;e3e4~ 6 T7b+. - | ~m~~~~~ *(@300002* SPECI FI CATI ON *159159* DI ELECTRI C FI LM
AND FORMATI ON mmm‘m“@w SEM CONDUCTOR, DEVI CE, NON- VOLATI LE

SEM CONDUCTOR CE, AND FABRI CATFON METHOD OF A SEM CONDUCTCR
DEVI CE TECHNI CAL Hdodo2* The present invention relates to a 10 sem conduct or
device in which an oxide film a nitride film an oxynitride film and the
like, 1s formed on a silicon sem conductor, and the fornation method

t hereof. 15 B The gate igsptationartohmof a MS

(metal /insul at ransi stor is required to have vari ous
hi gh- performance ekeu$ori c properties and also high reliability, such as | ow

| eakage current 20 chgiéﬁﬁe&k§&iﬁzLMOAan%eﬁ&gegoﬁtﬁ&@H9§n§k ¥goRl gh

br eakdown vol tage, high resistance agai nst

ot carriers,

uni form t hreshol d

vol t age characterisﬁEMIQQNPUQHQRiDaXIﬂHLdeENQHﬁRiﬂHsﬂ%ME@&&&UGﬂ&RouZ 25
Conventonal | a5 the PRI OIF Ceamat by ASECIRE DA S el 3 an 111 m

wherein the thermal oxidation teclypapNousEEDrROXMeaTHl ecul es or wat er

nol ecul es at the tenperature of about 800C or 30 nore .

It should be noted

that a thermal oxidation process has been conducted conventionally after

conducting a prepreegsstRg pfegsss of renoving - 2

The present invention relates to a

10 semiconductor device in which an oxide film, a

nitride film, an oxynitride film, and the like, is

formed on a silicon semiconductor, and the formation

method thereof.

15 BACKGROUND ART

The gate insulation film of a MIS

(metal/insulator/silicon) transistor is required to

have various high-performance electric properties and

also high reliability, such as low leakage current

20 characteristic, low interface state density, high

breakdown voltage, high resistance against hot

carriers, uniform threshold voltage characteristic,

and the like.

In order to satisfy these wvarious

25 requirements, the technology of thermal oxidation

process has been used conventionally as the formation

technology of the gate insulation film, wherein the

thermal oxidation technology uses oxygen molecules or

water molecules at the temperature of about 800C or

30 more.

It should be noted that a thermal oxidation

process has been conducted conventionally after

conducting a preprocessing process of removing



surface contam nants such as organic materials, netals, particles, and the
like, By a conducting cleaning process. It should be noted that such a
conventional cl eaning process includes a fifal 5 cl eani ng process that uses
a diluted hydrofluoric acid or hydrogenated water for term nating the
dangl i ng bonds exiting on the silicon surface by hydrogen. Thereby,
formation of native oxide filmon the silicon surface is suppressed, and

the silicon 10 substrate &8H§arh§f{£1@_ﬂsasﬁ&ﬁaﬁ@do§ﬁéﬁ§§€‘m£§e£9£¥\@[ded to the
foll owi ng process of thermal oxidation. In the thernmal oxidation process,

the terminating hjeEayen Berthelssrfare Uheetgbes BecaupbrAgclimyng the
process of ra|5|n8%égﬁiﬁ g@?&?%#%? of éﬁsufa'bQOHoﬁgdSH §Er§ﬁ§h' an i nert
on (Ar |

gas at nosphere such as a gas at nosphere. datiron of the silicon
surface i s conductedvéheieadlecladnihg peopessat inelodeabaufiBO®OC or nore in

t he atnnspher& in ich oxygen nol ecul es or wa e[ gDIecuIes fre | nt roduced.
20 I'n the conventforalttH FeB%i HAT T oRS PP 0T eREUESY i BYAEPHtyoric

oxi de/silicon intesfacer chodashenacéd CoatOXi 86r bteakdouni gharRet eri stics,

| eakage current characteristics, and the |like, are achieved only in the
case a silicon suf?R@EimAVPPRAesethblngoey Bhreenihiton surfimed Bor the
formation of the ki OXd il m LE ) t re arises
a remar kabl e dete??%#gﬁg%h %?éfég%éggggﬁ%?g%?e?§s%?%f?%WQﬁ%@%ag%ﬂﬁﬁgl

t hi ckness of the th¢isbhioxdeuffieethasshppnesisey, toedcoheentl doah 30

t hermal oxi datj on_process is reduced to_about 2nmor_less, Thus, i as
been difficult tos‘fg%%\?’?azéea&ﬁ?sgh B Dr e a%%i%‘fﬂ?‘?%%dl‘?rg%?f%f%‘? t hat
requi res decreasetofthidefghliewimgubpbdons fot muditknessidatiod. Ffwurther, in
the case the silicon oxjde filmis forned on a silicon crystal having a

surface orient ati bR TEHeroFHAMEI PR RADDTSBr i Bt at ORI RA L HHE hpHF9E$H i con

formed on an insuiatigd $itmmcd hei@eBydd S@ScAuPL Oy e Pind ofw@t i on of
| arge interface state density at the oxide/silicon 1nterface as conpared

with the case t hePEP¢eTHMP HXFeS Y nthe tompese bare het (109)sbkiewm ed

silicon surface, is.holds, t V, WQ?F il i ilmis 10
formed by thg%t he%’rqg {]E%(?%aﬁ o%nt%c %%I%‘g?/ Oé’sﬁ%%‘?% %‘g&go%%dgf%%é a
polysilicon film {irneghomamospisetat iaidatiohast atlpe i sBridon (diddace

oriented surface., Thus, such a silicon oxide filmhas poor electric
properties in t erhd %ﬁﬂqH%Eﬁgkﬁ%preaf%er at the tempergkure og about

800°C or more in the atmosphere in which oxygen
molecules or water molecules are introduced.

