ﬁé{’é‘)‘(% r%%fﬁ%%ﬁ@%icd% lfirstfo the Jim Sprfage and, 2 sityation,
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.



FIG.1 is realized. After the RF-N2 processing for 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-N2 processing for 90 seconds. In the experiment of FIG.21, the

UV-02 15 processing and the RF-N2 p ssing are applied in the
substrate processingggs%qaeé]f&sngo of F%é ?é?;jeajtgdlgg%]lth%reesﬁggp toteA"
wafers (nadentl rwafer #HO)rEkx 21 showstthe wafertoewaferevasiationmre in

20 of the {il ickn of the oxynitride film taine inthe
result of% ég%‘%% o%?g?ne%x égr%ihg %:g%fe inw (lgclz Xi %a&\y-g%ﬁge?oetcﬁ:gsgﬁg is
conducted dF teséorstiuetioh of FiG Sk drving tied ultraviblétsourdd 25gen

such thatanexide film is,29 formed tochave the thickness of9ANMa%ace and

measured by the XPS analysis and in which the RF-N2 processing is

conducted 6 febxige fimthds forhfedh\pdAvikg therdfmote prashtd ©f
source 26rsuch that the oxidedilmaisiconvered e anoxmitride filMg for 90
containing 30 nitrogen atoms with about 4%. Referring to FIG.21, the

vertical 858§RPTesetts IRt Hicknede DbtdiR&d Forthe 96Xy ritrid SildAr
thus obtaineddiyelipsorgetiy =54 wheteiroit gar berseendhat the filmn other
thlckneSﬁilcjr uniform andllggs anv%ljee of a%o%h8§(0ﬁ§lnm%r.FlG.2 shows

thé Tesuft'of xamination wﬁﬁaregard f-the increass of filth thickness for T

the case: seam dxideditm is formzed on arsHiconlsubstraten#sthessubstraley
process{plgiafpoqfa}{ataug tho %felélu % V\gtth tchﬁe 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,



thickness of 0.4nm by the UV-02 processing while using the ultraviolet
source 25 and further an RF-N2 proces§in94's 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-N2 pr}qcessjng)i f 0.38an to about %E gtSr]CrHeln 1Ehel%ta%nitro en

atoms are mtroducéd by~ the RFNZ processing With thé COREERiratoR of 5

4 - 7%. Un tHecasethe hitregen atdms ace inttosluced b the . ve) of

about 15% by the RFN2;processing, on the ,othenhand, itean be seen, ..,
that the film thickness 20 increases to about 1.3nm. In this case, it is
believed- gtk hiroger atorpstagsintrodbced irtb Lthenséde filow forhpacase

nitrigle film by.caysing; penettaton jpto; the,silican sybsiate afer passingn +he
through the oxide film. 25 In FIG.22, the relationship between the nitrogen
concentfatiohtamt fnPiRckhess s rapresentetFalél forfad ideaf modelr the

structure in; whieks anlyrong. layer ef nitrpgenatemsarg datiedyced, into e

the oxide film of 0.4nm thickness by A. 30 Referring to FIG.22, it can be

seen that® tHefili fhickheE& %ftal MtrotRBHGT of the Mittodeh Ttbms? ™ RE N2
becomesabest 8:4mn insthisisieabmoge! tstructute JEhereby, thiedscreasged
of the filnh-i§5 thicknes Lor this m%%el case becomes aboZLg 0.Inm, and

thé?ﬁitrovéen concéntration becomes abbuf t2%. @%Pnrgct%is model as a

reference, it is conclikletithat the increase of film thickressds Seen that

ngjzrﬁ]bétﬁé%%%%?ﬁ]%:‘%E%ﬁ‘%‘é%'”elQEQ-ela's%&”%%'O%%E%ﬁ@leefsoée%?fé‘geof
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



substrate processing apparatus 20 of FIG.3 is used 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

oxynitridcehfilnkls for t?e ca§§ the o><%nitlride film i% formed frogl an %xi e
film formed 6n the Silicon substrate Wn tr?eass%bsterg%mgr%cgsglﬁg P
apparatas 20 0f 16 i3 tocthenthickness tof 2nirowhite cotating e siticar? s .
substrate W by the dg\éelr%ect Qissrrgrlgé lIt(,isc?ogld %%Q gergctg;slt 20 tq%
experiment of FIGS.23A and 23B is conducted at the substrate
temperatwredfd5e Cbadertthe prassige sef Td3Ha whilé rataking sise 1s
silicon sybstrate formed. with the;exide filmyyith the, thickpess of 2nmy, 5,1,
while supplying an Ar gas and a nitrogen gas with the 25 respective flow
rates of 252 Fah® SOSCEM IAFIBRIR L BrigHt!parcepresehts the
part wheygiiberesiscCalsacRirogen sppeentration Fughet; FdGz23B used
shows the thickness of the oxynitride film obtained by the ellipsometry
and the hitfogehtcdhicehtrafién 8btaifed 50 By tHEEXP S ahalydls. Bhe® state.
result ofil G 23Aand=23B1shows thateit ispassible o sealizecx generally
un{fé)rm ni;ELo%en distribution,over the entire dsurfacte of tt e- £561 substralt
W even fin the &8t 6 l?sf?r?g the Substrate epro%cralsswolg ap|e3arajtu§f1 28°1h
which amlasymnigific inadicad flow+s wawsed, by rotating the substrate W
and optimizing the flo the Ar nd the 5 flow rate of the
nitrogen gas. FIG.24 ﬁllzrie ié%%gm%??%%n%iﬁa% %f%IZ%ESUEtC of
measurement of nitrogen concentration distribution

be

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



explained before and shows the relationship between 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-02 processing (step Sl) and an
RF-N2 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 (WA RENZ brokesding is Shanged Variodsly. RerSiring to FIG 245
0 represents-thes ielgtionsiap betvweeiDtheiXP 8Hilmithickness ang thel ¢
.r".”.oge”rcoé‘fggﬁrag‘i%“ the film for the %aser?t—,ea%o ggdefiimhasan ..o
initial thlcﬁness of 0.4nm and thus corresponds to the Tase represented in
FIG.22 By d Ivthe exgarraentsf F1Go24 riecan bé seba thdt thesniogenhe

congenteation in the oxynitride film thys.abtained increases generally
linearly with the XPS 25 film thickness as long as the film thickness is in
the range up to about®t8nm? Ohsthe théckam, 2ThERE Brawing Shows: LG - 22

the casesigyvhichdhe mitia)axida films thicknessds 1set 10 03N iAg&Rileen
can be seen that the nitrogen 30 concentration in the obtained oxynitride

film incréASe ity HECRP 8 RickRBsS Wit & 1grabient geRémlg S
identicahwiilz the-grasienifer tire case thesaxide ditm tias theyiitidlride film

thickness,of - 57 Q.4nm. Thus, n the gase such.an gxynitide fim, used .

for the bagde bxide filny 2 Uhdefieath the hléh- gﬁei’écﬁlc gate msu#atlon

film as shiowrhindnFig& 1dthefe isna possibitity;dn view bEthéV rélatipnshipssing

OfFKizﬂsgg%t@%?'Q%&bgﬁagégﬂf%nfmessing 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



increase of physical thickness in the oxynitride film when the nitrogen
concentration in the film is 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 'ntr%qnuce nitrogen into 15 the oxynitride film formed by applying

an RF-N2" processing to an oxide film formed by an UV-02 processing
(referred to hereinafteflasd)V-02 oxide ddy, itisarecessanytoiset thiee £ilm

initia) thigknes, O 1. U2 gxide flipgcber pog than g am, 10,40 ather
words, it is necessary to set the initia thickness of the UV-02 oxide film to
be less themh 0K ¢ thetedse apogrynittidlelfiinlintroddded withsdyein 1in
high-concentratiop;nitrogenyis fo,beusad:for the base.oxide film of the
high-dielectric gate 25 insulation film. FIGS.26A - 26C show the spectrum

of the Si23 Bfvital Bbtdinetf by e XPS &Raysi§ ForthemStructare imtatieh an

the oxide filmzisdorned phdhe -silicon: substiate 1withthe VB4 ride film
processing and a 30 Hf02 film is formed on the oxide film 2 as the high-K
dielectri? it 3¢ WhePeih FIBS6A SHERE thé 5tatd int WHidK tHe  dRidé Filnh ©°

2 alone }Sif@hmedmfﬁlgdHCfaZQBsﬁjovv:&&leeﬁﬂ&:i@ which she §Ife2 flm issh-K
formed OQéf’gc he.oxide film 2. Fu&tggr, FIG%GlC S ovivg tfé%sg()eﬁtiljerg %fut’

thégstruc tre Inwhich tﬁé”‘?ﬁoz‘ﬁﬁhl isaniéaled. IIEurther, each

FIGS.26A- 26CtshowS & berréspandihg tschematicidevicetstrusturel i con
o EE e SR TG e e
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



description thereof will be omitted. Referring to FIGS.26A - 26C, it can be
seen that there is a low spectral peak B odBRdEe Si2p 10 orbital having a
chemical shift in the state of FIG.26A in addition to the spectral peak A of
the Si2p orbital, while the intensity of the spectral peak B increases in the
state of FIG.26B, and the strength of the spectral peak B is increased to

the 15 | eI com ral:%e othei ensi of th ak A after the ate of
FIG.26 |nw |c e hefrma ar?%eahr% dro%e%% é@%né%cteﬁ S ou%ectrum

be noted thdtlke shemicakshifti cowkspdndihg tcblfha peakmB iscausedasted.

a result of 2( | atom in r or in_the oxide fi
causmg%ub (% vglthga%éxyggn%@n?ﬁ%r% thg2 Ig fﬁ% As%ué#ﬁd: t %Ef%ndlng
the chermica¢shiftiof thevSpeetralpeak forehe Sz ofbitak isPcauseédC, those

entigely Ry the, suriace eaction on the %WQ”&%@%@&%hﬁ&pgﬁg@ously

to evaluate the increase of the film thickness of the oxide film 2 caused by
the thermaf aAfiealAProtesy of PRS. 2605 rdif & cAred dt e pear pand the

FIG.27 shows-therevaluation-efzhange10f30 the film thickness of the

oxide film 2 before formation of an Hf02 film and after a thermal

annealing process forth& Také e FfoZ fiffit is* $érmed 6 an'dxidé finP&f SSen
various irtitiad - S9¢ thicknesses andJpeherthe thernralmanneating psacess

is conduct In fl% .27, the horl ontal a is re&ecsents %I]qe |n|t|al ,tckrIE[ckn Ss

of the OXIa iR cor?é’slp% dlng F6A Detare the forration o

HfO2 fllmmhl%melmracmmmneptesemg thep exidesfiinpthickness aftehe

thethen@f&?%%‘i@gl, 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



process corresponding to FIG.26C. 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-02 oxide film has exceeded 0.4nm. Assuming that this slowing down
of increase of the film thickness corresponds to the suppression of the

interface reacfion at the 19 surface of the siicon substiate therq IS8 _ooceqs
possibility that the optimum hickness of Fhe oxide fitm 2 fsfoca eﬁnﬁig]ﬁﬁy

larger thas thefdregoing). tHiokmess.¢f 0.4nime winichi thickine$s ésthought

as being QUM i1, s preyiops erbedinar oL origing 20 2131Q4 1
film from the ground of t & observe slowing down of the film formation
occurringat tieis ethickhess 'of 0f4m Ao niisifdiziag tthe interfaed reactidn.the

The,degree of fhe intgriace reaclion 25 changes.depending opthe t)gqpelof

the high-K dielectric film, its reactivity, the degree of subsequent therma

annealiritprotess lahd-thedikes Sthust fifere 'dam B g ca3e afliRfRaving a

thickness, gxeaading 04 May; be requiredfop suppressing the 30
interface reaction. Of course, the overall process of the high-K dielectric

gate insulation film shoGfdPBe ‘desidried 46 aé {o mikin%izé thEint&face at
reaction wile the thickpess af hedrasesexide fith@ showid - 60 1be

S L O, I SN L Bl L e e G e
the rangenofthe 3 atemictlayersn Most b prefer&bly sthedfasehexide filba aside
athmkn%%igfQggqg¥ggégggﬁh.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



[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.204. In.he compaative qample of £16,205. an gxide

film is formed on a siliéon substrate in the substrate processing
apparatus 20 of #G3 amdc thet gbstrate io:ohde takémobkiatethehickness

atmosphefic gvironment, 20 sutther, Joe sybstialgds etumed o, e
processing vessel 21 of the stibstrate processing 3épparatus 20 and the
oxynitridecfilfreisfored as dyesuh i theo RE-N2 progessing of dweoxideMost

film, Referring to.the. comparative example. ofe 25,71, 288 at first;a silicon ¢
oxide film is formed on the surface of the substrate W in the step 21 in the
substrate"toéé$8iRg appatatiss 20 of FIG.3 while using the
ultraviolet-excited oxygen radicals formed according to the UV-02
processing step explained 30 before. Next, the substrate W is moved out
from thel Pro i YT the step of FIG.22 and the interior of the
processing vessel 21 istevamtadta afhighslegree yaeuwo stateg an

Thereatter, the, substrate, - 61 W is returned to the substrate 21. Further, |,
an'RF-NZ*Prodessing using the RE-6xdited Titr6gen radicals “Expiaine

before is:condutted it theastep @3rahd:thieo Siliven oxe filhneiscoaverieéd
to a silicon. s Qunigide m. I ihe process.oLFIG. 288, ihepisiior of {he
processing vessel 21 is evacuated to a |g%-
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



degree vacuum state in the step 22, and thus, the problem of oxygen
contamination during the RF-N2 10 procgsigi{r‘:g_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-02 processing in 15 a step 11, which

corresponds to the step 21, is held in the processing vessel 21 for
noreasily e GLGNBA of Sublfatd IiBLESa Ty s Brbr SondRtufg
a purgingproeessiinca stepnl?, ehsteprl3e xolirespomding tothe stepi23iss
conducted and.(he 20 siicon.oxide fim s converted ip,g siliean, oxyniige . .
film as a result of the RF-N processing 13, which corresponds to the

step 23 aad uses the RF= ekeitad hitrogenvadicads. FIGR29A shiews the
thickness.of the 25 Qxynitride 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 Bf Fits.28BO 4§ obfaifiddby tie XPiss interior of

measurement 13 E4G 294y the Jxiizoptal axissshowsstheqitridation tige-
in the 30 step 13 of FIG.28A or in the step 23 of FIG.28B. In_FIG.28A,
represefe3he process st FiGS8A Whilk" FeSreSBntsthe PiOcdddsr the
FIG.28B: Referingde FMGy22A, iteant be seepibat <62 thereciscarsed,

an increase of thickness of the oxé/nitrig film with the progress of th
.10 .&moce551qﬁ %n the s eP 2 1s minlmized. Thereby,
nitridation” process while no substantial difference can bé récognize

betweenithesproedss otEKz 28 Acndcthe 5 prodess of FG.288 Thigynitride
means tgzﬂ%ufgciegg{ Qxygen purge %ia}lcfieved also in the process of

FIG.28A. FIG. 58 shows ﬂl'ue concentratlgnnlgfet e

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



nitrogen atoms thus incorporated into the oxynitride film, wherein FIG.29B
compares the process of FIG.28A 10 and H‘f 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.29B, " represents the process
of FIG.28A while represents the process of FIG.28B. 15 Referring to

FI1G.28B, it can he seen thag there is no substa ti%l d.iff%rence in ¥1e
tﬁere %ﬁ c%use %p increase ,0f . PlﬁWHeSS'Q %We
concentration of the nhitrogen atoms incorporated into™ the oxynitride film

betweemthenprocésis of EIG128At and ke prosgss ©f FHG. 288 andtthusiat ion
s 20 int &%%teegsth%trfein%rﬁ%fs of é@%ﬁg%&hi%nﬁéérge%%wggm be
i into the

FIG.29A is caused as a result of the introduction of nitrogen into
oxynitridesfilagNese thesivertor chhepresertingentiohGChasgonaddctete

an gxpegment of forming an oxjde iy 250y, usinghe SUBSIEE; ent oxygen
processing apparatus 20 of FIG.3, wherein oxygen radicals are formed by
using the¥edfotelasatvarce®26 Pather tham theCGRraviotdt dptical 82 -

source 25 (this processywillhes refesied torhereinafier as RF+-02 precass).
From the 30 oxide film thus formed by the RF-02 processing, an .
%&%C8§¥Hdtrlde

oxynitride firPEFErmAEEBY coRbGctinyan BE-R2S Hitriddtfon
that uses the pittogene fadieals formmed-byithe- remeotesplasmasoures26.1G . 28A

63 In the experiment of FIG.30A, F-02 processing. js conducted in a
stelp()) 31 %?%uﬁ%@ir%rgr? e/frsgé?sf\arﬁaé[1 CE?{:\IZI gjasE 0 tizé:é%ngo e pgaHsema

source 2 rfollowed bysx pargirg procass $n arstep 821n avhich 5the of the

moceesB s L RIS AN S S o

RF-N2 grocessing iJll represents the process of FIG.28A while €
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.



conducted in a step 33 by using the remote plasma source 26. 10 In the
experiment of FIG.30B, on the other hand, Ar and 02 are introduced to
the remote plasma source 26 in a step 41 similarly to the step 31 and an
RF-02 processing is conducted. 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 gva ated to a hi%he-ggggefe \Zé%cgu% itate, aﬁg tie)e
. U2

substrate W is returned to the per:é{ (eesrsjfng vessel 21 again. Further, an

RF-N2 processing sinilas  tocthéwnedd the steps3@is ConductethA0lying an

FIG.31A compares the thickne %gf he %Xniy%]
|

de.Um ohtained hy.the. . 2¢
XPS analysis tor the oxynitride film formed by t eopr%c%sso FIG30A - ’

with thefthickpiess optheogynittidedilmmsibtained by the SXPS aralysis fdrich
the pxynitride film founed by.fhe @glp@ﬁe%ssOfp%'%éQBt'@ %I%yﬂﬁ'—iéegree

should be noted that ~ corresponds to the process of FIG.30A while _
correspoiffeigthe 6 CessiormeER30B rRefetin P EOFRS S1AJIt GaATRe: 21 1s

seen thafuthese isseausediasybstantial increase ©f fitm 30 thickness imthe; s
case the oxide film is formed on the substrate W by the RF-02 processing

that useS THEYehitte Plasing 568rcd 26 4ccbiding tb'tfie Prodss ot asme
FIG.30As 0 04cEIGB1B shows the concentration level of the nitrogen

atoms in the oxynitride fim formed by the procesg ofFIGR0AI Lo oener
comparison with the concentration of the nitrogéen atonis In the oxynitride
5 film folraed byAhe qnocess efElG.80Bpwhergin fof tEKS.88Bote plasma

g?gféps%'gusr@ethﬁéor%esas U RIG-309A wdhile correspnds 10 the pIocess
.an.RF—Oz 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.