20 In the conventional thermal oxidation
process, satisfactory oxide/silicon interface
characteristics, oxide breakdown characteristics,
leakage current characteristics, and the like, are
achieved only in the case a silicon surface having

25 the (100) orientation is used for the formation of
the silicon oxide film. Further, it is known that
there arises a remarkable deterioration of leakage
characteristic in the case the thickness of the
silicon oxide film thus formed by the conventional

300 thermal oxidation process is reduced to about 2nm or
less. Thus, it has been difficult to realize a high-
performance miniaturized transistor that requires

decrease of the gate insulation film thickness.



15 characteristics, |eakage current characteristics, and the |ike,
particularly when the thickness thereof is reduced, and there has been a
need of increasing the filmthickness of thé silicon oxide filmwhen using
such a silicon oxide film 20 Meanwhile, the use of |arge-dianeter silicon
waf er substrate or | arge-area glass substrate is increasing these days for
i nproving the efficiency of sem conductor device production. In order to
formtransistors on the entruﬁtﬁeffagﬁ eﬁeseseeathergelgéoﬁlaela@bﬁiiﬂte
with uniformcharacteristics and wth high t hroughput, it is necessary to
formthe insul ati bs formedton aoaﬂlquerernseaéohagln@ desvehseect he

magni tude of the te arure nge p t the tinme_of the
neati ng process 30T oRTRICIRE CFRESoP T RethBor g hr BecaBRe iR REron e

process of forn1ngosyehlﬁaohnsufmédoanfahnlnsumequbheﬁllm haMerénall
tenperature dependence In the conventlonal t hermal oxidation process, it

shoul d be % AbteBStAHaPTPREFR PbsT BEBACLON AP fel #F U8t HAEPBR2GE oxi dati on
reaction rate caugedebyqbgopeyalurent! yeiyaysonicandihtehagscbegn difficult
to conduct the production process of sem conductor devices with high 5

t hr oughput whi | e eehpgred| v ge- bheaceﬂesthatell1ﬂ0@rQE¥deofsbmveSthese
probl ems associ at g, kN kL henconyeatLopalnthar opy ; oxh dah | oot echng! ooy,

vari ous Iom#tenpera ure Fi'lm on processes hav €en a tenp ed. Anong
others, the technohbgyhobdsi schesedennwiapahksesiaideperidat ehlm is
Publ i cation 11-279773 or. t he, t echnol o y disc|lpsed in Technical est . of
nter nat | onal et bt FBRCTRY: £t “FBRRTRG o%b88ELRp. 596h98509%, Fh ShgLd
Synposi um on VLSLbJeﬁbﬂ@aoguaEIgeﬁélpélieebﬂlﬁ@imPﬁeﬁméd oR. {R-177, 15

achi eves relatively good electronic properties for the film by conductlng
the oxidation of iReukatiednfilmfhre dyPHsPAGLlAYohttlktaréenkygen O .

There, an inert ggarpgaéngTﬁ?gar ScHE£a§ g@&snlsxfaelfl eﬂaégéoéPe .

atom zation of the oxygen nolecu and for this e I ne gas is
i ntroduced into péhsqariegprhpermLeh gaséenesoaﬁgbneﬂbdeeules. In these
technol ogi es,_ it shoul d _be. no ted that, a m croway irr dlat dtoth

m xed gas foré%d 5 arﬁcF%E%? k?@pt i ??? a%gre c ar%y Bht2 lf?])a
and a | arge anpbunthefl18ke pastateloxygenhéd are fniﬁbﬂes5h6heb¥ofth§
oxidation of silicon is_conducted at. a teggerature of _about 400C, and the

properties conparEBRECED: t ABLetBETE hBA % ONGERL 7 ORGP t AEr HAFT 9XF HRE | BRC

process, such as foywl egkagge30 GPrfﬁ@tsﬁhﬁééﬁt§£i§é'§§1m|&Méﬁn&§£ﬁéce
state density high breakdown voltage, and the |like, are achieved. Further,

according to thlsseﬁhdat$ehl@@@hﬁéi@gyflhmhlgh quality oxide filmis

bt d al th - t at
gthglnfhaﬁ fﬁ%°?100$ surfa éék%ﬁ?ﬂe5”£ﬂéc§sga¥£”9a§gé“&l§&§t8£'e” ation

silicon wafer substrate or large-area glass substrate
is increasing these days for improving the efficiency
of semiconductor device production. In order to form
transistors on the entire surface of such a large-—

25 size substrate with uniform characteristics and with
high throughput, it is necessary to form the
insulation film at a low temperature so as to
decrease the magnitude of the temperature change,
which takes place at the time of the heating process

30 or at the time of the cooling process. Further, the
process of forming such an insulation film is
required to have small temperature dependence. In the

conventional thermal oxidation process, it should be



On the other hand, such a conventional silicon oxide filmformation

t echnol'ogy, even when 5 using the m crowave plasm, could at best realize a
silicon oxide filmhaving electric properti#s conparable to those of the
filmfornmed by the conventional thermal oxidation process, which uses
oxygen nol ecul es or water nol ecules. Particularly, it 10 has been not
possible to obtain the desired | ow | eakage current characteristics in the

case the silicon gxigde £hlif basra EQ&CK@@ﬁsa0ia§€QUE138€h9£1b§5§f0n t he
silicon substrate surface. Thus, it has been difficult to realize

hi gh- per f or mance, ox5dat homt Led 2 bHOR r At stavsed hby remperatfinet her decrease
of the gate insulgat] t hi ckness i r S

conventi onal therﬁ% 8€§%Ee II%ﬁ o?ﬁn??% g%%%h%%F%gﬁﬁfEur?hg?nd%%%r%h%as
been a probl em t hatodihet 2on sptéceons oxf deehi tondhtiso f odseticshnomstis eneyle
degradation of electric ﬁropertles in the fase the silicon oxide filmis

used for a transi SEBPUIRRRH BRI RGP SHAY | dnt DT IROABERt SNRR EAtRed by hot

carrier injection or increagg @fdéﬁakégﬁoEMérﬁﬂésénp£851§ﬁ§ea3§oéb§t§&|'Con
oxide filmis used in a device such as a flash nenory, which relies upon

tunnel i ng of eIecW%@hst%%ug@@V@%FBQQ%lth@e§m¢1c@hléﬁta@nfF$ﬁ?n®%0@bnpared
with the case of o] i
t her nmal processesyggggtgcﬁi 8@%8§%g§§%hgg% |£g?ﬁruc Pérggg%sg%ngen i onal

flash menory deV|heeﬂOatEemptedngAm@ngldiﬂershetméashcneabmgydeV|ce 10 is
bstrate 11 do g and there

f d |
o Moot o Fitm thachoged ot SctiniRess hhifrartr ratifl Al sedliafll s
tunnel ing oxide film12773herfinat toghgal 6gel @CEEDECed3ihSTEENRILSL Wi th an

i nter-el ectrode |nsulat|on film5 14, and a control gate electrode 15 is
formed on t he Digest of International Electron Devices Meeting,
1999, pp.249-252, or in 2000 Symposium on VLSI
Technology Digest of Technical Papers, pp.76-177,

15 achieves relatively good electronic properties for
the film by conducting the oxidation of the silicon
surface by using atomic state oxygen O*. There, an
inert gas having a large metastable level is used for
the atomization of the oxygen molecules, and for this,

20 the inert gas 1s introduced into plasma together with
gaseous oxygen molecules.

In these technologies, it should be noted
that a microwave is irradiated to the mixed gas
formed of an inert krypton (Kr) gas and an oxygen

25 (02) gas, and a large amount of atomic state oxygen
O0* are formed. Thereby, the oxidation of silicon is
conducted at a temperature of about 40013, and the
properties comparable to those of the conventional
thermal oxidation process, such as low leakage

30 current characteristics, low interface state density
high breakdown voltage, and the like, are achieved.
Further, according to this oxidation technology, a

high~quality oxide film is obtained also on the



floating gate electrode 13 via the inter-electrode insulation film 14.
Further, a source region 11B and a drain region 11C of n-type or p-type are
formed in the silicon substrate 11 at both Paferal sides of a |0 channel
region 11A right underneath the floating gate electrode 13. In the flash
menory device 10 of FIG 1, the control gate el ectrode 15 causes capacitance
coupling with the floating gate electrode via the inter 15 el ectrode

insulation film 14i1 afeh asuprd&sUhdvihdea potenital opictherfdpatingrgate
el ectrode is controlled by the control voltage applied to the control gate

el ectrode 15. ThuShapnthee(k@@e swEbHr@Ation is witten 20 into the floating
gate electrode in the fl asholgre{@% Yo g8V Cce A9 Ogugli%lcor?vc?él@g@ﬁﬁ m ned

drive voltage is applied acrossS the drain region and € source region
11B and a predet es i hedn poside veiimi fernat i agetéshappdyed ¢veh heheont r ol

ate electrode 15. Thereby, 25 there e forned t electrons as a result
O ool or at an TS THE SR Rrot S el e n Teal Sre S 1650 hrea Pl Bk

el ectrons thus fogiedea ok iect Ethnimdvihdectfboatifgposperelestrode 13 via
the tunneling oxide film12. 30 In the case the information thus witten is

to be erased, a prHRIEIPdReEC cERR®e Of tBye Tilmphpreedtytteesilicon
substrate 11 or [o,4lenspuiee £eghem ldBa2nfod orebest! afsiin fdegs Tl oating

gate el ectrode 13 are pu out. In the case of reading the witten
information, a prexigter makecrukasl yolvager isobhpphles. tbathecebatiy) Date

el ectrode 15 and the electron current flow.,ng through.the c nel region 5
11A fromthe lgoour}(wiaes’ r%%?%nnaié)?%sjtekﬁ%e dJF%i %bE%Jgril o%%l@?lsr tetfed. FIG 2A

shows the band strestage ofirtdet féashaceaptytilds ofin ke lcd fe ttige
cross-sectional view that includes the floating gate electrode 13, the to
tunnel i ng oxi de f$FHHta2" sl dPel S1mikdhH Jub2tFEReS210 VMR ®E P ®BA shows

the state in whichedl9 SONKO! sVl tRYEshiSsEPRLL eShtLatde EONE T Ol GRS
el ectrode 15. Referring to FIG 2A, the tunneling insulation film1l2 forns a

potential barrierbeerl diffiscehn e seahizdatigherenfewranee of the el ectrons

on the conduct.i o . t il S r [ floating
gate electro e5 1}?@@%&1%%5‘%%%%%%55’ %F%E Z%é(g%ov% %ﬁt%gﬁd structure
for the 20 case adewrd¢aseodf agee i gaappliwdl 4 oidhef Chnt tlol ckpad€s £l ect r ode

15. Referring to FIG 2B, . there is induced nodification of the band
structure in the %Hﬁhﬁﬂ% ThstP At FHE 19 n?‘i‘?v%rétjaorﬂ%guotﬂemajap%’fjr%%ti on of

the 25 wite vol tagen féEhasien resehiolddpe. conducti on band Ec forns a
triangul ar potential. Thus, the hot electrons thus forned in the channel

region A are injected into EWethehat tHigrgatas drert rader Al em tevahahe ng
through the Lofol an&f‘i%orp%fmé a%imr{h% t&rmed shows severe

degradation of electric properties in the case the
silicon oxide film is used for a transistor, such as
degradation of conductance caused by hot carrier
injection or increase of leakage current in the case
25 the silicon oxide film is used in a device such as a
flash memory, which relies upon tunneling of
electrons caused through the silicon oxide film, as
compared with the case of using a silicon oxide film
formed by the conventional thermal processes.
30 FIG.1l shows the schematic structure of a
conventional flash memory device 10.
Referring to FIG.l, the flash memory device