Referring to FIG.31B, it is noted that the 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 residuial pxygen, ILis, believed that such residual ) o
oxygen exists in the remote radical’source 26and the oxygenradicals
promotirigpthendxidatiemobthenoxynitridé &ln aye iformee fdrm sudiormed by
residual qxygen at the same i gbeAZO IQitro r d'gcgll]s are flgrrpﬁg in

the nitri&ationgstep 33 O%Flég%?&. From the Cs%@é‘t%n noted a ove, itis
concludeé tivatritispreferalslé t6 fierm theripital oxidenfilni by Usihgothenitride

UV-02 proegssing fhat ysesdntheulradaletexgited oxygen fadicals,inm ¢
the case the substrate processing apparatus 20 of FIG.3 is used for

forming Bh%extrefnély HHif DRIt 6n tHe sebstaeSsitfadeénd fokmify 1€
an oxynigidediime theretiemddy eausing pitddationrofithe oxide. film by 30
an RF-N2 processing as set forth in the flowchart of FIG.25. [THIRD
EMBODIMENT] - 65 Fi&32°6ribive 8 flolehartos thé protess ot Folmity e
an oxynitri'd& ﬁmﬁcc@rﬁmﬁo@tﬁi& emhmtlment @ht@ecpfgﬁerﬂr;de film
IO MRS PR LFLC 2 e et SepEe
omitted.rRefecrirgntoclel: 82 tthetproce sseote fornfationeof dhg oxymifrie £1 1m
mn1ofﬂ§%@%§gngy 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]



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 O times to 4 times. Each
purge is formed by the step of 15 flowing an Ar gas in the processing

vessel 21 and the st f evacuating the processing vessel to a high-
degree vacuum state%plgl(%;'%gé\ 85%8#; the @rel%‘ﬁéjﬁ&qgﬁﬁ bé W(Etélne ti‘?egocess ot

number O thel Ag pargessconducteteinfhé stepe t2 ofl i200F .32 arndithée
thicknes the nitride film obtained ip the step 13, wherein the
thicknes%mg%ﬁér%étnitﬁ etfiﬁ% s%%v%%ﬁ%lé.%é&ﬁ%%&éin% éﬁy@m those
ellipsomietryt Referring $o FIG B2A! dticarrdbérséert thatr25 dwsthickiness ofy

the oxynitide filmds copstant, and takes avalug, gf abQUE4Rm; e 4 on

irrespective of the number of the Ar purges. FIG.33B, on the other hand,
shows théGhrRAe s bithecoxhitid&film obtained for the 30 case the

number of the Ar purgesrafthe step-32 istehangediyarioyslydadhe o r
process of FIG.30A. Referring to FIG.33B, it can_be seen that the

thicknessOTRE bRYnitide i R°dettédsed- 66 Kightly With the Ttiber
of purgesninslicatingtthat thepurging instheistep 324s teeessasy dors

suppressing.the increase of film thickness caused by oxidati f
oo T 6 TR FESES S IS Samri 231 Afeate Ut 116 it ===
always nécessanetorconaerct the poegipgythe stepdi2dndhe case ke

formatiop of ,the oxynitride filnp,is.conducted by the POCEsS of 5 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



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-N2 nitridation processing of a UV-0O2
film so as to ve a nltr pgoncer tration level of 20%. Wgen the
thickness'ofthe 28 &% oxyn ri e?lm i't0Be FeduRetFarther s Fecasdary
to reducetthe pitiglioxide. thickresstter0.2amier B4nm s @ven Soraller, as
long as itridation. i rted fr \/-0 I e prese
embodlr%he %glnsgt%ad f 5%%orr%ég%§%v Z%OXI e%&%%é}é%ed be o%d by
an NO gas irihtroducdd intheseibsiratelgocésding apparatus 20 of

FIG,3 from the gas nozzle 21R and; exgitation.of alamic statg:oxygen and.
atomic state nitrogen is caused by conducting ultraviolet 30 excitation of

the NO §asthustintrddiiced Estith s precessimy Willte rstefied to the
hereinafier-asiWy-NO pracessing).1Bhe exynitidedfilm thus obtained,ofn of

the UV-NO film, contains nitrogen ajready in the - 67 _initial state. Thus by
mtndmg%‘%h%ﬁfy@%ﬁédfﬁmf by vaySofthB RIENFprotesdifig it BE@c?r‘ﬁeQ £
possibler i@ irgmgugaditeegen inte the Warwith high cencendration Whilecrease
smultanegushl anlmlzmglthe 5 film thlckgess FI% %4 shows th thi
po%entla?curve SFERNO Mblédie f6rVaroUS Bxcitatidh STates (qsee or o
examplesi<®. Chang)igttatd “atomic and molecular processes of ionized
gas" Tokyo Denki University

that

[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



10 Press, 1982). In the ultraviolet-induced optical transition of NO
molecules, existence of absorption bands carresponding to the transition
from the ground state to the excited states such as A2E", B2lIr, C2II, 15
D2E", E2E" is known, wherein the transition takes place at the optical
wavelengths shorter than the wavelengths of 227nm, 218nm, 192nm,

188nm and 165nm, respectively. Qn the.other hand, FIG.34 als S .
the. 20 WAIGRAGNS SRch Mt Cotats G SRR T8 513 hd Aobie Cago L
nitrogendN48) canfbe excited-thiat suck ex wavelength fatlsimdye rangeible

bet""ee”cégzl’}mr%‘éjuéé‘5ﬂr{‘tJé‘ﬁ%n't 15,RosSihle t%I I {he gtofrig state
oxygen and atomic state nitrogen by exciting an NO 25 molecule with an
optical wavetemgth dénger thad 145aamulhenehe pticaliwdvelengtl the
becomes shgrter, than, 145nm, on the other hand, there starts excitation of
radical oxygen (O1D), and oxidation reaction is expected to be

predominant at the tinié 6f tHe 3¢:StisstFate precEdsing: tn Giew ef the an NO
situationypatedahoveoit hecomespessiblete ferm the desiredsJY-NO-

film as the initial film by using an ultraviolet radiation - 68 source having a

wavelergti #Pthe rgmgé of 18229457m for the uftFRIBIEL SOUTcB 255 thé' ™

substraterpracessingappasatus 2 ofdHH6.3.dHE3Dshawsthe oudinetof

thel_ésubsE;rate 5 pﬁ%c8e2s§ipg a_Lccording to the present embodiment in

which an RF2R2 procéssing is conducted subsequently to the UV-NO

processing. Referringto RIGe35; the surfade of a nsilicerdsulystrate is

nnﬂdedgk%ﬁg%%é%gyggeNo 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



10 foregoing UV-NO processing, and an oxynitride film is formed as a
result. Next, in the step 52, the oxynitride filmy thus formed is subjected to
an RF-N2 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 e proces é:onglltlon of the UV O%&proceﬁrﬁmg éﬁt m%l of FIG?.ES)_
in relation to 20 the éftép%l T“é%‘l] ress Temp GasR ate
[Tory][C}[éémﬂrf[smwpﬂeptﬂlﬂt-@ﬁﬂ)aiﬁéﬁo 0260015-300stethe substrate

51UV- NQ‘I\!E%%%E %%4%0%0 %ggl‘%e%ézgf N2Ar+N216000.0950015-60

Further, T ws the allowa 25 process condition of the
foregoing steps 51 and%2. Similady fo ThbleB!tTable 4xhosstheubstrate

alloyvabll@rewgﬁﬁgng@@aﬁe ghttbeé%\é 0Z.Rrocessing BB ithent in
UV-NO processing. - 69 Table 4 GasFlowPressTempTime

Rate[ToWflfcIset] [SECH] §tep ARAAD2E2360-002 53664 556005 40065750! Y

to the UV-NO processing.

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.



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 processing can be conducted in the pressure range of 5
0.02 - 5 Torr (0.0266 - 665Pa) and the temperature range of 300 - 750C
and that the UV-NO processing can be conducted in the pressure range
of 0.01 -5 Torr (0.0133Pa - 1.33kPa) an mperature range of 300 -

the t
750C. Particulary; therange ofé‘.e?Pﬂ g'laﬁlfzgt Pf; IS grefﬁrah!e. On theT.
other hand, it is pgssible to conduct tﬁ% I%Eai&@ propg%e@ps \i(n tﬁ%%?essur[eslemce]
range of 10-3 - 1Q0Torr (0.133Pa - 1.33kPayand in the temperét & range

of 300 | 708€. Parfiaularty, the 15 rande gahe7/Pac I3:3kPa ispeferable—600
Referring back to FIG.24 explained beforel0ACand V show the rédionship

rethernifréged Vedticentraion and filrd thickress lof the ox§Aitride 15-600
ing to thelprocess of FEY88. 2 Referring to $6.24] |

can be| SEeththar hggiyﬁit ildé?iTrHQalre_agg ggnta'rﬁ’jﬁ%ogen \ﬁqqéqoa "1o-150

rmmabtion

concentration-of-about-10% in-the state-tmmediately —after formation
thereof by the UV-NO process. Thus, by applying the RF-N2 processing
of the step 52 of 25 FHG,35 lo such,an exynitride film, ihbecomes pessile

to form an oxynitride film of higher nitrogen concentration. Thereby, the
date reppesertéd indhe drawingIBPArEprRSents thecadess which thenge of

70 oxynitrige film:hag 3 thigknessof 0.5rm4p the state dmmediately after-o

the U_V_-NO_ processin%, wﬁile V represents the case in V\ihiCh the _

OxmeKﬁﬁmﬁ?hﬁg 300 750 C and that the 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 - 750°C. Particularly, the range of 0.67Pa -

10 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

15 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.

20 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

25 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



a thickness of 0.4nm in the state immediately after 5 the UV-NO
processing. In the case of the film represe Had_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-N2 processing.

FIG.36 shows, the.bjnding energy of a, nitrogen atom of the Is state
contam G e SRt ORI forC i EOLRed atbortig b e the state

processiofrtleel peenddys embedimeént iVwich theod¥ =02 1§ predeissing?

and the RE;D2qugeessing ate,condyeted asedtvally FUMNERFIG 38 nas
shows similar bin ing energyafor the oxynitride film for edlby conducting

the UV-ROCproekssiag explainetbefore bhe aidorfor annogyhitridefilmafter

formged By, a differgnt Process «Ined, FIf7 36yt shquld beenoted thatthe

vertical axis represents the full-width half-maximum (FWHM) of the XPS
spectrurhSiiRSPR IRstiZBHtaY axid Pepraséritsthe ThindingeHer§y of i that

N13 ato. RefewingrtoddG:36,ithe oxyitride filoy 25-haviag paricalasly wnile

large binding energy corresponds to the case shown in FIG.37A in which,

the neaf®3t Heigribdthgites of Hhilrog &l Afoi ar@ obcGpd Yy &FSS
atoms and#he seeom@egi«ghbordn@ §Ee§195m_er @&rqunt&tt@nm@ analysis,
occgpleg bycoglyggntwhlle tt}leeii(g{sﬁc?%mtnde film having a large binding

enlergy cgrresponcfs o tHe CAS own in Pf&.37B'H which the nearest

neighboring sites of amiiteogen atonw are: loecupiedibyoSkeatonmsyard: the
second pegrest -1 peighBering sitas ol hesitragen alom are Alsp,

occupiea y Siatoms. There exists a difference of binding energy o
about 0. 68V Bdiwedn thadepwag'hich 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



configurations, while it is noted that that this 5 difference of binding energy
agrees with the distribution of the data Qoigttf on the horizontal axis 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

existin the_inlﬁ%ior of the oxtide fiIr? 0{ near .tree surface of the oxideéilm.
In FIG.ﬁ%}%n ﬁél&ﬂersﬁar?(i i?shoﬁ}g b%lnoﬂgg?ﬁlatatﬁgr%tzﬁgein 50
which thecSiatoms ihyongiorahonessitedheircted ini thes drawing Hyraedotted £

line are gubsfitited with Qxygen as represepted by arrows Cé%(%%?@"@%% to
the case in which the nil%gen atoms are concentrated to the region o
the oxyrﬁmdﬁjﬂlfmrﬁéamﬁé intefade 20 @eﬁﬁe@@ﬂ@siﬁé@i stibstraté ahd
the oxynitrigedilm, Referring, 1o.51G;36,1L £31 be seendhqt the value of
the binding energy scatters over a wide range from the relatively low

energy $idé 'of 4Bt 397 e\ erthddHighéreriergy Skietdraatsut 398er!
in 25 the gase ofthetexyniride film formed by the RF-N2 processing of

the UV-02 oxide film. From this, and further in view of the fact that the half
height width of the pesktakés Bdalge Vaile i'fhe &d¥e o 5adivaR atoms
oxynitriderimi itds weveluded that tbe Blstatelaf Fls.3PA andibe sfateof

FIG.37B are mixed in the film. oxynijtride film in which only the
UVNO e Rbsinie BhRATeh, b tie dthel RBAG B CRie o (b
binding enetgyas distebuted i thevlowi renefgy. Side frorwiabobt 3% 5eVttoogen

about 397.9¢Y. Erom, this, apdJurtheripvigw of the fact hatdhe hafl- o 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



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. FIG.36 also sh ws%he result for the,cas .o{an oxynitride fil
RO/ e R D B M HEE B biodid i HALEoNaD The Low
processige they 15 tdse Hf am oxiynitride film (SFAY in whichta therfmakVv. From

oxide film, is subjected-to icrowave-plas itridation, pr S, f 3
the case STAT SEdE T TRTIGO) A hien S eTicoh Suboyals e Rade
subjectdtetodd theridt hitdatidrepioeessing. 2@ thitteccase ofuhe a film,

oxynitride filmy designated.as RTQ/RRN and the, oxynitidefilme, 5 se 5 5
designated as SPA, the binding energy observed for the NIs state is

relativel{farg B anelfs befievdd tRatthestate of R 16787 A epretidhfinart.
In the case23 oktheoxmitride fikm RENOg enthe gtherhandythei s s1ightly

observed binding energy of the Nlis state is concentrated into the value of
about 368V ts bElie?dGthat thidSfdicates tRatihbreiesy that the
concenteationrafiittagen atoms i thetaxyairde 80fitmineat ithe nterface-ide

befyeen the oxynitride fim, and fhe:silicon substrate. Ths, according fo
the formation process oxynitride Tilm of the present invention that -
73 appligsetheiRE-Nhprocessing te the UV-02 oxide film, it is possible to