10 is formed on a silicon substrate 11 doped to p-



30 the formof Fow er-Nordheimtunneling current. Now, in order to increase
the witing speed in the flash nenory device 10, there is a need of

i ncreasing the tunneling probability of theftunneling _ g _ current
passi ng through the triangular potential in the state of FIG 2B. This can
be achi eved by decreasing the thickness of the tunneling oxide film12. In
the case the thickness of the tunneling oxide 5 film 12 is decreased, on

the other hand, thﬁp@'§§tﬁ0ﬂ?pénaﬁ@etﬁ898n§£ FBYmPass ENpQuIhgthgcLunneling
oxide film1l2 in the non-witing state shown in FIG 2B by cauSinhg tunneling
and form a | eakageleafrede. 11ooF| the shbhgorhsubersatenshi pidetween the
electric field app)]j t he. tun I Ng, OXi i a he. current
density of the tuﬁ%%ﬁ?%%g u?géﬁg gggéi%6't?ﬂ§ug%g?%%g?u§%E i%be%§¥%%efiln1
12. Referring to FBGL 8, cotersdrefithrend thaéraelbctuodel ingutatient fofmabout

| AAcn?2 can flow through the tunneling oxide film12_ ip response to an
electric fiel & ofyébo 2| OVEPRAT R pggEﬁ £ e?ﬁﬁoaénﬁéliﬁgﬁﬁgW%% PRIERE2 in

the witing staterpbaflfzy2Bavbenitocrsatize {08 WhbtifgetifBeOirdae 10~ 20
seconds in the flash menory device 10. In the case of non-witing state of

FI G 2A, on the othepubahionifilm téquivebhehnatat peureakagelienrt bdtandr ough
the tunneling oxidefli S ressed 10- 15A I e
application eIect?i%ié#ﬁgﬁg%?gﬁwgggn§f §5t#§%s?rgﬁg%§%%v§% igﬁng§I%£h

menory devi ce 10 tleal sizkscomesebettate fledt bothiriehérghashdéerostac shown
in FIG 3 by strajght line by usipg_a thermal oxide fil aving a
t hi ckness ofagéveaégnﬂ% oﬁ%?é%% ?%& fh%hFuHﬂE?FﬁﬁagQig%ep¥rﬂ?ﬁﬁgg3%aEﬁ t he
ot her hand, when ancéttea®tiszs nmade to reduce the thickness of the

tunneling oxide film12 for reducinf the wite tinme, the electric field
current characteristic of the tupnélasly BIPeEY f#eVide 10 of FIGslchbliged as

represented in FlG3tby) aggts Vet RS eTbﬁr@aujgésC@Qpé)@i§§ﬁ@e§ﬁ3ﬁplm&' e

there is caused a large increase of the tunneling current In e case the
electric field ofwidwitken fscapphdedetanddlesiteds vhe thaventéonal

tunnel i ng current i of 1 is-realjzed_in the_state, of ]ow
electric fieﬂg, t%gggéfég%ah%%€1%£¥%#g%l?ﬁc%éas%n?né%h% f%%%%ge %ﬁ?rent in
the non-witing spatentiand éhushet hecabing ngitoneectiedei D§0 the floating
gate electrode 13 is no 10 longer retai ned. DI SCLOSURE OF THE | NVENTI ON

g {
Accordingly, it iSCRFERhEFAIPHLIREICOFTINE PREEPE FPRERET ot B Pr ovi de a

novel and useful control gate electrode 15.
Thus, in the case information is written

20 into the floating gate electrode in the flash memory
device 10 of FIG.l, a predetermined drive voltage is
applied across the drain region 11C and the source
region 11B and a predetermined positive write voltage
is applied to the control gate electrode 15. Thereby,

25 there are formed hot electrons as a result of
acceleration in the vicinity of the drain region 11C,
and the hot electrons thus formed are injected into
the floating gate electrode 13 via the tunneling
oxide film 12.

30 In the case the information thus written is
to be erased, a predetermined erase voltage is
applied to the silicon substrate 11 or to the source

region 11B, and the electrons in the floating gate



15 sem conduct or device and fabrication process thereof wherein the
foregoing problens are elimnated. Another object of the present invention
is to provide a dielectric filmshow ng a~shaf| | eakage current and is
capabl e of providing a tunneling 20 current of large current density at the
time of application of an electric field, as well as a formation net hod

t hereof. Another object of the present invention is to provide a

sem conduct or deVéE@c@foée“P@ ¥Péaﬁhi§e35o§€”‘@HngHéteésQGMECPeSQgﬁ uses
such a dielectric filmand a fabrication nmethod such a sem con %tor

devi ce. Anot her obhecwrbttehelpfesmﬂtlonveﬂtPnﬂdegeerpedvrdedavulea@etric

filmfornmed on a I . urface dielectric filmcpntain
nitrogen with a C%%Cé ? $$O§Od£§ 3 n |§% £% T a?troﬂ?tﬁgg%ﬂd {ﬂg
concentration |nceBQSESOﬁtcardeﬁte51®W£n@itnroughlehesuhéﬁﬁélaﬁe@@ﬁ@ared to

a central part of %ge dielectric film Another object of the present
invention is to ptobiHECOR SRFi EOREGRL BPIHRYI LeB EBnpRP sPRGLE5TRISP | con
substrate; an insujatigongéilorfgrnmed on said silicon substrate; and an

el ectrode forned on said insulation film wherein said insulation film has
a nitrogen lo concentrationf&8¢s?hipheveonthachanfiastauaturegefi thacentration

| noreases at a 1 LiLsHIAaRE§OMact! REG W Ly sehg el gl ode: s goMpaLed Wi Lh

a central part of sai Anot e resen rAvention is 15
to provide a non- VbaatLhelseascnmduﬁlmatnngngytdealeetrode 13, the

10 tunneling oxide film 12 and the silicon substrate 11,
wherein FIG.2A shows the state in which no control
voltage is applied to the control gate electrode 15.

Referring to FIG.2A, the tunneling
insulation film 12 forms a potential barrier and it

15 can be seen that the injection of the electrons on
the conduction band Ec of the silicon substrate 11
into the floating gate electrode 13 is effectively
blocked.

FIG.2B shows the band structure for the

20 case a write voltage is applied to the control gate
electrode 15.

Referring to FIG.2B, there is induced
modification of the band structure in the tunneling
insulation film 12 as a result of application of the

25 write voltage, and as a result, the conduction band
Ec forms a triangular potential. Thus, the hot
electrons thus formed in the channel region A are
injected into the floating gate electrode 13 after
passing through the triangular potential barrier in

30 the form of Fowler-Nordheim tunneling current.

Now, in order to increase the writing speed
in the flash memory device 10, there is a need of

increasing the tunneling probability of the tunneling



conprising: a silicon substrate; a tunneling insulation filmformed on said
silicon substrate; 20 a floating gate electrode fornmed on said tunneling
insulation film and a control gate el ectrofe~formed on said floating gate
el ectrode via an inter-electrode insulation film 25 one of said insulation
filnms having a nitrogen concentration distribution such that a nitrogen
concentration increases at the filmsurface contacting with said el ectrode

as conpared with a, o a0 r i f.the
mp 8uEeBht f)aQé‘%ﬁg £h§§fﬁ§% g;g} t§9a€t5'9§.£'g_ pgbéﬁeiagﬁlm

present invention is to provide a ne ormng a dielectric
conprising the steps statéopfi R§Ga2Bi | Thba oxndeef athiened burf ace; - 11

nodi fying a surfa sal ilicon poxide fiLlmby. exposing the,sa to
hydrogen nitride §§ ?%% %n&wﬁﬁeAﬁg%ﬁg?e%%j%%tg%? FH%R%?éggn?xfﬁgeﬂE%%n is 5
to provide a nethod. ofnforeal 6gse dhel enicknefsl 6F enEPtush8Uihfeogsieps of :

formng a silicon oxide filmon a surface; and npdifying a surface of said
silicon oxide 3o fith by &xpoerhgatre  safethd AFerbWAIRIpI BR%m formed in a

m xed gas of an ipeLt+P88sSehech8d-hLRMA Ry Kis@Ngnfo8a8 €ROt ai ning
ni trogen and hydrogen as constituent el enents.” Anot her object of the

present inventiontirngbing pxbgedéidmne?hbd thefoeniwyibidgesbateic film
E 0 1 S ERfh FACERL 0y oo LLGOM UL GR Lo T ER IR B 2o
contai ning nitrogesakage current.

10 FIG.3 shows the relationship between the
electric field applied to the tunneling oxide film 12
and the current density of the tunneling current
passing through the tunneling oxide film 12.

Referring to FIG.3, it is required that a

15 tunneling current of about 1A/cm® can flow through
the tunneling oxide film 12 in response to an
electric field of about 10MV/cm applied to the
tunneling oxide film 12 in the writing state of
FIG.2B when to realize the writing time of 1 - 10u

20 seconds in the flash memory device 10. In the case of
non-writing state of FIG.2A, on the other hand, it is
required that the leakage current through the
tunneling oxide film 12 be suppressed to 10 *°A/cm® or
less at the application electric filed of 1MV/cm?.

25 Thus, the conventional flash memory device 10
realizes the electric field - current characteristic
shown in FIG.3 by a straight line by using a thermal
oxide film having a thickness of several nanometers
for the tunneling oxide film 12.

30 On the other hand, when an attempt is made
to reduce the thickness of the tunneling oxide film
12 for reducing the write time, the electric field -

current characteristic of the tunneling oxide film 12



as a constituent elenment and a gas containing oxygen 20 as a constituent
elenent’, to forman oxynitride filmon said silicon surface. Another object
of the present invention is to provide a fref hod of fabricating a

sem conductor device, conprising the steps of; 25 formng a silicon oxide
filmon a silicon substrate by an oxidation processing; nodifying a surface
of said silicon oxide filmby exposing the sane to hydrogen nitride

radi cal s NHY; andl§ocrf19ww9a§ Bab e b REEH OOR PG Sl Py MRdLhiedysilhgon
oxide film Another obj ect of the present invention is to provide a nethod
of fabricating a Beefeondlictar be-sqon deatcewhtbapthermgis heagsepsaof :
formng a silicon e. S C a n, OX t

pr ocessi ng; nDdlle%%ga}ég%Q%%e §¥ f%éd9£?$?€§%5oéﬁag¥%€fIfn#gg %%%%S|ng
the sane to m crowaweepéasnbcfdHiakd ofi BOMVXed Dasaphlaed| nend @msleelected

fromAr or Kr and a gas cont ai ni pg, nitrogen and hydrogen, as constitugent
el enents: and f or FFHgc A HaE 12 t?%ﬁ%egﬂn%a?ﬂrﬁ% Ff&%ﬂsiBys?f PorCBxi de

film Another objgstrof1ihespiesent seyeatépnibs LDePELYVEdR a1 dabshgati on
met hod of a sem conductor device, conprising the steps of: exposing a
silicon substratelsupdagedtd h@%c*%@@%lh@nﬁhﬁf&@@@a@ﬁ U e ngas of
an inert gas primyilyoiopppd;nl faca gagqcontal ning DhELOgeD:
constituent el ement and a gas containi hg oxygen as a cons uen elenent