L‘f(";‘/'r']zlte” gege”era”y unifgrm distgbytion of the nifrooen AAMS NG . s
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



film, with slight concentration in the side of the 5 film surface. In the case
of conducting the RF-N2 processing to an J%is;ing oxide 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

achieved in the oxynitrid tErt1il from the interface between_ the silicon .
SubstraE At & A 1 ne ik SRS by dppRirg e F g o2 e £ilm,
processing ic theoexyritlide fikimfemmed by thg&heNO. processingrdd as

represented,in fé%t%% FiEd %E%’_'BQPW) NT11n the.case offabrcating a.; 4
semiconductor device aving a high-K dielectric gate insulation 20 flm o
FIG.1, itfis hecessdr) te farahthecigha tdigleéwie film 3-ba thd Basef the

oxide filp; 2 fhus, farmed by the substrate, pEIcessing ARPAGIUSRD. rr
Typically, a CVD process is used to form such a high-K dielectric film 3.
In the c&SeP6FZ5 forfhing a 202 filri Hor exarmphs; ZrClytor Gther Tydseets”

source comdaipingr2r ig used anckthe 502 film; is,deposited by joxidizingthe
such a gaseous source. As it is preferable that the formation of such a

high-K dieleBtrit Hirh2$R cdhducfd 86 stibiSedueit & tiinithtaioh N
process_PO]fCoheRmdi@al sz@igectii:mysh@mip FEIGcSnl%:aﬁld 168, Witheubected
con(gactlrg% g%e substrate t(l ihe e)ﬁte%nal air.. Thus,, it |,?t Prefer le that the

substrate procéssing < 74 apparatus 20" of i 348 Th agratéd into greogen

cluster- fyparsubistratepriccessingrsystem thatrincludes afGVYD chrambehe

FK}38%ﬂﬂﬁ@ﬁﬂ%&?W&QF%E@%”%ﬂgcggﬂQEon 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



5 such a cluster-type substrate processing system 30 according to a fifth
embodiment of the present invention. Refeyring 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 gat \ﬁh’e wherein the su%)st ate transfer B
chamber 3378 Rirther conAsctontto b 16 suBLtrats Sieahing chamber 4555
base film formations chambep 84 ca D gchameeB5tamta therinales a CVD
processi&gar%%@per 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 Thedring ehamber 3Bdirstforremovingact ion of

natiye oxider, film of guganic eoniamingtion therefrom Next the substates g

W is transported to the base oxide film formation chamber 34 via the
substratefetisfer®s ERambér 32 andthe Hase bkidedfilfle2 BRA HF& ¢
nitride filp,2A arg,.formed. Thereafter, the substrate W is forwarded to
the CVD chamber 35 through the substrate transfer chamber 32 for

formation of the high-RGEBEHRBOMnT 15 Te sibStrate W 5§ furfhere
forwardedh bther sherymat precessing chamber 38 fororystalizationsard t e
oxygen-defect compensation pracessing. After. the processing in the
el DL oS mg S Aa 6. S 72! e W o BANGRHAR A
the cassetieshodule 3l Aot 34 Bsthirougtethe substrafe transf@nchamber

32&211??%%5%%%? d%f\?tlsggPer 0eg3810g chambers 33 -53G s provided with,
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



5 and because of this, the processing chambers requires an area
represented in FIG.38 by a broken line, in j dition 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 chamber close to the
substrate transfer chamber 32 because of the reduced separation to

adjacent chambers. Thus, when the substrate processing apparatus
o1 FIG, S8 DA in Shoh SIS B e sttt Pt do e 31
apparatus 30 Lthet provessinghchasuberti2iscconnecteteto the substrate? .

transfer chamber 32 ipI gé%c&qflbeein% ggﬂn%cﬁte%ﬁ% thg é&'Q%tﬁte tr%@g%% ers
unit 27, wherein there arises a problem in that the turbo molecular pump
23B, 20 &xtendig lateially Y6 deslprotelssingchantber Xirgtr tHelgidedevices,

thereof clpge {1 the substrate fransfer ,chambere3a, May causeals requires

interference with the adjacent processing chamber. In"order to conduct ~
fast depPéssufi2atidit 25 6ftheFodessing vesseP 21 2it i REEEssaty fhat 11

the turboqmolecylar pyimm 2384 provided,glose ianthe- evasdation pelreby,
21A, while there exists no space available for this purpose because of the

fact that™ Vartotr déVvibEs Hehiding tife-tran$pot iR roB6C50 ark
provided updermeathntheysubstrate transfet rehagiler 32 Runtheptbeessising

no available space underneath the processing vessel 21 for the turbo
Oeoular B 2 o BeEaes ofthe AR THACOA oL e Seviagoes 32
including ¢he sulestraie rotating dnechanis a22C ave pravided andarmeath
the procgﬁgmgevggsel 21. FIG.39A and 39B are diagrams showing the

construction of a substrate processing apparatus 40
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



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 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 2?618 at the outer side,of th gubstr te Protcessing vessel 21, ipt .

other woid the es?delgpcpéla e tb the substrate transfer uﬁﬁJZI}qNﬁleer% hiere™™

is an 13avaikabte spacelwhen thelsubstedate proeessingappanatus/4G sl 21.

used to construct the ]g;g?teg p Sélb§9’§te rocgs%i g.syste 8“‘;"111 Sth
the one shown in FIG. ng}t% t%% there iéagoermeﬁ agn Svacuéa%ovr%lpo% ©
21E in theprdcessingovessél 21 atirtgater side2Getheredf, frotheptus 40

worgls atthe side opPESite, to-the, substrale franster champer, Fuither, the
process gas nozzle 21D and the ultraviolet optical source 25 are .
provided Y fietsi@e clozens the Sabstrate transtéte chamBer2? withelan view,

respect i the-substnate W sueh that 25rthe oxygen sadicalsmre caused (o
flow along the surface of the substrate W to the evacuation port 21E. It

should B&H6ted tRAEthE%ErisE Mbfetuiar plipZ8is Sorfmettsdtothgeratls
bottom partiot the presessipg vesselr2drva thervalveiZ3Aothia vedical 30
state, in other words tgje tate in which igﬂe% 9?\nd thC? ay et ar gligned

ve%t?cally. Further, it should be hoted tha the ou Ietapnort of thé turbo

moleculaupenp23B srcommestetbtodthe @vacuatichD- @7 simesextendiagt urbo
from the, ew C%Jf 190 pfﬁﬁ%?“z 9%:?‘% progessingvesseli21 (o tha.pumpi2d, ¢ o
e p%rt be

via the valve 24A at ind the valve 24A. In such a sj%strate
processivigrassetans 4¢ssel 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



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 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 oY TGRG ThS bide DA fIRFLZ CBRATIas 5By bainiing® he
substraterproeessing apparatus 40. Refertirng toFlGS.40Aiand4@Byibtar 24A

be see_rg%hagé%i gglé{gs g%%m .%ng %%% are J(_)angq gnd the valve 24Ais

closed in the oxide film formation process. As a result, the process
space 23B is 20 evatbateddb the dighsdagree wicogrsstatobbB3natus 40,

10-1 - 1.33 X, 104Pa {10-3 5 100 TRy, the tuhn, molegular pymp-238; 4«

ate the foregoing evacuation port 21E, and the oxygen gas is introduced

into the PBcESSIEpATP2ER Font thetprocedsigas hoz e 25 fifis

state. Fuyrthers by drivingithe pltravielet soyrce, 23 with-a syitalile &Ry the
while rotating the substrate W by the substrate rotating mechanism 22C,

there is EAGSEY BALG OF 6Ky gBRPRdicaR toHE 1&\vhctRliGh porerste With
along thersubstratecsurfager; and s¥ithe stibstiate-suiace isroxidized:

uniformly. With this, it becomes possible to form an extremely thin silicon
o e B D D e o

about 0.dons<£ 78 cdorrgspondingtterthe fitra thickisessaok? pB8atemicing
excolent FebroUuailn, Of Coufaect & poLuibls s form a slicon oxide
film 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



5 having a thickness exceeding 1nm. FIGS.41A and 41B show the

process of forming the oxynitride film 2A by using the substrate

processing apparatus 40 of the present 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 |sE p%ned |rn !'[he |hr| aktlon ﬁrocgss2 WI'[I} th|§

the turbS “mofectfar pu B i disconhedted from eSacuation
system aad'dlespron:ess]spaseJZque es\zawateﬂ:ewemlyﬂ@cmelpurﬁpmly

to the pressure %fbi. f:’»?g:hag1 }TPg }gg 1% OCOTOé’ % (ﬂjth&s state, a % Ab £

gas and a nitrogen gas_ are supplied to t e remove plasma source
and 20 nifreger radicalsare ferridd by Bpplyingra hight fregpreneyride £ilm

excifation.ip thg niirager-gas. Jhe. pliagenadigals thus formed are

caused to flow "along the surface of the substrate W to the evacuation
port 21A, and there istcde3ed Sudifstnt 25 ntAGation6n B S@Pace st the

rotating §59§I£%t@ %e“%ﬁy%ﬁbﬂfr%@lcbﬁﬂit@datw RIOEass thes suifac@ rate
of the base oxide film 2 is converted to the ot%nltnde film 2A. (%% using

the subdtrtE Proces3intPRpFaratts 30 40fofthe préSéitemb &%W%?t
the processiag ehwnbee% dffthemllsteoAym@bs@nateaprocessmmg the
system of FIG.38, it meg%szlglée the hl?g K dlfelectrlc film 13

r

such asZtb ?ﬁo? JSl84 AI203, antﬂhe like,
on the base OXIde fllrﬁ@ftdaatmtudtee tﬁéie$n theroxymitrideéBilmt 224 Indhee

eXp'a”aE%dG& abpye. e sypstrate, processing. apparatis A was explangd g

with regar
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,



5 the formation of very thin base oxide film. However, the present
invention is not limited to such a specific empodiment and the present
invention can be applied to the process 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 technol of 15 farming the base oxide film 2 in the .
semicondru%ﬁf‘(??“’degf%gell% oﬁ:f 31 t6 e ﬁ?ﬁﬁ«%%%%‘f aBBut 0 @nht Hhd°*1de
further férmingzhe loxynitndel filde 2A orethe i surface theyedfthyidsing tHen 2A.

substrate processing ﬂPp@’fﬁ%t“é%é’l%@@i%-no%%%t,he{ﬁ@”QuEé%%'&%’e

20 possible to use the substrate processing apparatus 20 to form a

thicker axynitede filty, whichcahuse dsedidor & galeinsafation fim3oasd to

repeesented in & semicandyetordeyics 200 phEIG.421 BETEFHAG 0 owever,
FIG.42, the semiconductor 25 device 200 does not use the high-K
dielectri€ Yateussiftaton filit 3 ahelthé afe elebirdde s Formied directly

on the gafe inselationfipBAndAEFIGAR, titb shewld ke noted fhatthese can be
parts corresponding to the parts described ép;%efviously are designated by

the 30 saffe reférehte MimetaR S RFthe ddseription tHerdof wifipat 1ty
omitted.dr the semiegnductarideyicei 200 ot FEx 4R itis Mot pecessaty 0

use the high-K dielectéic film - 80 3, and the %ate insulation filrﬂ caanqpe

10 SsSTlicon sulhstrate .or, a g1ligon Jayer, wit esired
formed by an “oxynitride it whiCh has been handied i thé - conventional

semiconductorprecess technology. Thereby, the process of fabricating
the semiconductor 5 device is facilitated. On the other hand, it is
[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



necessary, in the semiconductor device 200 of FIG.42, to form the gate
insulation film 3A, formed of an 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-02 processin
of the sitcort SibGS A et I BHE St 7 by né ThRiodE eReed Y 2
oxygen radicals ranttheidxide filnethusa foripeechistritrideddn the step 62

by the RE-N2_Rroc ggi{\g IGr}nthgoorgs nt igv ntg)og on t}eg I'Illerl%o hand,

the desired film ﬁﬁc(iness S|s achieved yoco dtucti%g the p(r:oce%seg 1n the

steps 61Tard €2t at relatively digh tengerature of abeut?s0 € vienductor

of the regulf of the experimentofiFlG. 32 thepurgipg step, hetveen the
step 61 and the step 62 is 25 omitted. FIG.44 shows the thickness

distributisPC DFER IR sificbnta\fostrae SGRACE fot thel oXiteilrmC Bbfindd G - 42/
by the U\N502 pracassingindbe step 64 < sshoedd he nofedthatdhe of an

thickness of FIG.44 is 30 measured by using spectral ellipsometry.
Referring 18 HIG44 the §ilion bridefiim s formediiier te pREsard of ™
400Pa (3torrpatthey substrate termperatdterafc b0+ while Totatingthe at us

81 substrate. It can be seen that a very uniform oxj film characterized
bylt%e vsétrofar?é? af%*]a.efg%%r the ﬁll‘?nlyﬁ‘lrllc ene@% \ﬁ?i%ﬁéﬁ, is obtained.
FIGS.45A - 45C are didgraais stiovwing the Soprocess condifionrof thie such a

remoK&@g%g@Jgg§%@ggide 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



processing of the oxide film of FIG.44 conducted in the step 62 of FIG.43
and the film thickness 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 jn the range 15 illustrated.,
I P10 ABAC T R A 1obr e Ghler Al of CYe P cUh Go oo
rate in whidm ighition of plasneicény takeeplaece, whitesthe linés B. and Gor
represent fhe pressyre range %%p%%%f’%t?%g}g C?Q”8U>%%9¥é*§i.“9 the
substrate processing 20 apparatus 20 of FIG.3. As represented at the

center drawing of FIG.46B; therdistribdfionof tiel pitrogen edrsentatiohe

in the film, and hencg,the distribution: f thickness of {ae axynjtride i, 1%,
uniform in 25 the case the Ar gas flow rate and the nitrogen gas flow rate
are cho&&Pteese focatetf ort tve frfe B° I this calsel’ dWeh srrllVafiafce 10

value a ef@.7% Is; aghieyedringhe casgdhe ¥¢ gasflow rateanddhe 30
nitrogen gas flow rate are chosen to be located at the position offset from

the fore§fding TinB'H, dithat ottt HaRb? tHete aPREs AidistriBufidrt ih oPtained
which thec airegencancentiation: heseasasat the marginal part - 82 of

the substrate as represepted in the left ing_of FIG.45B or a
distfibution in which t%%ergl %ﬁéﬁgcgﬁceg\%ién%ncrggge ifa the central

part of the tsubstrateas pepresenteddn ilse rightidrandng oh8&GH4EB. In
mesec%%és%&%@Q%§%%T%§%QK¥EOOmTorr) 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



occurs increase of the variance a for the film thickness distribution. 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
ine D and af the eft.side of the ine B, respectively, while In 19 the gase;
the nitrogen gas fiow ratte and theé Argas: flow rate are chosen on the line

D, a unifofn¥ fitickriegssadistaibdtion isiabtained fonthédxymittide filht.rogen
FIG.73 %%Or%seﬁr@{a%’ﬁsml?&eet%sg the 2Q uniformity gf thSﬁF'!?\']? he
processing and the process pressure at the substrate temperature of 75

C, whergiptierhdrizontalsis 6FFIG.78 showsithe rproicessipressuee af

the gime;of dhg RE-N2 progessing,, while the verdical,axis Lepresgnts thee o
ratio in which 25 the thickness of the oxynitride film thus subjected to the
nitridatictpiécessing 2t ¥ve centralipartRT divited By thethiekfedsldfthe

margina parx Fhus iRIG-73.an kleal 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, thisé&ns ‘that@ ditained bxyhhde fifif faggpPears @
convex tilohthicknessdistriution skrthecaserthe vericabaxisvis sradltletness
than 1, this means that the oxg(éitride - 83 film has a concave iIm

thickness'distribttion. T FiG. ?A%Eﬁrnels%ﬁ%sdt%efclas%t e Ar gnaessdew and

rate is settoc80CSCCM and the-mitrpgen gasclowrateiisrsedtal a concave
tlolifgo%'\é»&%%%ﬁ reRresents e ;3 case the pitrogen gas, flow rate is set
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



Further, represents the case in which the Ar gas flow rate is set to
1600SCCM and the nitrogen gas flow rateds 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, * and . Referring to FIG.73, it can be seen that the film
thicknes§idfrsntrl€ution chan%esvfermpit e concave distri utiQCIr} tl%%hcei%%nvex

. . a con 1CKNESS S .
distribution an al% again to the concave aistri Uﬁon at the Iow pressure

side when the pressuigisichangéd uhderctheconditiont that the ¢otahfovir
rate is fixed. Eurther, it will .be noted thatt is o, proces
e L e e M BB R IS xagen gas
film of ufiferm tHickness is obtdinved. 1 BGfRY, ithill be Mtekthat fisants the

curves QfHIG. 43, shifts indhe higher pressure side wheq he tofal flgyscenm.
rate is increased. Thus, it will be noted that adjustment of the process
pressuré Baf 2o re®liZEPs e nfiforiR frocessinglin e RE-he Ar gas

processingRf the tpresentigvention, dn edditianda dhe approachfen gas
controlling the total flow rate of the Ar 8as and the_nitrogen gas. It should
be noted Ut thé fifie DPof$5 FIC.45A kit&iMed Datste corrédpondSto noted
the point Az of EKz.780The relatanship of H1G 713-alse suggestgathie defined
existence of %nother optign%m o#nt. This paint, however, oetz%not exist in

o

10,. s the s o) r Jgas oW I e nitrogen
practlceabecause olfutThe -8 O IOw pressure nee 68. Wﬁen IS 9

optimunypeint isoto be used,ithereferes it is metessary teuse & phmplbfand @ .
rge Pt e UFLLIN 3 ORS00, SEIE TS, e
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



Ar gas flow rate and the thickness of the obtained oxynitride film for the
case the Ar gas flow rate and 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, ang%hhen(i% with increasin% nitfr;%ggn %segllow rate. This.indicates.1
iim

that the thickness &tthé %?()r/remitrlaeee shown in tﬁé%?ﬁ Brl 258 ifdeeét is

reflects the mitrogerdcondeatrafiom ¢ thietfilins F16 Se46#a r 46Dshowvethee pump

kinetics gt nitridation. proc nducte e RF-N2 processing 20 . .
o the onte ST oy P e e o e BHE L G g, 0 cBheion
pressuré @200 mTorr, wherein it should be noted that FIG.46A

repeesents the relatiopship betwegn,fhe thickness ofthe oxypitide flm, +he
obtained by the XPS analysis and the time of the 25 nitridation

processitig, FiG.46Brepredents itk YBRitiBRIpHRtFelit thdie obtained

concentratipniafthe cnitrogen atems incorperated inta thesaxynitridg fillte and

and the time of the nitridation processing, FIG.46C represents the _

relationHifs bBAWESIPiHe &8 JFthe 351§ Sigifal PRRK OF the Oxyiitriges t1ne

film obtained by rthe4<RS analysissand the time ,of the nittidationess is
rocessing, and FIG.46D represents the relationship between the peak

grég of fﬁg%ﬁ]ﬁesciignba\‘f a%@?pﬁg ‘?iﬁlwie £ gg “6the nitridation processirr:g, for

the case the initial thigkfiess-ofithe oxide filntissettb drGnmad.2nm amen an

TS T e 8 e T
1.0nm 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



and 1.3nm are obtained respectively in correspondence to the foregoing
thickness values. Referring to FIGS.46A - , 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 behaviar of the Ols signal and the behavior of the Si2

signal 18 it e A LIRS TRiG B e o Hbebbding easneiing

on the initidlthckness. okthes exidé fitine More $pecifically] & camtbeseén Onm,

that the .Ols signal reases.with the nitridation time in th case 0
the RF-I%IZ%%HCES%S??\SPO'?%%% oi\%er{f#rﬁer#av%%% ﬁ%einﬁ%f%%éien%%s%%ué =2
1.3nm, indizating thartherenioaiseendissdciatisrrofd:gigenlduringethdP S

nitridation, processing  in-the,case of the RETN2.progessing of the gxide; | onn

film having the initial 25 thickness of 1.0nm, on the other hand, no
substanfidld charg@lis e d fot e TS BRIAEL Thig intficates tRaPpadence

oxygen atoms, dissgeiatpsh as;argsulk ok dntraductien of the nitrogen atoms
cause diffusion through the thin oxide film havingrthe initial 30 thickness

of 1.0nm and has cauS&d précipitation &t tive intérface lthe Shicon™ ¢ seen
substrateh#berghyr dhereds:causad aregeavith of ancexide: fikke at sueh

an interfac%.r- 86 Inthe cas%ff Ich.e RF-N2 1E)l[locessinrc[;

10 1 oncen ion 1 o) _%ﬂ@g Oﬁgﬁfmnith
having the mitidithickness 6t 1.3nnt, ‘on™ the other frahd, it is believed that

the dissotiatedioxygen atomns cannotaeach the interfacenbetiveeathe &t ive
silicon Sg?stg%tg ainndi%‘lleaq)(i%%glg]]{lt‘?g%%l}lsew%fitbg 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.



large initial thickness of the oxide film and are escaping to the outside of
the oxynitride film. With regard to the Si2p ?gngl of FIG.46D, it can be
seen that the Si2p 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 reflelcrtls ;Chhee situation tthat ¥t%hee Qig,rglgen atoms introduce

into the 15 oxide film cause Substitition oftt € oxygen atomsin “thefilm the

and the a.it.ﬁmnfaiﬂ;ms}mvﬁo’ugemmm irttéﬁgo&bétv%n’@eaﬁd@a ﬁm, on
and the silicon  substigle, On fhe othey hand, in fhe case alhe oxide im .

having the initial thickness of 1.0nm, 20 there Is caused an increase of the
Si2p signakwith the®start of theohitrickaioh prbcessivigtindicatimg thgen the

there has;been.causeddaregipitation; of pxygen;afe the; fferface betwegp e

the silicon substrate and the oxide film and associated regrowth of the
oxide filre 28FIESLA7A L 47DISHOW e Sdse-imfwhithdFe IRENZND are

processing-afoxide filg iseondluetediaceordinge totherprocess ofk 143
under the condition that nitridation reaction is facilitated while sacrificing

the uniformity. More sPetificafi #hé! prstesi B0 pressingis setto ¥16- 46D,
400mTortindhe expesments b £1G5e4 #A ;481 gih-ordestosachievesthenge

promotion of the njtridation reaction and unjformity at the same time, on . .
the e HaRA T 1 HECERRry B v s - 57 igd SLBatity i pablet 521
of handlingia kargers evacuatiomloadtis Used ¢orcthe puinm 24 fFGkhers aonds

e PSRl S e el e
regard toflegease ng. 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



of controlling the process pressure. Referring to FIGS.47A - 47D, it can be
seen that the Ols signal strength decreasegwith the start of the RF-N2
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.47Dl,ai1t can %% seen %hat th% si%nala%rleengg%o tglgdiiz si%nallar or
increases f@mono@onolust ﬁgnﬂheaﬁgegmnlng of the nitridation proc%ss
in the caseaafithé oxidelfipthaving sieel iditial thicknessiof 28nnidkhiser, a

?”dica‘e%g‘r%" 0 INe experimeants of E%%%%ﬁ é§3918“&9@e£‘s‘%d for the
introduced with an amount corresponding to the 0 nitrogen concentration
in the caseofithe experdmbnt of F4G8U4AT h44Dgitle slvert tinelgeridgdhe

because;af,he promoted nittidation reacfion and,that, the, JUIR-EN,aoMS case
have reached the interface between the oxide film and the silicon
substratef TRGS, Wiker tHeT2% Aftridatisie o ceESiAg i€ Eonducted under

the condition in whichthespitridadionpregessing is facilitated; thergds Be seen
possibility that, while it is certainly possible to reduce the time needed for

the nitrid3fidn pRocedsimng® e ittrod HEER RitfogenHGAR0 aytehlr Start
the foregainglirtedaca untess-thes nitgdationmtime is sentrelled eEtimum. thin
FI(13.48A shcggvs .elmeﬁhanism (%fhthe .nitriglati np o.cegsin ach%evledob

the RF-N2 %8 processing ofan oxide fifm estimated from the” resulté’
FIGS.46/Ad46D @ £0Ad47Doin FIGM8AcHt shaeuldbedwted thatthose is

s CoUSSHOR0 b SIS U TR o
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



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

oxynitride film 3 is suppressed. See Watanabe, K., et al., J._15 Appl.
Phys. 96 P A7GL 2001 1 thedasesthe condion SFaLch A RE-N2°
processingsis inappropAates oA dhe othrhamddtherd is adpassildilityrthat. 484,

the nitridation,eacton 0raeseds exfessivel.ln steha cass. Je Dlogen,
20 atoms may reach the interface between the silicon substrate 1 and t
oxynitridefiinP3A apddaterfacbestaresmay beloaused. Besagseofthifit the

is preferable thatdhe process ofdhe step.62 of 1643 isfinished Within ¢ o ¢

30 seconds. 25 Thus, in the present embodiment, the number of rotation
of the siibistrat@ %V Pt Aififdte is set to 20 in the substrate processing

apparatus 20 of FIG.Zcanrd thusy thessubstrade AV is rotated ahoutddn that

times during the RF-N2 processing continued for 30 seconds. 30
FIGS.49A 8nd A0BSHW the dépth Frofile oi™Si, RF anFBAtsmE T 2ted to the
respectively & the pentralqart K€) drtetmediate past (Myrandomarginal he

part (E) obtained by a SIMS analysis for the case a UV-02 - 89 oxide fil
AL e (s s i i XS et
the substrate t ndhtereingt shoudd be nofed that FHGAOB shews fhe susfagees

part of the, oxynitride film of FIG.494 in.an 2 enlarged sgaley . s nrerrace
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,



Referring to FIGS.49A and 49B, it can be seen that the peak of the
nitrogen concentration is located at the degth 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 Q atoms in the casea
v-02 T TS e, T TRORRGS o T4 & B et 3
nitridationiprocéssing cond(ctedrbytthe RE-N2 processing It llkis sabetrate,
too, a regult similar;to the 29 gase of EIG3-494.and 428 js gbtained, o
[SEVENTH EMBODIMENT] FIG.51 shows the construction of a substrate
processiigrappar arsr3200acdording i al 26 istvehth.embbdindéntoftheé n an

pregent invenfignyReferdng to FIG.51, the substrate processing
apparatus 320 includes a processing vessel 321 accommodating therein

a stage 321A for holdfiff& Sub#ate*382 trbé processed’Wherein g Pe
processing-30 vessel 824 ispravided with a.shawerbgad 324B formed oof i

a material transparent to ultraviolet radiation such as quartz such that the

showereddP321B fces the Sifdirate 325 Haid On e stage™321E THerface

90 processingyessen3zlriseyacuatediffemdhe evacuationPorts3dlGn-
anldoan o>iidizing gas such.as oxygen is su %{ied to the showerhead %218

form an‘extérna g%‘lg Solice’ 51 sﬁ‘ocﬁﬁa%eenoteg ?ﬁla?tetﬂerb?gclé)s%inog
vessel 3214s durtirergirovided twitthan optieal iWindowetween 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



321D of a material transparent to the ultraviolet radiation such as quartz
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 321a
heating the substrate 322. On the processing vessel 321, there is

provided a ultraviolet exposur ratus 324 via 5 art 323
prowdeé? in cor?esslp% dgelce ?o? t?\?eg%pf‘calev\vfl% owgff]}lg Rh%%

noted that theualtraviolgtoexpdsiut€ appdratus 324 dricludes ggslastzch as
optical Wlndo 324A corr ing tQ the gptic 0 and
ultraviolef gougr\ée t'f Ea%%gtgg tﬁé11 l’ésu%%é)raaté 2%% \%\lltggég uzltoavrr}%olégltn
radlatlo@waethéaéum@zsopﬁ%&’r wgndow 324A and the optical window

321D, wherein the ultravialgt.souice 324Bis held by 3 ipbot 324C.s50; s,

to be movable in the direction 25 parallel to the optical window 324A as
represef@8! andrrov? iff RIS BET IPheVilgstrated eRampleRké cal window
ultraviolebsauree 324B4s formed ef-a lingarneptical souree extendingol et
perpendicularly to the moving direction. For example, an excimer lamp
having thé 3bAWavelefgthof A7 2/l af P GY&d $he resT Bﬁﬁéaﬁ 218
source. Juthe mﬁrucn@n ohbiebilcthe TRDBEetion pad 323@&@@@@22

Wlth an |nert ch a N2 from ag eﬁeggal as source E}
unde oweé% QSE y the
shown) via a ine A S6 a8 10 4void 4 sorption 0 fhe“tiRAviolet

radiatior> produzédvoyrttiew|tBavidlet Tadiation soapce 324B bytdxggen irs
the air b ]fc%r%itﬁ%ﬁ’ jtr V'Qlceé ra@%ﬁ%” H%E‘@ '”"0%% ds'ﬁ‘ﬁo Mere 322.
processing vessel 321 roug the optical wind

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



The inert gas thus introduced flows into a space 324D inside the
ultraviolet exposure apparatus 324 throug 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 squrce, tlger% are provided blockifg 15 plates 324F at o;st;hown)

lateral sides of the uftraviclet as%u?é% 3248 and ﬁwesfﬁléﬁcgeas(snuoc

nitrogemvs aintrodliced ité A rarrove gap regiondhavirgpa gapowiditi of he

about 1mm ot g5 %%rtmerq:lg?.%eie@nth °<P<§'&§' Aﬁ'%do"%ﬁg“éfég' 9108
ultraviolet source 324B via a 20 pair of lines 24b. 1R this region, the inert

gas fromatedine 23Acs1ls0 Sugilidy and vscaresultt loxygen thmfore the

causes ghsqrption of the ultrayioles ,radiation is effegtvely purged,frem.
this gap region. The inert gas passed through the blocking 25 plates 324F

are floo@eP S HE SpAES32AD 2l dré revEtuatdtPtoCihie Gtaside igla 321D

evacuationgparh 324E sfosmeghin the ultayioletexposyee apparatuss324dn324p
the substrate processing apparatus of FIG.51, it is possible to control the

movemeént Br980 58&nAing of e dffaviorE¥durée 3PEB TR it ultratiofétr o uah
exposure apparatusmaed bnthehobab324C nandasta tasulth# besomesl

possible o centrol e, cistripytion of fim thickness by controling the - 22 35,
ultraviolet radiation dose a

the ime o T%rmlng an ‘oxide filhy on the
surface of the substraien 322 dyra t4V-f2guroeess. thshoulck beqoted thatgen

a controllar 325 such gs.a compuler,is ised t%EoﬂE{%' Ihe Jobot 3 324C.
Further, the controller 325 also controls the riving o fhe ultraviolet
source 3g4Baviolet 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



FIGS.52A - 52C are diagrams showing the thickness of an oxide film
formed on a silicon substrate by the sub_strﬁe 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 tTg substr'iltet322 thhte State that a n{jflti\t/(?1 15 toxide fil£n an the
substraté surface s removed by a° Sufface preparation process to be™ "9 4"
explainegkdater. Ini Bachof theeexperimenrtsof RIGS.52hs 62€L ¢he822 by a
internal ure jinside the processin el 321 i t to about 0.7

(5 lorr) §r$/cei ?ﬁze gtﬁl%sét%a%té QOEttem%%%rgt%%eigs&(%% O%%.?ttsr%‘ouﬁg é)g J%Elaler
noted that thesillgstratedaresoitis forthe ease adwhichcam bxydert §as iobot

suppliecstofhe procesaing veszel 321 41,3 miputesswith the fgwrate af he
1SLM, and FIG.51A shows the 25 case in which no ultraviolet radiation is
made, WHileV FIESS B B-&%d B1EsHowPtHe catesif whictthe ultraviolet

radiation is made by the ¢iiravialet sopirce;3248 sHeh that the d4mingneee
flux density becomes 30mW/cm?2 right underneath the optical source. 30

FIG.52B-SHSitE fiefcade itwinigh e foréGoihg™ Bitdvidletsottde S948 is
caused tuscairuriformly w&iammgtamﬁeofpcklﬂmmssu&ﬁ thaptheantse 320
surface 81‘fthEeIsGuhas{raterl 322 uniformly. - 93n§§fterrln%to FIG.52A, t

1 - er various .c ONns, o] GS.52A
oxuﬁ)e fila formad “on He sificon substrate Aias a thickness 6f about %eﬁ -

0.3nm in-the2Casshnw ulttavidletirakiiation isintadie; eandthus] theredsetry in
caused pg sybstantia| film 5 fQH%qag%%e'”itﬁ%S%‘ée 8£.F%%x?§'.35 onthes e 4
other hand, it can be seen that there’is formed an oxide film
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.



with the thickness of about 0.8nm on the surface of the silicon substrate.
In the case of FIG.52B, itis also noted tba%%le_re 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[zi]le thus.formed o silicgn substrate has a
relatively large value 0 rqi.e'/l:f%rilﬁjJ tegr(r)nsEno vagrg‘?‘lbe%?tl?s Béillle@%d ﬁafr]th]fsormed
reflects the specificipecutiaripudfthe substrate pradessingeapparatusithat 0.2

has been eg flgr the e er'rglggts 20 FIG,52G E}gsé/s 88“& other . d
hand, the lﬁicﬁnesé%isﬁﬁgut%on of trilwe cl)lx]h?er%l\?ﬁ%r thercasé ?ﬁle bors mace
ultravioletsburbe S24Bhis caused trscatover thdbedmtrdl bak dfithe

silicon sypstrate 342 with a jjmited stroke range o5 400mM. Ao-RelENg a0 g,

to FIG.52C, it can be seen that the thickness of the oxide film thus formed
falls in the rapge’dst 0ST21093AM SRE Htat the fifATRiEkABSS Yaf&tion'is0

reduced o 35%dnenas At yarigRce 30, E1G.58shows thedelationship of
between the ultraviolet exposure time and the thickness of the oxide film

formed &8'8 réddit Mhe BXpehirfErts of FIEZ5SR S 828 of e cader thet 1S
flow ratesokthenrd@4 Oxygamn gasdrtroduceddntostheprocessing vessel 321de
is E:har!gfedl\{nari%ml . As can be seen fror‘r]CF!a1 .53, the thi k@gss of the