to forman oxynitwrietén| mbn she dfbodttog gatéackectndd013 formvng a gate
el ectrode on sald o&gnltrlde film According to the present invention, the
surface of the oxt¥RIFTIHFT3Ne41fied by exposing the surface of the oxide
filmfornmed on a surface of a 25 silicon substrate or the like to m crowave
plasma fornmed in a nlxed gas_of an |nert gas primarily formed of Ar or Kr
and a gas cont ai nae TPES, : ONand nitrogen are concentrat ed
to a surface region of t he Qéé&@ﬁ{ﬁ%p}mﬁiglpstg ggggglogbfgy@r@% e
nanonmeters. Nitrogen thus concentraied to the oxid | msurface forma
substantially Iay@r%ﬁbmﬁtimtﬁﬂtt@mohodmrwﬁed©x¢d@07¢ln@@@rﬁ@@é@land as a

result, the Q§idesé%iggﬁgugggpqggvigeaagéryggyigation process thereof

wherein the foregoing problems are eliminated.

Another object of the present invention is
to provide a dielectric film showing a small leakage
current and 1s capable of providing a tunneling

20 current of large current density at the time of
application of an electric field, as well as a
formation method thereof.

Another object of the present invention 1is
to provide a semiconductor device or a non-volatile

25 semiconductor device that uses such a dielectric film
and a fabrication method of such a semiconductor
device.

Another object of the present invention 1is
to provide a dielectric film formed on a silicon

30 surface,

said dielectric film containing nitrogen

with a concentration distribution such that a

nitrogen concentration increases at a dielectric film




- 13 approximately simlar to the one in which a nitride filmis |amnated
on the 'surface of the silicon oxide film In the dielectric film having
such a 5 structure, there is provided a redim of small bandgap in
correspondence to the nitride region adjacent to a region of |arge bandgap
corresponding to the silicon oxide filmregion, and because of the fact
that the nitride region has a specific io dielectric constant |arger than

that of the silicop-pxidedilsmpiheadigl gcteherdi! pastryetne shows an
effectively large filmthickness wwth regard to the electrons in the

channel region 11di¢hecteigthidmt hat no control voltage is applied to the
control gate 15 el ectrode l§noéﬁgrt£%§%89”§#iPQe°$réQ§n |§§$%QQS ﬁs.
S a

effectively blocked. In the case a wité voltage pplried to 1%ie tontro
gate el ectrode 15to opréhedet hegethbdohdidieo badel S¢¢ pctamesi®indg he oxide film
region and the 20 nitride region constituting the dielectric filmstructure
are changed. Phereby, the e?febtieR" tFHRkHERS®0f eth oxide filmregion is

reduced with the formation 9f {he.dtisder{ Bl BOrm@D0o@Ss i di esit {aod he hot
electrons in the channel region 11A are 25 allowed to cause tunneling

through the diel exepserdt¢émarducture efficiently. Because the nitride
region formed on the surface Qi?égfoﬁé'ggrﬁé ”55995ﬁ8 Bﬁﬁuﬁ?§f@$|¥99@dgap’
a e 0

it does not function as a potenti arrier to the hot electrons e
injected. 30 As a result ofwhisraign sseihd ainsel@cioncfiimnhsd raictiteodan t he
tunneling insylation fil m of atile senm conductor nenory device

t he, r
e o e oA R o S PORIBR P Endl TERE P 0B RY §

concentration increases at a film surface contacting
with said electrode as compared with a central part
of said film.

Another object of the present invention is

15 to provide a non-volatile semiconductor memory device,
comprising:

a silicon substrate;
a tunneling insulation film formed on said
silicon substrate;

20 a floating gate electrode formed on said
tunneling insulation film; and

a control gate electrode formed on said
floating gate electrode via an inter-electrode
insulation film,

25 one of said insulation films having a
nitrogen concentration distribution such that a
nitrogen concentration increases at the film surface
contacting with said electrode as compared with a
central part of said film.

30 Another object of the present invention is
to provide a method of forming a dielectric film,
comprising the steps of:

forming a silicon oxide film on a surface;



increase the wiring speed or reduce the operational voltage while
si'mul t dneously reducing the | eakage current. It should be noted that such
an oxide film 5 in which there is caused riltrogen concentration at the
surface part thereof, can be forned al so by exposing the silicon surface to
m crowave plasma forned in a mxed gas of an inert gas primarily fornmed of
Kr, a gas containing nitrogen as a 1o constituent el enent and a gas

contai ni ng oxygen as a CO“?&&&PW&Q?'§”§‘1@£fa3_8909x££]§dfEiﬂl&@HsoiP ged has
the conposition of an oxynitride filmas a whole, while it should be noted

that a part of nifibygehyaexpedheenthat eamentguehduogenrusitrédeo the
interface 15 bet . pitride filmand the silicon surface for

rel axi ng the strgggglégﬁfgﬁ%ther nitrogen are concentrated to the film
surface and formthe desiremnother debieyerof eghenprésetrbeioxymtiohdes fil m

of such a structure, there is causeq siress relaxatjion by the_20 nitrogen
concentrated to the Pﬁ?g%gﬁcﬁ T%t?ﬂ% %%I?ﬁﬁﬂlgﬁbgt?h?%?cgﬁﬂcb@t%ﬂse of

this, the densitycghptheighectéi gt&harges trapped in the filmor the
density of the inter?ace states is reduced and the | eakage current path

ot her than the tunneling nmeEhBniRen & sspbiepneeridel fibnoeked. sahicet he
oxynitride filmo gined according to such a process has an extrenely high
filmaquality. In such an oxynitride film it is preferable that the

hydr ogen concentrati on contmbdeflyingtaestirfavesof2ctdinr 2ibicoressxide
preferably Qlcm2. or ess.in terns_of surface density.