1ckness,at , L centr art o e 8-inch
oxide film'forméd &% 4 fesultof the' 5 processing #6es nd depenagon e

oxygen flowiaten 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



substantially and that there appears saturation at the value of about Inm
when a time of 1 minute has elapsed. Whep, the exposure time is shorter
than 1 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 b us'n%tgf S%I%%tr t processirslf% %g{ﬁaratus 320
ia iim

of FIG.517 {8 FIGE54A " 5aEare geramss oewi%?ﬁee icCknass 321

distribution afremgxide fitm ohtaihed for the case the inner pressure of the

processing vessel is get tg 86#}0{%% 057ekePna ©.Tome-and the substrate, ckpess

temperature is set to 450~ e 20 substrate processing apparatus
of FIG.52fwihilee sapplyingtand oxygemgds aithaa flewrate off1SIv and

causing @ scanning, of thedutraviples spurce 248 within ihe rangeof,, rate

100mm. In the drawings, the thickness of the oxide film is represented in

terms 25 BPahgstioms [Furiiet, tHeeSiliddirstbstiRe & fepresBhte i faat
rectanglerer theisakef simplicity: 7l G544 showsibe gase imwhichthea s
scanning is made within the range of 50mm with respect to the center of
the subsStrate Sflereiit 36 Ban DERsEEn that tHete isa toiiency oftie 1
oxide filmithickeess increasing frontthescentemnofthe ssubsiraie taward

upward direction alogg the y axis and t?\é\/ar%tr%elggr%t ar direcgic%na%lon
t

g
10 ex ure me. e resu S W L a“ver
the x axis- £ 95" this case, the variation of the oxide film RiCRnessis Y

3.73% isternts ofivarignce cEKE 548, on tlver bthier hand, showg thening a
thickness, digtribytion of the, same gxidg il 5 LeRIRSLRLAIN IRk 1 1 on
angstromsjfor the case ﬂ11e
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.



origin of the scanning is displaced in the downward direction from the
center of the substrate along the 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 variance. FIG.54C, on the other hand,
shows the distribution of the oxide film thickness represented in terms of
angstroms for the case the arigin of the_scanning js displaced from the
center of the 18 SUBSIT&te ih the HOWAWARE ArBetior Slond 1hE y s by
the distariceafriRsemns As. Carsbe seenfrosn dFEGr54C athecvariation of

thickness of the oxide film is,3.07% i ms.of vari similarly to t

case of FIG.54B. ZOeIE:fg%]ﬁé%l%G%I}l%féov%?t(heeéd%%%&J’ti(r)%%%%etg%de
film thickﬁés@@@ﬁ@sedﬁ@ct_wmmé@ﬁ arfgstﬂ_@)ﬁfn§ﬁjﬁ¢h@éé§@ th%iéﬁgin of
the scanning is displaced inithe downward direction along they axs Jrome
the center of the substrate by the distance of 25 37.5mm. In this case, the
film thickiessivariatioh st theBxide Alm i rédbbed t5° 2. 70% fiterAfergrrard

variances {n the case theqrigin of seanring by displaced fremsthe centerdfcne

the substrate in the 30 downward direction along the y-axis by the

distance’ ot 560rMmas Sswi P ERS SAED thel varidtion drthe “Gkidé fifif ="

thicknessrsitn@easedito, 5.08% initermshofaratianee 2926 afkropm thig,dt iseen

concluded that tge film thb%ess variation of the oxjde film formed on the
H) r EF tg 3.0.7% ﬁ? ?erms of varlﬁgceﬂ.

substrate canbe minimized also by optimizing the origin of

scanning of the ultraviolet sodtce 324Boewith hespdct talthessubstraté i

theSUb%ﬁg%ribution 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.



processing apparatus 320 of FIG.51. FIGS.55A - 55E show the
distribution of the film thickness of an o@d%%ilrn 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 th is with the distanc
of 15 37.5mm and by cﬁgrﬁlgin%ﬁﬁé Iulrtﬁin%a%cg fﬁ%el}é%)e;ﬁy% m gmg,l?m
6mW/cm2,ik2m¥&em2a 18 /cm2dand R4mW/ome?, friespettivelyed on the

Referring.to EIGS.55A = 55E, it can be seen that the variation of the film.
thicknes%llg%‘lgl%tjem%%g |§n ﬁ1aenc§se<t—:-) tr% ﬁr}rrﬁjfnze%n%egf}u%gdgﬁ/sitg% égtlt%lng
3W/cm2térsd that thievadatioreofithe ©xide filhe thitkmessiiptrtaseswitte 324B

increasing amaunt of the Jymingace fiux,density.; Fhe result gf HIGS 95A -

55E shows that the 25 thickness variation of the oxide film can be
minimiz&& ATV optiMRRTY theldmirtaheflux density of the ultraviolet

source 324B. FIGS.56A @nd=568 show conparative-examplespintwhighor the
FIG.56A shows the case of forming an oxide 30 film under the condition

identical witA thdse 6985 . 85A 2 B5E exept tHat o diftadiofet ifr&Giation
is madeswbie FiG H68-shews thescaseefifermmngsan axiderfiloy by afor the

copyentional rapid thermal oxidation - 97, (RT0) pracess, In any of these
cases, a film thickiess varmtion exceealng 4515 ObServed” FIGS 57 and

58 showua flowchartof seekinge¢he ppimum tonditionofisslsttateg the
processing; ¢andycted In the sybstrate pragessing ARPAMANS A20. 1 £rom
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



of FIG.51 in view of the foregoing results, wherein FIG.57 represents the
flowchart for seeking the optimum scanning.yegion 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 S0Tbe T e shd 6 Sodh B RoTRdTaGOh dr e
substratel822 Therebyg ramoxide fimds fatimed. Further diysrkepeating the

steps 71 and 72, an og('hdgsﬁlghisggr %q; on,ane bstrgg%‘ggz 'r% egg@k.
cycle in the state that the 20 foregéé?r]\g regsioﬁv?’s\%is%?‘a%véd. Next,+n the ¢

step 73,the thieknessn distrildutionos obfainad sortheoxideofirmssabtained
in the experiments and the region that pinimizes the Jthigkn

e Sé?aratus 320
distribution becomes minimum is determined 25 in the step 74. After the
search ¢fith& Bptimtint Bcdrifing Cdorfdiforf SFEIEP 5 2 theseatdtF of fleereln

optimunt iltrsinatiep €opdition shewndndslerRg ts candusted. Referring to
FI1G.58, the optimum scanning 30 region determined by the procedure of
FIG.57 iSPsgebifie P Mthe Stép BE Gndth8btvind &ﬁergé of e TiraVislet e
source 224Bvisspectfietlin the stemh &2¢ Nextpn the:step 3, tbhe substrate
32120is - gg in&rgduced into the substrate processing apparatus 320 and

the Ultraviolét'solirce 324B is caused to scan over the specified optimum
region of the substrat&e32xwhilg bemgrdrivenwitlx theadiiving @nergye§ion on

specified jn.the step 312, Fudher, by'epeatingh8.c 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



steps 312 and 313, an oxide film is formed on a new substrate 322 in

each cycle in the state that the foregoing ié/in_g 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
controlig {16 15 LTa OB sotEe 948 GrthE <Kheh 5& HrotebbRG 2 1S
apparatGg 82@isidetesminedrsuchothat theofilne fordrationiis coadeetédtat scan

such an gptimi %%?Q?@i??gé’ the.controlier 325 cont °'§ﬁ%'%e E%QDOStt’[rate
324C and the ultraviolet source 324B, and as a tesult, 20 the ultraviolet
source 3248 sbansthiecoptionuin Fegionvof the shibstiatewitiooptirauy

enesgy, apddthecomes, possible to fosmuan pxtremely thin and.yaiiorm, ;¢
radical oxide film on the substrate 324 with the thickness of 0.3 - 1.5nm,
preferably f#inf of fess229 midrérpréferaBiyB8am ot less, Enefagsen & new

preferably; yuth-thesthickpess, of @ damy2imilatly te the casa-explainedine
before, there appears a slowdown of oxide film_growth at the thickness of
0.4nm of 2-°F Stdific Fayers Wt €4S 3b%artBig iim is formed on a

silicon substrate qccordjﬁgm@suchﬁ WO 25prepcessing byn@ingq_t{wkne ss
substratgipsrg%e%slr%glggpargtut%BZO of FIG.51. Thus, thenggde film of this

thickness ¢an'be formed sﬁably 19 Ahd Wi l%»r?cecf e%?rleprod&abfﬁ?yc.%y

combiniagtreer ioxede: filins thersformed dvithnal higheK aliedeéctrio fiimivting

pocomeS RIS ST T SUSTIGN s o oo MR IS o
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



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 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
o e P e LR g 15 EHa 0. R b g3 g the
silicon oxidedfdmfhiaving authicknessdf & 8h26 atomiclayersas dormmedtonilm,
a silicon.substrate 341 a.so-called high-K dielectric fil su

et el pn A st ik st cshwdbe

oxide filmi34AD: Feether MY gateralestrade 346 0fipulysilicordocg thetdlfisct ive

forrged o the high=K £3,diglggtric i 343, [uther,while fhe illustration
is omitted, diffusion regions are formed in the silicon substrate 341 at
both lateral sides of thHe* gaf& eleefrdae 342N PRY BOSHowStHe anation has

construgiionrofraelustes+3Q hpecsuhstrate pracegsingisysten 360Usegle
for fabricating the MOS transistor of FIG.59. Referring to FIG.60, the

substratbCpritesEhg SyEtehy 380 R &5 vHras Coiglifdd to-fog*1de
form a cluster systemmandiincludes vdoad docka chambher3b1farloadingny

and unlogding a syipstrate. &, preprocessing chamber, 352 used for_, . o
removing native oxide fifm andarbon contantination from the's Substrate

surface,exU¥a02 progessimgschamipen 353 donmedtof thelsubstratei cal
process@gnagnlpcaﬁtus 320 of

[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



FIG.51, a CVD processing chamber 354 for depositing a high-K dielectric

film such as Ta205, A1203, ZrO2, 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 a vacuum transfer
chamber 356, wherein the vacuum transfer chamber 356 is provided with

a transfer arm (not shown). 15 In operation, the substrate jntroduced. into

the londRE LR cAmbEF SET T ANSon ot o e B o dbsbit o iher

352 alongharpattr (D dndfoativeo adidedilrnar carbordontamninatidrsisrate, a

remo"e%r”e‘ (efrom Nl%’%t’ ghea%%beséra%% thysprecegsed Inthe 200 native
preprocessing chamber 352 is transported to the UV-02 processing
chambep353aldngla patit (D) an thesaseabxide filmrB42 of FIG189 is

forrged Ly, fhe sustrate, processing gpparays 320.0f £IG 51wl 353

uniform thickness of 2 - 3 atomic layers. 25 The substrate thus formed
with the 1B Exigé fiffiGn B EVEOZ Préve’SmiycHmberssRisuthetr 0 oF

introduceddntoithe C\VR processingschambendesd along anath R t ing a
the high-K dielectric gate insulation film 344 shown in FIG.59 is formed on

the 30 BasE’oXide HimSFivé Sabdtrate iStieh fandibifted flomthe EVD
chamber. 344 40,the £90ting chamhet35bialenga pathu(ds far-coe)ingnand

is then returned to the - 101 | lock chamber 351 along a path (5) far
oo e SR TERE, e U BAEAD B Cans Moot 42 the
FIG.60, #tis atsotpossibledo providead preprocessingaclambenforted to a

ﬁ? ”hdUCtiF‘agc% Rianarizaten. progesaing inan Ar atmosphere;by way. of,,

J 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



temperature annealing process. 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 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 slow%j%‘%}v% %ﬁ%%or%%%rg\fﬁes o%’v%in%@?@a%pggrgﬁaﬂégrihé? Start of the
processingaarspatsodhe pnodessttime antilssuth.a slowdown phenomenon

vanishes, in terms of IPIgag}p%ni%qug)ssccrai% eIt ?}Q%%Ig §§i%0te tf%%t et}'ﬂe 350 of
oxygen partial pressure on the horizontal axis correspongs tg the oxygen
radical deHsity @ndiis determbsead by #se rivirgPpoweradgitraviolet

radiation, pawer, ot the; Jiiravipletsouree 3248 andtheiiraviglel 22,5 7 5+ 5 on

wavelength. Hereinafter, the relationship between the ultraviolet radiation
power aRdtRE Fadiesl dehsity Wil Fe-BaainedFortheeasedf Usigthe

wavelength, gt 1 42ne 30 i the suRstiate peecessing apparatus 320 of
FIG.51, and thus in the processing chamber 353 of the substrate

processing system 350Gt 16,66 the It Aviofet SRIcE- 3248 profudedH cat
photon fhuxi af=t1h 4034 5494 6/em2-seaittheicase awdrawolet source
producing the ultraviolet radigtion power of 50mW/cm2 at the location

rigH% underresth thewinddW in the “state of 100% driving state is used for

the 5 ultraviolet sourcB3a43Bramdyan oxygen gas isbeppliedi tothieal axis

meeSS@Q&#gsgl%%%g@ggkm@gr%ggygggktation 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



SCCM under the process pressure of 0.02 Torr (2.26Pa). Assuming the
case of using a tubular lamp having a width,gf 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
1015cm 2, which is about 1/10 the photon flux value noted before. On the

other hand, it is knawn that an 15 oxygen molecule has an absorption
cross-seli::ti?c))%alX a@a ({fcénx 10-19cm2 ?/Cv%ﬁ rgg‘jaasr% t6 tﬁé gﬁﬁa\\flllo?ételc souree

radiatiompobthectiznm mavelengtty. iFHus; thedriansmitiapcevefrthef 50mwW/cm’
ultraviolet_radjation in the proce mbient, which.is given hy eqguati

20 Moo (g’ E-obiaes a0 0L B I e e i T e
processgressurefis DUP-T o 1(216GP @ taricbthesgassedlecule déssity nin

the sprogass,ambient is assymed toe 7.0 1014em3. Fydber, it isupp1 5 eg
assumed that the ultraviolet radiation 25 propagates the distance of 20cm

in the proeessifig AFesseFS2 RITHRS #Fd amotint f thefraflicas rate of 150

correspending {o, the-aksaption etthe Wirawelet sadiationqropagatingpinzepa) .
the processing vessel 321 30 for the distance of 20cm is evaluated to be

3.65 x TOI3EH B8ed By nfifislyng tHe ¥adof of 858584 %0 1FBRoRYbINy 2
value ofithe photon huwnofrd34vhd0dbemas ansoaxygen3adicalssare

formed in,the ; 108, processing.vessel 33 with Inisgate. O the.other . .,
hand, the fluX ojfatﬁe o%ygen gas iR the processing vesse 327 Detomes

7.98 x 18u3bc/eml2set, intteams o valumepindherstédndard stateh® silicon
assuming that the shower head 218 has the aregyof 31demg, Inferms of

S
the number o?mo?ecu?es, this
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



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 1013/2.1 1017=1.71 x 10-y, 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 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 Sroclesﬂnlg veiﬁﬁl § 1 becomes about 3.42 x

10-6 Tolprr(ﬂ.%eélsxS 694Pva3 in the case Of the op ical 58&/&' of 100% and

the process pressure (mintérpaloressurezofdthetprocéssing véssélpobxygen

0.02 Torr (2.66Pa), By _co ing. simj C es, t ical Sty -
is 20 calz%%atelc{ i%%fﬁgf%:%%%%ﬁ%i \é%ar%%%n%d%G%glg ?é{r?r%se&}ri%%trt:é Lo
relationskip /setveere thé radieaindenshty vaddhende thevadidah pariall state,

pregsure, angd.the durgtien of, theslawdewnpliensmenons ot FlG 2rea of

explained before after the start of the 25 substrate processing is

represerte@CRefertingt®d16. 61, itE4h beBBeh that BRlSIBWHBH N &ffect
appearsyiginediately-aftethec gtartofithe pragess similarly tathe gase of 2 -
FIG.5 in the event the radical density in the processing 30 vessel 321 is

large. In%RE caSBfie radicdl detsity 35 <Al o’hhtﬁe%%llﬂéir N&htd §ife ©F 3- 69
slowdown phéhomersm appearfs after a lang time hascelppsed aftercstadsure
of the process. This correspggds tq ghefsituatignuth t - 104 the growth

rate of the oxide fﬁfr{\yig%lrge in the' caseoo]?Taerge radical gr?siﬁ)/ and the

stationapy ¢lsickmessodt M40m 1S seached. incshort timepWwhide medhersase 42 x
Stationan (ickubts of b:4nm_s Sonievc becaLse of the small owde fi
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



growth rate. Similarly, the slowdown duration defined as the duration after
the appearance of the slowdown 10 phe_noer non 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 semicanductor device production, there occurs a
problem%olgfede%?é)gé%sl of 1‘%‘$ﬁcz§ftlogC %ﬁ?oﬁg)ﬁp%? W leﬂmtﬁesprlo%regg tifme ﬁr}ﬁﬁ
the occureercecdf the ripeeguing skolvdbwrs éffectds tod longs Thus,therey

20 shoulgge @ Jawer Ipitdor, e radical denslty. On Mg einer DK, wede +n
the durafion of the slowdown phenomenon is too short, it becomes
difficult toformatire ¢lide fikm of désided thickness of 2213 atortictilyers a

or %-4 afgmic layges. Jﬁt‘ﬁth@‘ﬁ%isf%'}é%‘%? Q‘E‘é@@%ﬁ’@ﬁ?d{?@l ckness of

density. From FIG.61, which shows the example of conducting the

oxidatiod of fife dEbstfdte a¥ 250°CE IR #fe PAdicAIOXTIRIbA PrEdess Whild:
using thgrulframioletwradiation of the 172nm wavelength, it can 30 be seen
that the lower limit of the radical partial pressure is determined to be 1 x

10-4 mTorr (133 x 10°7P4) 4<sumingthattheioiePabl8 prodesetifis fs 59 as
minutes{860 secanrds)rordess: Further dbedippen 406 flirit of theradical

partial pressure is determined tq be 1 mTorr (1.33 x 10-3Pa) assuming
it e F B ARER Hotiol ihval 1168 SBeoitts O ot STHE

ultravioletradiatimqpoweragorres pohdimgndtthisthis detéimingéddebeify such

S0mWemg 1p the reqion fight, ingemeath the gplical SOUICE 23 en 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



In FIG.61, it may seem that the interval between the two lines

respectively defining the appearance and.y, $is_hing 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 duratign of the stationary interval is in fact 15 decreased with

the raciCATDATAT proiinE STGE 1 HE Tl oG U 05 broce g A =
preferable tdsetltheToxygeri pabtial prassurato falkanthe gange of 6165 x
10-3Pa a%%%@%é%g%l%ov%’om 05-[5)%@%%bgfe{%fa%’othgefﬁg98 of 133ore.

20 13.3Pa (10 - 100 mTorr). It is also possible to conduct the radica
oxidatioAprocessreontetdd by dsiagthe snbaratecprocessingEpparatasthis
320;0f FG.5)-alspbyising diltraviglet radiation of other, wayelengihs, in 5 gn
this 25 case, it is necessary to change the drive energy of the ultraviolet

source 3P4 R fetambiett 98S Icohip&sitiir fh erdler to realize the

foregoing radical density of & x10-y mTar 1 38410 ZmPajer makehbuta 1
not exceeding 1 mTorr (133mPa). 30 For example, in the case of usin

the ult RRGISERLIAT Eiitod RLA6R RS FHONE o tha RSB

source 324l dtrismeseasarystasetthe @xygen partial pressure thth€omenon
range of.0.0g -50-106 ng%r (6,7mPa - 6.7Fia) in vjcte.wh?f the large
S e i fll

op%ical ébsorpﬁ]ofﬁ f‘asrﬁgr W titr%lees as %6%?3&@05‘ with the Scase of the This,
wavelengthvef-@Z2nmsltis alsbypossibde ta nitnide thefexide Sdfilmehaving the
the thiCKPaeﬁO{f, RS BIomic layers thus, formed fo form an, oxynitride,film, ;
Because of the
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



larger specific dielectric constant, the use of such 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 ng an_oxynitride film is farmed directl
ona sili%r:ngfnorsrubég{iﬁer?s@]!zllarfacegz';ic'7c%‘?1 inér%o AGV-N rggi%a?%?gcees%?r%gycal
similar teltlse opé explairedybefory. ZDFIG62A showsotheahenessh the

d_is_tributié) Soef a gti)lrpho tz%igﬁe]g I%r the,case a&%%g film, formed on the
silicon substrate by using the sug rate processing apparatus 320 of
FIG.51 with the thicknEssief G4am, IPsutseriehtly sibjecttrl tohen 251de

oxynlitridafipn pigcessing Ak sppRlying.anNG-gas to the showerhead s +hus
321B, wherein FIG.62A shows the thickness obtained by ellipsometry.

Further, TA0IES  belofhPsHbvis tHEAGthaIthiknédd Bf theSsiishratebf the

FIG.62A for the-ceplal inartand the-mardinalpart 8a thereof abtainedby such
the XPS analysis explained hefore, wherein the measurement of FIG.62A

is condue®BY Setfing thef detBcfidri Bngie 50 d&dreds ahasisuing e
the resolitiormd herebyq therthiekness wasl<1@7 wbtained convenienty gate
from the, ratio of the Be?lﬁrgogrfsgop@igg to SiO, gggrsm . The

oxil%itridlalfi%HlSrtolcoessing was conducted 53]7 %ﬂps)pl)lylng an NO gas to the

shower head 321B with the flow rate of 200SCCM 5 and driving the

uItravioI?Wﬁe ﬁ%@ofgﬁﬁgﬁiwtes within the foregoing reference power
while maintaining the internal pressure of the processing
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



vessel 321 at 3.99Pa (0.03Torr). The substrate temperature was set to

450 C. 10 Table 5 90 degrees90 degrees (i%n]teg)eriphery

SiO+89.4588.13 Si4+10.5511.87 Si4+/SiO+0.1179430.134687 Thickness
(nm)0.430.49 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 i

0 SUbSHAPAL AArGIEa ARG it thicicibes Hom freiiitiar (ibkndssgr°
about 0.4nnm: eBprther] XP S analysis contlusied orfthe axige filnr 20¢hdsn
processed for. detection, of nitrogen atoms Jevealedithatno signabfromy
nitrogen atoms has been defected. This means that there has been

caused hbenigidation reaetbriatldll inithe oxide filhrin thetforedoing 0SCCM
oxynitridation processing. 125 FiE-628 shows the thicknessdistibution of ¢ o 5
a film obtained for the case an oxide film, formed on the silicon substrate

similarly"With e tHickness oF U-2Am: R sHsseefieRfY Shbjetetto an
oxynitridadiont processingnEurther-Table 6helaw showsrtheractiyal s d08s i ng

thickness obtained by ellipsometry for the central part and the marginal
part by theS8ss a%%lis?stwﬁiieg 9s%i’tinboth%3dré1§5tion ahgle 1500 e rEes.
5 Table 6-degrees0 Wegreas-carderpeoighery
10
Table 5
90 degrees 90 degrees
center periphery
Sio+ 89.45 88.13
Sid+ 10.55 11.87
Sid+/S1i0+ 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



Si0+83.4983.88 Si4+16.5116.12 Si4+/Si0O+0.1977480.192179 Thickness
(nm)0.690.68 Referring to FIG.62B and T 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 gxide film thus
orocess S o AABRIG ST GG g 16 TRUEKIER thAend Sgnar H5he
nitrogencatomsanas léen rdetected 1 Thismedns thiat theré hasdeenis while

caused ng nitridatigﬂ regcétjcon %t.%ll in_th Y |dce filgbinofg ggre oing

tt .
oxynitridsationlpr}gcess?ng. From tjhenrefélrjl%0§< Table 6 an %soef}gom 20 the
result of Table 5 before, it is concluded that incorporation of nitrogen into

the film is not possible by the oxynitridation, progessing conducted by the

UV-NQ processing o the oxide finraieagy formed om g siticgy sghstrates

surface however small 25 the thickness gt the=exide fiimmay bge ONdhery

other handp¥F1G.63A shows the| thicknessigtgibution of{the film fesmed

on a sjli€bAsubstrate for the case the siliconbsubstrate |s directlyl6 .12

subjecteditbthe 1P#-NO processing in thel 9109 &ubstrate proc@ssifig 179

apparatd$ 3989 £1G FiMdfter the native Bxi#l@ film is removed, wiergfh

the film thickness of FIG.63A is obtained by ellipsometry. Further, Table
3 shows the thickness of the film thus 5 obtained at the central part and

marginal part of the SUBSFAfE DY tHeoX P S ardysis Whild 3Rlthglthel & can Do

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



detection angle to 90 degrees. In the experiment of FIG.63A, it should be
noted that the experiments of FIG.63A is ducted 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 main a|n|n the internal pressure of the pro in 1321 a
3.99Pa (%1 3 1ﬁ)rrS snﬁJfarFy to%) e%re\? Bas Caseé. ggre%‘c efsfegsjqbstra%
temperature is set toed 56 CleRéfetrnng to EK68Adit cahdyesseerttivat £11m
there is form il t ili sups surface wit ner

formed.a film op ggé R Spbstra % 2 PHOY Xtt%ﬁﬁ% %%\5 <

uniform thlckness From 7 |t can be seen t
is aboutlDiShlrEat arbadflthe i:eﬂl’r@Wpart andithé anarginalqgfartbfetheéilm thus

substratgy,{ able.¢;99 degrees90 degre g&?lﬂteépl%fimglnal part of the
Si0+86.8186.92 Si4+13.213.07 Si4+/Si0+0.1520560.150368 Thickness

(nm)0.550 882 Griker, FIG. 638 sIevas thelfntithickhess tdistbution

obtainec by elipsemelryfor thecase &%Qé%tfidﬁﬂoﬁﬁo@gém&ﬁent of
conducted under the pressure of 665Pa (5 Torr) by setting the NO gas

flow - 110 Fafeto 1 StM SR U ifk§ tHehiavibiet Sobife %é’%ltﬁsnts of
foregoingreference powen forckminute. Husthentkalia 8healeow showsige

e S icgass JRSeEn st S PRIDES <o ene
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




detection angle to 90 degrees. Table 8 90 degrees90 degrees
centerperiphery SiO+87.7887.57 Si4+1g.%13.4_2
Si4+/Si0+0.13392120.141829 Thickness (nm)0.500.51 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 fﬁ} e film %pickness IS about 0.Snm at any of the
conttal St nt the 15! gindl bttt ind SbEIAt o TADE G baT oo 242
shows the result dfetementh @nady/Sis-eonductedren tiie film obtained: by

the expeyimept of FIG. 834 by the,XES analysis 20 Table atgmic fo. ¢4,
centerperlllpg}:ery %b dLl(%reSBO degree\go%{égrge:%(Sg glegreeu e
01367.286368:8866. I8N $31EM810.199BY:63d on the film thus
Si2p21.5926,8123,9904.23Refexring,to Tahie 9,it;can be seen thaty,the
signals corresponding to the 013 orbital, N13 orbital and Si2p orbital are
observed S e filti 28RS formedlartffiat Bfe film shows the oxygen
atomic concentration of 67.23%, the nitrogen atomic - 111 concentration

of 11.18% and the silicon atomic concentration of 21.59% at the central
part of the substrate in the megsi remeht Qf]sﬁdl‘(l%rfpd by setting the

detectibn angle to 90 degrees. Furthet it Wagdl S€5 U degrees
center periphery
Si0+ 87.78 87.57
Sid+ 12.22 12.42
Si4+/S10+ 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



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 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  experiment of FIG.63B by the XPS
analyses T8 TS 10 T 36 contEibetbieny 80 AeOrest dearisso
degree30cdegree 3is6 £.363 8467 .260%2 Nisthe612:36132.443043 of the
Sit21.0425,821.3725.36 Referring to Table 10, it is also.noted that the. th
signals ccglrresspond%nglto %e Ols oa}gilflafl, N%s ortgtitaril a%% Seéz otbital are  ° ©
observedsi ¢ filem 20 thus formetilart: thae te filvshows thel oxygen

atomic congentratignof 67.3%e. the: nitfogen atemic, concentiation of

11.66% and the silicon atomic concentration of 21.24% at the central part

of the stiB&r&RtiAe AMeastir&hefondutted by Seting the 2B1C

detectiop angle10-9Q dedress. Further, itwas rconfitmed dhatthe film has

the oxygen atomic concentration of 67.2%, the nitrogen atomic

concentration T T34 4% ari the silicon atbomiid cdhertrafion BR2t.3796 T €OF -

at the nrargisal part theseefond124dFAUS, Hbwas kenfirmed that theformed is

compositional unifgrmictiy of thf film is imgro.ved fur.t]ger and that an

10., . an.oxynitride .f11lm conta ning . nitr en . e

oxynltrlaae film P{avmg a uniform compaosition is formed 6it the silicon

substrate surface. 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.



5 In the measurement of Tabie 10 in which the XPS spectrum is detected
with the detection angle of 30 degrees, it i ted 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
detectiolﬂﬁngle, ith v%gnals caused b Ithk?a Eth?eelectrons e.rgittggl t the

bottom parltlof the oxyr%tr?o%nfl m U ergo a tenuation %{g?ﬁely are

transmittedi theough theoffintdleliqUielyn Aissa teguttothd compdsitionsefdhéhat
upper part o the filgw is m inl rgeﬁe(:te% y such a-measure erg..Th%s .
the result of Tabie 1roléljlsoa%nl icates that the nlftrrlolgen ator(r)wrsggé?e %ntaﬁnlry} o
concentfatetiqsthrnoxyritride film @0 thusfomaed asthefgarenear the

intesface to the silicon supgiate. ASipilariendgpcy igahseryed Als@ ity the

the result of analysis of Tabie 9 for the central part of the substrate. Next,
the kineti€s of PR O itridé fiff 25 forthatiohlbn S\fc & Siiedn S0bsfates o

surface by the JJ¥NO precessing wilkbe gxplaingd. FiGS&4énand 64B

show the thickness of an oxynitride film and a n_itro%en concentrationin |
the film36P e ddsetarP RO Gas ’Redupphied t5 tHe 36 Shoferiedd3s £s of + t1
the substrate @ﬁ@@e%mg{&ppﬁg’aﬂl% 330+tw0f &G@Wﬁh@l@ﬂ@w rate dlegrees
2005CGM and the ulraviolet souree 3248 s, driven with Tne reference. . 1,
power for various durations while n%lntalnlng the - process presgure

at 3.99Pau(@0 mToayandd¢he rsubstrateitemperature at 450C.sRefelring
to FIG.644 It cae seen that e thickness,of the oxynjtgde film
increases with
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



5 time while it is also noted that there 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.Snm. 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 0. In this case, it will b ted that there is caused_no

Gronth SFRE SRIRAdE T 5t &t as caqte. Saih HORFIG E0A. 1En

the othes iand rEIG: 64Bradso indicates: tthatth€ nitrogen concentration
detected by setting t e%%t%ti‘t?h’%ag%'eﬁoféh% ig,s apalysis tp 30.degrees .

appears smaller than the case etection angle is set to 90 degrees in

the peridd imiedidtaly sftep the- RO stary ofi thelskg/nitridatiomprotessingwith
This indicates thatithe pitragen.atoms,aredmainiy, copgentiated to the
interface region of the oxynitride film and the silicon substrate. Further,
FIG.64B°aIs8 ftitate8 tharstthra Abn-thifBrid 25 distribufion ®F nfirogens one

in the thickpess dirgctiore ds-gragually reselved, by ceptinuing the and 8 at
oxynitridation processing. The result of FIG.64B indicates that an

oxynitride finT"6f i nitiSyeht cdhdentratiaf 7 36 formiéimtinediably vatue
after thecstaeiiof the oifdaatiorr precessingrand that tha pitrogetws the case

concentr.ationhlg t(?le ilm decrea%est%readugjtlléwith tm% while this

indicates thal oxi |zin61rgé&%nobecomesu ominant i - 114 4Ge cggr%% was

with timedrt thesfilm gremith gnechainism n Aftei 200 secopds frepsthecstat O .