30 | As th
formation of e Hﬂ‘e’&i’r?ﬁp‘f’?’r?ﬁcﬁlﬁeb%aIB%nB%cTéﬁr%‘fa‘éeI%%\//\??Ig?rp%‘?%f‘%‘?e of

550C or less in the preseed Gayedfi g, ihértsgpossébbecé@ resAVERF dhekr V -
15 oxygen defects in the filmw thout decoupling the hydrogen term nating

t he dangling bond3Rfn®t%Has okPueaipiny Thisoappl 229 BYdsCget®#® formati on of

the nitride filmor,oxypihtride; &hdmio be explained later. 5 BRIEF
DESCRI PTION OF THE DRAWNGS FIG 1 1s a diagram show ng the construction of

a conventional flash menoryAdevher; olFj @St 24f ablde 2Brasenti dgyvemsiexplai ni ng
(he 1o oper atyon B8 LhgLAESE BORLY SPUAESS A %is: 8.6LR0 AT 40! 1o
comprising the step of exposing a silicon surface to
microwave plasma formed in a mixed gas of an inert
gas primarily formed of Kr, a gas containing nitrogen
as a constituent element and a gas containing oxygen
20 as a constituent element, to form an oxynitride film
on said silicon surface.
Another object of the present invention is
to provide a method of fabricating a semiconductor
device, comprising the steps of;
25 forming a silicon oxide film on a silicon
substrate by an oxidation processing;
modifying a surface of said silicon oxide
film by exposing the same to hydrogen nitride
radicals NH*; and
30 forming a gate electrode on said modified
silicon oxide film.
Another object of the present invention is

to provide a method of fabricating a semiconductor



FI GS. 4A - 4C are di agrans showi ng the formati on process of an oxide film
and the 15 fabrication process of a sem conductor device according to a
first enmbodi nent of the present invention; H¥G5is a di agram show ng t he
schematic construction of a plasnma apparatus having a radial 20 line slot
antenna and used in the present invention; FIG6 is a characteristic

di agram showi ng t he exposure effect of the bond fornmed between the

surface-term natiggvhydr ogenpat s1he shti seapsustace and silicon caused by
exposure to Kr plasnma as 25 obtained by infrared spectroscopy; FIG7 is a

characteristic diagram showfagnihe depehdentecsidsi fitononxadeliicom
t hi ckness on the 9§§SQ£§ﬁgugﬁ Q% B%ﬁdgéggﬁs§£gg gQ er; FIG8 is a
oW hg 30 e depth

characteristic diagrams drstribution profile of the Kr
density ion the silicon oxidedffyimgFhGOrfsca chasattiesisitendorgaam
show ng the curregg%versus vol t age characteristic of silicon

t he - 16
oxide film FI’G 16118 BY af 58PS S hbIF nFPTRetP ePAETOWRKE pP bt efo FhAgd

| eakage current ofnthemskédCgas 0¥Fdenfiharangatheesitte@nepxynatrbdegfilms
and the filmthickness; FIGS 11A - 11C are diagrans showi ng the formation
met hod of a nitri@edf?| GPaAnECRAt: 4B €l BROGRE hded ohY@raged cddduct or devi ce

according to a se | he esent invention; 10 FIG 12 is a
88H9t§§ﬁ89£”§fé%§58£ aRl

characteristic diagram show ng t ependence of the silicon nitride film

t hi ckness on the gas pressuferninghe pabeestengrotianbersafd GodBAied13D are
di agr anms show$pg thf.fornatign geihod of an oxide/nitride |am nated 15
dielectric film ant a°FApPTtati bh-fret hod of a seni conductor device

according to a third enbodi nesthet thfepPtesenthé YLOEEON; invention is
to provide a fabrication method of a semiconductor
device, comprising the steps of:

exposing a silicon substrate surface to

15 microwave plasma formed in a mixed gas of an inert
gas primarily formed of Kr, a gas containing nitrogen
as a constituent element and a gas containing oxygen
as a constituent element, to form an oxynitride film
on said silicon surface; and

20 | forming a gate electrode on said oxynitride
film.

According to the present invention, the
surface of the oxide film is modified by exposing the
surface of the oxide film formed on a surface of a

25 silicon substrate or the like to microwave plasma
formed in a mixed gas of an inert gas primarily
formed of Ar or Kr and a gas containing nitrogen and
hydrogen, and nitrogen are concentrated to a surface
region of the oxide film within the depth of several

30 nanometers. Nitrogen thus concentrated to the oxide
film surface form a substantially layered nitride
region on the oxide film surface, and as a result,

the oxide film is changed to a structure



FIG 14 is a diagram showi ng the nitrogen distribution in the oxide/nitride
| am nat‘ed 20 dielectric film FIG 15 is a band structure diagram of the
oxide/nitride |aminated dielectric film FIIE@S.16A - 16C are di agrans

showi ng the formation nethod of an oxynitride filmand a 25 fabrication
met hod of a sem conductor device according to a fourth enbodi nent of the
present invention; FIG 17 is a diagram show ng the photoem ssion intensity

of atom c state oxyge at opj t at erhydgRgen i
formati on of the oggn??%?%géﬁl%%%glgéigng %ﬁggr%?n%g%gl\?vi %lglqt}'3 gI%?errent al

di stribution proffiémjhsthemsnsdtednonxyhet sndéate| of the 471160 dQ9ids a
characteristic di fgirgm showi ng the current versus voltage characteristic of
the silicon oxynitridée film FIG 20 is a schematic diagram showi ng the 5
ti me- dependent change of nitnoges dhetlbetsiti £ommnhévide &udm aFl GS. 21A -