o e T YU L e
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



5 FIGS.65A and 65B are diagrams corresponding to FIGS.64A and 64B

respectively showing the case in which th o&ygitridation 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 og%nitride film h%?léeaﬁ:hfd th% Otvrvljc%ness of
19

about 0.Sh and that gvnloxyntl”t%fa(ee fitM 6 lnltrpogen concenﬁ?r%kt]i%rﬁjis? -

formed atftherd 52I0€ginringrof she filbm gtdweths wdathtthe Copcentestioimof the
the nit [ icini the interf itrid .
e iED TS e M Sy e e e e o

film and t icon su and 66B respecti show the
20 relatibhshipbletween e filps thickress iand process aivednd the

relationship between thedaitrpgan concepation igthe flmand- e sponding

process time for the case the oxynitridation processing of a silicon

substratesufface i$ ¢anddcted &k tHEsisstiatey 25\ empeyatire sf55¢€Ese 1in

Referringio F1G+0GB Hrsl, it ean heisesn that theseancentration,pfthe cq by
nitrogen atoms incorporated into the film is substantial% smaller than the

case of EfS 64B%rH18 658 Vi Ay B e 36 £abs&S inWhitch the tetection™ ©©

angle of3beXRS aradysis iscset to OPdegiees po30Hegrees; aindicatisgen

that the oxynitride film thus formed has a composition clo that of an
oxide filr%é%tls = ﬂ%sﬁg}fevsemﬁ‘t:}f fﬁis:% Pes%ﬁ%a%aﬁeeenoéalﬁéé%byt g and 64B
promotidrs oboxidiziregreattios at theesubstrate aeryeratuse o85G¢C by £ilm

residual gxygen remaining, in (e RIQGessinoveszel 32l cached 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



5 In FIG.66A, it is noted that the slowdown of film growth takes place at
the thickness of 0.46nm, which is closer to the thickness of 0.4nm in
which the slowdown of film growth takes place for an oxide film as
explained with reference to FIG.5 or 8, 10 wherein it is believed that this
result is caused as a result of the oxynitride film thus formed having the
composition closer to that of an oxide film. It should be noted (tjga the
cknedeer TSl ithte ik To SBIHER B BarT) ExPAREE 152
and asspciatet: parametersthat arendeneet-for an exide filen. Sithust, theere

is a possibility.that the. fil thickness is calcylated to be slightly larger . for .
those ofy%nﬁ/ag ims %e%:%‘us?eggili\ttghéB %ffg%t%gg%%ap?ﬁg %é%th%ﬁ il in

photoeldédtrons: iramys éage,\i_teissz@lbeﬂiél_/ed that the oxynitride film
forrged by the present inveptiopdias & thicknesscontrolled tq ghouly ey o wn

atomic layers. Meanwhile, in the case of applying the substrate

processity dppdtalisBo0 of IS 1 B feS 28 toxyAftridatioriprotassiig of 46nm,
a silicon,guhstrate; itis pseferable to yse@ngpticakseurce capableofunich
producing ultraviolet radiation in the wavelength range of 192 - 142nm _

from the"CSnsTder4HEN Sinifar ol the Bridéxpldinéd alreaay withrerérangg 1 de
to FIG.341i 3 Ia yievkpfiapplyingithe isubstratee precessingmaparatts$320

offIG.Slhto a siggle-wzilfer S rri1ic\9n u %)r r_o%{:tiog rogess, it is
prePerabee Shatduch-an %pﬁgg s%u?ce% fg id the one Ss}fpatble§ 116"6F d as
being tuenedten anddtirngaeofbag desiredie Cliirently hexcifer famphaving
T RIS o, 080, 2200 B g o
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



5 turned on and turned off as desired. These excimer lamps have an
advantageous feature of having a very _Shi;i% spectrum simultaneously.
On the other hand, only the excimer lamp having 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, jt should be noted that the havi g%w wavelength o
Lo Ras NN G G bt At Tt e s
spectruitbecenielsysharter thar 145mms I a5 sogh alcasea therefoyehs of

there is ibili t en-radical excitati ay nat be sed,
dependi%gq%fﬁthe%a%?é%df iﬁﬁnb of %%é? @e%ﬁ%ri%/g Qorﬁwé51 ?ngdi\% ﬁe%%rually
lamps. Fropithelséconsiderationsa vt islconchrledahattheaisecofcdn being

excimer,lampof 20 the 17 2nm wayelepgth, is mastpreferabledor the, s e r

ultraviolet source 324B of the substrate processing apparatus 320 of
FIG.51 ihafie taSé bf cRBoSIAY the A iHer IaRT-form thé dommBrtialyvery

available exeimesp lmpRs 530 b G £ shews,thesehematis aonstryetien
of an excimer lamp (dielectric barrier discharge tube) 341 producing the

ultraviol8 radidtidh SPITIRRT (FETRred sHERIdBE n4det e Japahedd 2™
Laid-OpendPatent Publieation 4196883 f 8-8386 L) aRefesring to 6KG.67Z6nm

the excimer lamp 341_has a double cylindrical vessel inclyding an inner__,
ubite (5 1D B o eP QA bioe s BN o RE G R eoRthad 1es

into a space Between the innengleaszeritl 7 Tulker84% and the bater djuagtz
tube 343 with A PESSYE Of K6,92%,9133:2°KR2 (R L9W: UG 1 46nm

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



an aluminum thin film electrode 345 is formed on the inner surface of the
inner quartz tube 342 and a 5 mesh-state trode 344 is formed on the
outer side of the outer quartz tube 345. Further, a getter chamber 348 is
formed at an axial end of the space 347 and a getter 346 is provided
inside the space 347. The excimer lamp 341 is turned on and turned off

as 10 desired lg/ pplying an a.c. voltage from a power ply.350 across
the electrodes ﬂ a%%dSlé? T:o?%ﬁgﬁ gﬁu&rcjfn%erg I%:Qr:?p,#ijgp"géa 1€'to
use the mode WER20:1X2 ngarketed ByBtheSWBHIQ 25 th& anodel Further,

HES17035 51 ﬁ‘&ﬁf‘ﬁ%yt'ﬁ%a %C'i%“-elﬁe%’é%%%@egﬂbe ‘I{'Era\fig'r%esgu{%%e the
is not limited to those mentlonedla ove and other optical sources suc
as a lowipessureimnerciey tdmphEurtherctf thessituatioradlows 2it #nalse

possiblefodise; anexcimerlasgn 20T ENTH EMBODIMENT NeXtcr side

formation of a uniform oxynitride film on a wafer surface by the UV-NO

processitig BREoreliticfio &tttk entbdiménPof thepresént 25 moehficn
will be explained: Referring techakie 7again, ibiginoted thatthergxynitfide
film formed under the process pressure of 3.99Pa (0.03 Torr) and the
100% UV Fa(ﬁ&ﬁor?pg\f/EF§ﬁovgég generAIRdhiftm thitkigs$ 38 athree 347
central partaaa aiarginal pagt of the isuibstrates avhile ibiscalsapated thatr as
the1 Oresu(l}eosfi'll_:%%!eg sh slthat there exists a difference of about 2% in

ow

thé nitrogen concentration and tfe distribution -t %a%?therr(ﬁ?}oﬁeﬁower

concentrationlis N®b OnHdorme.SEhus, €T able Qtinditatesthat Hislai 45 .

important issue in 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



the oxynitride film formed by the UV-NO processing to achieve the
uniformity of film thickness and nitrogen 5 centration at the same time.
FIG.68A shows the thickness distribution of an oxynitride film formed
under the same conduction as noted above except that the duration of
the oxynitridation is set to 1 minute and 30 seconds. On 10 the other
hand, FIG 6% shows the thickness d{stri(?ution of an o>t<ynitrid§ film forr
the case of or?niﬁg:,]L tfﬁé) %)%ﬁniﬁfﬂ%cfﬁrrﬁ trider the §3mneoconuarft%onorer9«':ep
that the TitkaMiolét lamjilisaheved back and iferthniniFiGS.68Atand688, in

the numper of measurement 15 poipts is increased fo seventeen. In the .
experimgﬁté o?%Yél.lG%rBl,r%%e E%E‘aﬁé?eﬁ%ﬁ m%(m%w%nt%%tﬁ@ Lﬁtré)\%l%%mg o
lamp is ecidircted Sheh that fleer nultraviolet fampis-movkd $om arfilsnitrogen
wafer edge to. a.second, opposing waferedgg separated from the 20 first

wafer edge by the distance of 200mm with a speed of 60mm/sec and is

moved back after stoppiffig aBthé23AHtehback pOintcr OSF seésridsi THelon of

ultraviolet, laymp is alsosteppedifor d-secondaidhe cantes ghdhewafektion
25 30 Comparing FIGS.68A and 68B, it can be seen that a more uniform

film thickiesadistibatioN & Gehftvbd i tte EXGerhERtIfFIGO68B &S
comparegk ywith thiecexpesiiearnd of SHGa8A by adapting the Backs eandfagh on

movement sequence of the ultrayiolet lamp. In order to ensyre accuracy of
the “conc u%ioont,ﬁ'%ﬁie% é1n<[::1r ﬁé 'a%?ééprgsgémgd hafow Esjhcotff/vrllrelgs the result
of film thickrtesskmeéasurement rcarlyictedr-bylthefXPS anatysisfordthee of

Smﬂpb%@&%&%% the oxynitride film under the same condition

us,

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



FIGS.68A and FIG.68B. In the results of Tables 11 and 12, the
measurement at the marginal part inclugei :ng
Further, Table 13 beiow shows the resuit o

0 measuring points.
measurement for the nitrogen

concentration 5 in the case of the sample of FIG.68A, while Table 14
beiow shows the resuit of measurement for the nitrogen concentration in

the caseF?fGt e658a£nple Cg)f I§I
degrees centerperip

s el

eriphery 2

11 90 degrees OT% q_rgtsas%q and

Si4+12.2312.80h£3:89:8i4 (310 0. 139357 0. 69040461385 T hicknesses two

0.500530.58 (o) Ta

centerperiphery 1p

112 90 90 d
heér;f/%zgs i %i%??;% 71

7 7ot 20611
9
o St el e

Si4+/Si0€6.1460 1478250 145824 Thickness©.580:530:52 (ART) Table 23 1ion

atomiic %,centerperiphery 4 90 deg

01369.8966.7670.9867.52 N139.829.388.888.75
SQpZQ?@Z?@G?@@ﬁ?&@?ﬂEeSUlt of measurement for the

nitrogen concentration in the case of the sample of

Ldegrep9@ degree3n deqreeapie 14

FIG.68B.
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




Table 13 (continued) atomic % periphery 2 90 degree30 degree
01369.9866.42 N139.959.36 Sit20.0624.2 20 Table 14 atomic %
centerperiphery 1 90 degree30 degree90 egree30 degree
01369.6166.9768.1967.12 N139.869.219.438.73
Si2p20.5323.8322.3824.14 Table 14 (continued) atomic % periphery 2 90

these I cilte it cean bha cean tha ata [iTall orm |I!| iclknace dietribiit |nn hac

SUito; I Cart g oC Tl it oty I\Ilb\dd ot Touturt 11O

degree30 degree 01369.166.99 N139. 9%?3 Slgﬁl 1124.08 5 Comparing

LOMic %~ . of

becomg possible between-the-centratpart and-m argthal ParL iﬁa‘ %y‘y?f%i’

bycauﬂngzabackan1§5uaggwggm|@@|dg%yggi|@gt@§§%é§/ 9Udcgree

so, it ig@so 10 possible tgachyeve the ugdaray distributiofn fopthe 67.12

nitrogemgoncentration. The f@egoing resalis Iindicates thaga uniform 3. 73

ultraviglétiradiation is| realiZedbBver the wafeBSurface by 2adsing suchzat . 14

back and forth movement of the ultraviolet lamp. 15 [ELEVENTH

EMBODIMENT]
Table 14 (continued)

¢

atomic %
periphery 2

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



FIG.69A shows a NO gas sequence that has been used in the ninth and
tenth embodiments of the present invegtiqrbtloggther 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 heatjng
"191 plocess Tiie Fuch A% R diEhed 18 (e NG BaS when, e 0
temperatirerhashreacheg apredetermirre d- dwidirg! temperatieree Fuither
the ultrayiolet spuree 24P, s drivendor g predeterminednsriodaien g, c.
5 concentration 6f the NO gas has reached a bredetermined level in the
processigiressel SZL.vWithfthis, ahe LRANG processingsaxpleined: bafora e
isconducted. Thereaftsy, the ultraviglst gr%tgcg§§4§elgc%%yrged off, and

the supply of the NO gas is interrupted. The substrate 322 is then taken

out fromP B piotessigVess¥r32 L WheRth@ SapSPatenenvSeratifre 12 L -

has beeplewerad; to, theyeomy teperatides 19 fIGL88, pmthe athebre is
hand, shows a NO gas sequence according to an eleventh embodiment

of the pPrESBHLS tion used in place of the sequence of FIG.69A in the
substrate processing appatedus 320 of IG.AL 20/Refesting t0:FK2.69B4B is
the heating of the strate 322 is started immediately after the,

in&é)rpor% ion %?thoe%%gbsafrna%e %i iﬁtﬁﬁ%yp%%eggﬁgﬁgsg&%ﬂ?
whereinihsoutdibeamtedhe substrate 322 is then taken out from

gas

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



that introduction of the NO gas is started at the 25 same time the
substrate 322 has been incorporated in _t se 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 tur ed?gf{, th%esrlilpg eof th%S ?2 as i%turned

off further. e Substrate 322 s thien taken out of the procelsing ature

vessel 3R 1haem thensubstrate temperaterer §dnastisegreloaered to the

room temperature. FI%—I-%%OAZ iﬂd J0B sg%g/ tt?leogvel%t}i1 éwsrh' glqceé\geﬁ\%%%e

process temperature and the thickness e oxynitride film thus
obtainedraihd ¢ise! rélatonshiy betwdermihesrocassing terhperatlredness of

the nitrogen copgentrationindhe oxypitude, film, ;10 FIGS{0Agnd 70B, it
should be noted that 0 represents the case of using the NO sequence of

10 FIG.6FA Hhile tPrepRe Sty Bifd cASoPUSIAG Bfe- NO segereé bFe and

FIG.69B; espectivelye Refesrng te FiGii0A, itcanbe seenthatithergiim. 1n
exists no material difference between the case of using the NO sequence

of FIG.69RCd tHe G ol udihg e RS sEGueriest Fi?69®as long
as the substrate-teraperatureds sevtp 500~(;0or lessnin theqgcase-theo f

substra mperature has exceeded 500 C, on the other hand, it can be
o e e B e T i A et ot 4 B ingy O
20 oxynitrdefilncwhen the Seqbence obBEE.69B4ds wsed. Comparing this

result with the nitrogep\ ~gancentr tigg irEL #?f_ty%§h()lwn énagl%.gogég can, .
be seen that the atomic concentration of nitrogen in the

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.



film is increased substantially by using the NO 25 sequence of FIG.69B.

This result shows that the observed incre 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- N prg%ggsflr?g.gegiﬁoﬁesﬁ%ﬁ ge tn% ed that the KO <
gas sequénce @f FGS.69Al ahdB9Bcarpbe wsed alsisin the substratgostrate

processij 9. apparatus 20 fFEIG.3 gorz%crg%vig a §irr%i!)alre ect 9
[TWEL THOEMSBéDﬁ\/IERTgI'TrF? S71A - 71E show the fabf{fcatﬁ)%vﬁr%%egs
of a senfieoriduttoreddvicdaccording to a twelfth embodiment of the

present invgntionRefering te-kkG.71A, diffusion regions 10 331a and

331b are formed in a silicon substrate 331 by an ion implantation process
of an impurity element,147d aldurfacérEgioh 331t the l:Hiit6A stipBtratecess

331 is exposedsatan-epening 337devmed in anoingulation dilm 33pand an
insulation film 336. 15 The exposed surface region 331c is then subjected

to a pro&8ESFrBfbvinY a NaGive bxide™ film, Biid theWV-NO processing
is conducted thereaftee inetheisupstraterprocesaingappanaiis 320 6fions

FIG.51 %rg er the goggi{il(%n exgl ined b%fore bg 20.using the ul}grgviol

t
0. n a orme n silicon rgie 331
radiation of 720 wave eng]:[ $"a Tesult, therd s caused siowdown of

film growth an thesurfage ehthetsiicornesubistrate 381 pand apuSiAN fimhement,

332havg§hagﬂgg¥§ &g%gggigﬁﬂgﬁf% 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.



formed uniformly. 25 Next, in the step of FIG.71C, a high-K dielectric film

333 such as ZrSi0., HfSIO., ZrO2, Hf02, TaZ05, A1203, 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. - 124

In the present embodﬁ]a%ler?ttflﬁ i?ﬁree?egr%%leerﬁk\)é)t he -thbrolcse ﬁeg;%rable
conducted at at temperatiregnot exeeeding £550eCnunderdhe process

pressure jn the r of 1,33 - 1.33 x.103Pa. HIR T
MOV o cas o K e o koo, L1 PERSs
formed o asgafee by wdihef ehipsemefry lthéfe is d case thalt@ Hackness

value largerthandiie acuat vahedg-pptained because of 10 the

adsorption of organic molecules and the like on the film surface during
the measurement proéés<:iif thetase of Afeastiringthé fifm thiekfessat °of a

a numbefe of peints, i particalarthere is a tendencyibhat, the measured
value chanfes durin]g_;l the measurement and 15 it is difficult to evaluate the

exact urfiforrity GF theFimE i View ot the SRE&tIdT Adted dubve tHess value

inventoriofthe present inventianthasimade as improvesentaf because of
film-thickness measurement gocess s0, 20 as to enfure exacftr%%ses n the

untformity 'St tha Hime thickhess. e improvament of the fiventor, the e ©7
entire patheof fhé substrate dromithe foadfudoactasurement 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



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 (0.2A) 30 even in the case the wafer is placed in

the measurement ambient for 3 hours. When such an ellipsometry i

used, aO L 51 RS iF condeRtb e fim T oaa T or

thicknessunéasurement a¢ 49 tpoints entheavafdr Susface hwhileitisase of

evaluatecqltgag ?}e in recas]_e.qtf the apparent filgp thiquf es dgring tlgi; 14
5 D0 tam (OLGLA) LLrher it o Sobfime that s e 721 2

interval is abo Inm Further, it is con atbt
measurementapdraiusthis idprdved Ras the reprodutibilitpof irmed that

0.096nm (L. 0RA) In teLms f t%?aﬁ’@ﬁ&!?ﬁ% valiea frgp-therepegied: e

measurement conducted at a fixed point. Now, FIG.75 shows the result of

measuréfeRP 06 dinitfide dif $6iHed Bn Cowaterifavifgas of the
diametey, 9f 200 with the thickness ofQ Spepay wsingnthedd VeN@n

process under the condition explained before. The measurement was
conductBa8 By Ug " nfedstfing fixtre explained above. In FIG.76, the
15 film thickness wasymegswred av 49 foints ofHibewafel susfacReasurement

Referringgo FIG.75. it.q%an. be s elithaft the ig-plane varignce a of the film

thi(lz?(ness is “0'65%% Th éfr%ndseof tﬁer%hic%éﬂs?s, this means that the 20 film

thicknessivamnation i®in thetordewdf-G.0065nmh (:B68A) 10 Dtlterimordsy
the variation of th éi"ﬂvt-%”%?%é‘é‘ésbe& Jeduced to.nearthe deteclion. ;s neq
limit. Thus, it should be noted that a completely
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



uniform oxynitride film is obtained over the wafer of 25 the 200mm
diameter. In the similar measurement of t ide film formed by the
UV-02 processing, on the other hand, it was also confirmed that a film of
excellent uniformity characterized 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 gresetnt inventiog IS ngt I%mite% to the embogimenta
explaine\ﬁahrelr%%lo%o?fe, but - 136 “various Variations ahanrﬁoa}ﬁgatloensmﬁalaﬁ
be maderiwithout dépadingifnomiherscope of theokmventiamdNDUSHR AL .
APPLICABILITY 5 According to the present invention, it becomes

possible to nitride the surface of an extremely thin oxide film with

excellent NeprgdiiciilithiyLudiad tHel Aitrogen radicals excited by
high-frequency plasma.Edither, acegrding. 10 1o the, presgpLipveption, it

becomes possible to form an oxynitride film of high nitrogen concentration
with a desiFetithickress by fitrieith g the siitfacels &N ekremeRfthid

oxynitridefilmehie usingrthe ritrogen radigals exegitec by thent
high-frequency 15 plasma. By using high-frequency plasma, it becomes

possible ORESHAUCE e it atn PrdCss At réldthvel? RighprasSares,
and it becomespossible tghdiftite quyi@putily-gas ComMPonerts sueb@srding

residual, goygen remaining in the pracessing, vessel by the 20 plasta gas . .,
by mere?y evacuating the processing ves’se? at%ne Beginning o%%e
nitridinggrocessitotar isidficiently low pressunei Thershy, thenprobteratofon
unwantg '%’ﬁd%“%%(%%r%seec? by, ihe residualoxygen and asspglated  race of
problem of increased thickness ot the
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.



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 %a transitional layer are ffectivey%E%%%fss%qiét an
a t

127 While it is gener ylulneavlcﬁdajb?e thatan ex erlﬁ%?y iy insufation

film suck asmoxidel fiint ori oxynignidesfiliundergoes undrease okfilke £ilm or
th'““?ﬁ%f‘t@%@ OF InGRrpQy QITOQEN AIQMS A the 5, 1ime of | <

io 8
o [OShax
the nitri on process, It Is poss%%e?ﬁ the present invention to maintain

the thickaress of ethe issulatiomfiler afteethediitridation process, ik otlferat the
words the; thickpess 10f the exynitiide Jimy, 1q, beextremely smalls by e 5

controlling the thickness of 10 the insulation film before the nitridation

processt6S2 PASABRS |ayerdior 168s. Furthet NaceordiRg fo the present of

inventiony it bacomestpessiie 1o canduct utraviglet-exeited sadisabcess, in
oxidation process of a silicon substrate to 15 form an oxide film and a

radical rfiitridatiol Process 6 St En 6xideHimt Rsrnfetyby- e Gifrabibiét:  t°
excited raglical oxigation pseecass, byusiogriadicalsi excitateby hickness of

high-frequency remote plasma,.such that the radical nitridation process is
e D e O Sehess o
pressure stitable formgtraviptet sexcitetlradical oxidation process and the

pressure suitable fof, ra iE%Irnitriglgggr]} progess oCOPquCEc?Q eb A Hgingnq] ention
high-frequency remote plasma are very much ’
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



25 different, the present invention allows to conduct these two processes
in the common processing vessel by provi '%g 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 Iementfand silicon bet]):zveen the.%il_icon
1ns%ﬁﬁtﬁ$nh §m o¥. orma o) %ran.l lQPal %a er
substrate and the high-K dielectric gate - insulation film or formatio

of transitiesaldayere dssddiatedwith suchumutuyal diffusiom is isuccessfully
S“ppreSE%%P%gQ%'fg}}h% 3 r‘ésg'&f’%&c gatg.nEulapign film on the

base oxide 5 film. Further, the present invention enables easy
constructionlsfeelusterayse sulssticaé processing systehewhile aisivgithe

substrate prpcessing aoparatys, by-awangingthe frstandseaonds eas Y

evacuation paths in the processing vessel such that a turbo molecular 10

pump, WHEH istedesSary for fedlizing igh deefed Wathti tReccessing
processingsvwasselyis tocated: attheneuter sBd pPartofibe precessiNtpparatus,
vessel. Thereby, the substrate processing apparatus can be connected to

a substPite TramShst Litiit 4t'sh innerend PArtiRERE. £5RGHAGHOD Paths in

accordingto theqresentripvention: lit Beeomes possibletodermeénecular

ex%roemel thin oxigle ﬂlm suitable for a base oxide f';[m used e.twgeg a

silicon substrate"and a high-K diig&fric’gate “insiation filtd witha unifernt ©

thicknessaandwith 20teéxeelientaeprodugibikity bylutilizimgltheated at the

phenomenen. i, groush delay, which.sppears indne tadig) oxation., e
b fr e film r

r.
process Olil a silicon substrate surface In the case the oxi as grown
to a thickiéss ob2 & patorsie fdye¥sapparatus 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



25 Further, according to the present invention as set forth in claims 66 -

76, it becomes possible to form an oxynlt G‘9fl|m directly on a silicon
substrate surface by exciting an NO amblen 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 excee dln 192nm, for gexam le to,172nm. Thereby, an
oxynitriaae ?\mgf}favmg 128" a% Ce‘rtlrogenJgoncoéntra;ion I%v%ﬂsl)%rgmeg uch
Such aalmxysmmdetmnjshcﬁ/iQa deteywef filmigrbasth @f the fimdhicknéssat
of about Q.5n rrespondi o_atamic layers, T e Q ltl’lr%

film can 9 i{nr%%d%étég yrjl::l%r%dg wﬁth\éle%gﬂlent?ego ugﬁﬁlty tSop thi d o
thucknestswo 130 0CLAIMS B1 5A slibsipatetprocessing apparatds;lm can be
chagacterized by comprising,,a pragassing.vessel,defining RO sty o
space, said processing vessel accommodating a stage 10 holding a
substratelif 3afdtprocess SpaES & first radical source provided on said
processing vessel at a side of a first end of said processing vessel with
respect to said stage; a second radical source provided on said 15
processing vessel at a side of said first end of said processing vessel with
respect to said stage; a first evacuation path provided on said processing
vessel at a side of a second end of said processing vessel opposite to

said first end, said 20 first evacuation path evacuating said process space



to a first process pressure; and a second evacuation path provided on
said processing vessel at a side of said s d end of said processing
vessel, said second evacuation path 25 evacuating said process space to
a second process pressure. 30 2. The substrate processing apparatus as
claimed in claim 1, characterized in that said first evacuation path is
activated in the state when said - 131 fircsi %(M al source is activated, and
wherein said second evacuation path isactivated in the state when said
second radical source is activated. 5 3. Ihe substrate processing
apparatus as claimed in claim 1 or 2, characterized in that said 10 first
radical source includes an ultraviolet source exciting an oxygen gas
supplied to said processing vessel, and wherein said second radical
sousce comprises a remote plasma source supplied with a nitrogen gas
and causing excitation of said nitrogen Is gas. 20 4. lhe substrate
processing apparatusias 2laiedin efefmPs, CharactefzePirthat said

first radigal sgurcerincludes @ nazzle-gausing to flow said oxygen gas

along a surface of said substrate held on said stage, and wherein said
ultraviolet source is 25 pFOiGES BetieerSaia ho2ziednd Said SUbSfraR®

SO as taspause, excitatiop 0f saklsaxygengasdhreughvamepiicahwindow: age
30 S. Ihﬁ silgstrate proces in%ggparatus asg claimed in arB/a%feqlaims 1-

1 1 ubstr in sail rocess s
4, c%aracf)erlzegqn ?ha% b
a first radical source provided on said

processing vessel at a side of a first end of said
processing vessel with respect to said stage;

a second radical source provided on said

15 processing vessel at a side of said first end of said
processing vessel with respect to said stage;

a first evacuation path provided on said
processing vessel at a side of a second end of said
processing vessel opposite to said first end, said

20 first evacuation path evacuating said process space
to a first process pressure; and

a second evacuation path provided on said
processing vessel at a side of said second end of
said processing vessel, said second evacuation path

25 evacuating said process space to a second process

pressure.

30
2. The substrate processing apparatus as
claimed in claim 1, characterized in that said first

evacuation path is activated in the state when said



- 132 5 said first evacuation path includes a turbo molecular pump. 6. The
substrate processing apparatus as claimegd.in any of claims 1 - 5,
characterized in that said second evacuation path includes a mechanical
10 booster pump. 15 20 7. The substrate processing apparatus as
claimed in claim 5, characterized in that said turbo molecular pump is

boosted by a mechanical booster pump. 8. The substrate processin .
apparattd ba FORTES Tar O A 12 - ARAEGioE i Thae o i
processprvessekhas asubstrateslond/umlcart gate atisaid setend eatle when

309. Thseasfé:P%rS‘E%%ocﬁg 'NIAPP #S%tyéésig'aé@%% gy, of claims 1 -
8, characterized in that both of said first evacuation path and said second
- 133 evacuation path evacuate said process space via an evacuation
port provided in said processing vessel in the vicinity of said second end.
5 10. The substrate processing apparatus as claimed in claim 9,
characterized in that said first 10 evacuation path includes a turbo
molecular pump connected to said process space via said evacuation

port. Is 11. The substrate }f)rocessing apparatus as .
3. The substrate processing apparatus as

claimed in claim 1 or 2, characterized in that said
10 first radical source includes an ultraviolet source
exciting an oxygen gas supplied to said processing
vessel, and wherein said second radical source
comprises a remote plasma source supplied with a
nitrogen gas and causing excitation of said nitrogen

15 gas.

20 4. The substrate processing apparatus as
claimed in claim 3, characterized in that said first
radical source includes a nozzle causing to flow said
oxygen gas along a surface of said substrate held on
said stage, and wherein said ultraviolet source is

25 provided between said nozzle and said substrate so as
to cause excitation of said oxygen gas through an

optical window.

30

5. The substrate processing apparatus as

claimed in any of claims 1 - 4, characterized in that



claimed in any of claims 1 - 10, characterized in that said state is
provided rotatably and wherein 20 said §u9 L%atg processing apparatus
further comprises a rotating mechanism rotating said stage. 25 12. A
substrate processing apparatus, characterized by comprising: a
processing vessel defining a process space, said processing vessel

accommodagng a stgte 30 holging a subggrate ir_lLs%id ?proc%ss ace; 1
first radicar'source ;SJroveléfé51 on said’ p?gcessfnngcvélssee ; Second radicar <"+ 4r
source promided on said - 134 processing vessel; a first evacuation path
provided on said processing vessel, said first evacuation path evacuating

said process space to a first process 5 pressure; and a second evacuation

path provided on said processing vessel, said second evacuation path
evaguating said process space to a second process pressure, 10 wherein

said first processing path is provided so as to evacuate said process

space at a side opposite to said first radical source with respect to said

substrate on said stage, angdavhersin saidsecandavachgtiap pathiisus as
provided so as to 15 evacuate said process space at a side opposite to

said second raaial S8odree with febpelfto’said substateoh shiétdge” that
20 13. Asclustesdypensubsteatie pracassing: apparatusichasactedzech by a 1

Co?ynﬁgg%ster pump.

15 7. The substrate processing apparatus as
claimed in claim 5, characterized in that said turbo

molecular pump 1is boosted by a mechanical booster

pump .

20

8. The substrate processing apparatus as
claimed in any of claims 1 - 7, characterized in that
25 said processing vessel has a substrate load/unload

gate at said second end.

30
9. The substrate processing apparatus as
claimed in any of claims 1 - 8, characterized in that

both of said first evacuation path and said second



a substrate transfer chamber; and 25 a plurality of process chambers
connected to said substrate transfer cha , one of said plurality of
process chambers comprising: a processing vessel having a substrate
30 load/unload opening at a first end thereof in connection with said
substrate transfer chamber and a first radical source at a second end
opposite to said tfirst end,t%aid rocessing vesgel definin% a_process - 135
space theréin’ a sjtgéle Braovidee %Csuaall& %roscaelss sppra%getsaetw hsaid first ™"
end andesaid secanchepd it aprotatatedmanner Sdicdbstage dwldigg@essel in
substratghg tf\]felrgjgn'. 2 firsot process %%sci&l% pé%\ﬁ'q_ed in said process

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

radical source provided on said processing vessel so as to cause

excitation of said fist process gas between said first gas inlet and said

stage; a first evacuation port provided in said Is process space at a part

closer to said first end with respect to said stage; a second evacuation

port provided in said rE‘rocess space at a side closer to said second end

with respect to said stade: 262 fFECHIHP ConRECETats Saf fiparatus as

evacuationspert 80 85 to Evaguate saic pEncess space ito a fiest precassfirst

Prégoure: And 3 second pUPconnested © said seeond curar pump
connected to said process space via said evacuation

port.

15

11. The substrate processing apparatus as
claimed in any of claims 1 - 10, characterized in
that said state is provided rotatably and wherein

20 said substrate processing apparatus further comprises

a rotating mechanism rotating said stage.

25
12. A substrate processing apparatus,
characterized by comprising:
a processing vessel defining a process
space, said processing vessel accommodating a state
30 holding a substrate in said process space;
a first radical source provided on said
processing vessel;

a second radical source provided on said



evacuation port so as to evacuate said process space 25 to a second
process pressure lower than said first D_VOTE%S pressure, wherein said
second pump is disposed in the vicinity of said second end of said
processing vessel. 30

processing vessel;

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

5 pressure; and

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

10 wherein said first processing path is
provided so as to evacuate said process space at a
side opposite to said first radical source with
respect to said substrate on said stage, and wherein
said second evacuation path is provided so as to

15 evacuate said process space at a side opposite to
said second radical source with respect to said

substrate on said stage.

20
13. A cluster-type substrate processing
apparatus, characterized by comprising:
a substrate transfer chamber; and
25 a plurality of process chambers connected

to said substrate transfer chamber,
one of said plurality of process chambers
comprising:
a processing vessel having a substrate
30 load/unload opening at a first end thereof in
connection with said substrate transfer chamber and a
first radical source at a second end opposite to said

first end, said processing vessel defining a process
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space therein;

a stage provided in said process space
between said first end and said second end in a
rotatable manner, said stage holding a substrate
thereon;

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

a second radical source provided on said
processing vessel so as to cause excitation of said
fist process gas between said first gas inlet and
said stage;

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

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

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

a second pump connected to said second
evacuation port so as to evacuate said process space
to a second process pressure lower than said first
process pressure,

wherein said second pump is disposed in the

vicinity of said second end of said processing vessel.