21C are schematic di agr ans show ng the shallow trench isol ation according
to a fifth enbodi "FEhECBRTEhetpPEReht PROBHEFON® T8IHPE 20 smakl

cross-sectional dbagagapofinacbhrespdhamnsiopsl chsanstsiQs foged on a
silicon surface having projections and depressions according to the fifth
enmbodi ment of thea@giasent Favanreghon PG Rarge handagp apesheowordime 15

construction of I dey] rdj o] i enbodi nent of
the present i nveﬁﬁf) oﬁﬁQF@gQgﬁl sg}gl(ggngfg rgé(?g?%’ d%é%r%%ng‘?ﬁ%% %%rfkﬁ%
witing operationfatttheat| tiséd mtoige devgien oiaf| & 2Bec20iEl G 25 is a

di agram showi ng the | eakage current characterjstics of the tunnpelin
i nsgl ation fijlo% iﬂl?Jn%cH SheRRTbTYE dJ;‘?ﬁ%%roJ’Fhﬁ chat ‘F’% EB% $51 5L hemt i ¢

di agram showi ng thei@& 0651 BECERON@ e BéELELIHN £1 DR Srihabhr SEIMEYs dgyi ce 25
according to a seventh enbodi nent of the present invention; FIGS 27-30 are

schematic cross-seEfPohavedy abpese Shbni Fylekeesabri tat Fegrd okesthef the
fllash menory dev'%ﬁeé‘{rgﬁg‘%@ éﬁ&p?@é{nééfpfeé%lfl gm%%%ﬁ Stfe S§@§€@t#ﬁat

di agram showi ng the cross-sectional structure o transi stor formed on

a nmetal substrat en@Cromtrol dvahtage ahs exppl hednbodimentomtre hegpresent

I nvention; 15 electrode 15, and the tunneling of the electrons is
effectively blocked.

In the case a write voltage is applied to
the control gate electrode 15, on the other hand, the
band structures of the oxide film region and the

20 nitride region constituting the dielectric film
structure are changed. Thereby, the effective
thickness of eth oxide film region is reduced with
the formation of the nitride region, and as a result,
the hot electrons in the channel region 11A are

25 allowed to cause tunneling through the dielectric
film structure efficiently. Because the nitride
region formed on the surface of the oxide film region
has a small bandgap, it does not function as a
potential barrier to the hot electrons to be injected.

30 As a result of using such a dielectric film
structure for the tunneling insulation film of the

non-volatile semiconductor memory device such as a

flash memory, and the like, it becomes possible to



_ 18 FIG 32 is a schematic diagramof a plasnma processi ng apparatus
accordirng to a ninth enbodi nent of the present invention applicable to a
gl ass substrate or plastic substrate; 5 FIG&®3 is a schematic di agram
showi ng the cross-sectional structure of a polysilicon transistor on an
insulation filmformed according to the plasma processi ng apparatus of
FIG 32; and FIG 34 is a schematic diagram show ng the i o cross-sectional

di agram of a threﬁnéfgggéi@W@leéiﬂgcg £ Ngrt Be@ut&Nthe eGhOLL PESL Pf the
present invention. BEST MODE FOR | L NTI NG THE | NVENTI 15 Hereinafter,

various preferableobhtoei wehie sbuwwhizheohelyreesdacingvenei beakagapplied
w il be explainedcigfggﬁail wth reference to the drawi ngs. (FIRST

EVMBODI MENT) ] FI GS 3A" 74T show t he | ow-t enperature 20 formation process of
an oxide filmthat uses pl asteslhsul|be asotdé thabti sath osin psOL@sSEOImA
sem conductor devjce that uses su an oxi de filn1according to a first

ch (
enbodi ment of % helPrEient FREERt FHCIERFE het L 9ol sCAROREEREXFe of a

pl asma processi ngtRe IPPALSL USatEethéRebhe PERSBALrbAYEAtL DY, apg having a
radial line slot antenna in a cross-sectional view, In the present
embodi ment, the h§¥POHERD t BRI Pt pen t Per HRPY| FRgnberedass RLa$ME con

surface is first gg d; fn,the e foFl G 48, e Mor L{jgally, the
renoval process o? ?ﬁ%&shrf%cetééﬁi %%i%g %@dro%en g%%q?ﬁgﬁ%x%dgtion
process are conduféemed nof hkr sameg®s ocessahgichanberogemtasnuausl y, and the

Kr gas, which is used for t excitation gas_in the

| - 19
subsequent oxi‘de ???ﬁ?+5?ﬁ%€?%ﬁe%$€€e§%? 7983 eT°T M tHE"? VA" pFOcss of

the surface-tern pahs DYyt OgBmefrt [ Sthe dBox8ge UL VRSERhs (P HEES Shag
chanmber) 5 101 is evacuated in the plasma processing apparatus of FIG 5 and

an Ar gas is intrBuBceFPPEsEier opf a2Rhoweripride 0PN Fhen, VRPkSgas is

changed to the Kr,gage FUrifign:qathe PEESSUERaL NS B8rt NSr P PEESSERG, £HaMDET
101 is set to about 133Pa (I Torr). 1o Next, a silicon substrate 103 is
pl aced on concentrated in such a structure to the interface

15 between the oxynitride film and the silicon surface
for relaxing the stress, while other nitrogen are
concentrated to the film surface and form the desired
nitride layer region. In the oxynitride film of such
a structure, there is caused stress relaxation by the

20 nitrogen concentrated to the interface to the silicon
substrate, and because of this, the density of the
electric charges trapped in the film or the density
of the interface states is reduced and the leakage
current path other than the tunneling mechanism is

25 effectively blocked. Thus, the oxynitride film
obtained according to such a process has an extremely
high film quality. In such an oxynitride film, it is
preferable that the hydrogen concentration contained
in the film is 10%2cm™?® or less, preferably 10*em™ or

30 less in terms of surface density.

As the formation of the dielectric film can
be conducted at a low temperature of 550C or less in

the present invention, it is possible to recover the



a stage 104 having a heating nmechanism and the tenperature of the specinen
i s set to about 400C. As long as the tenperature of the silicon substrate
103 is in the range of 200-500C, the sane fésults 15 expl ai ned as bel ow are
obtained. It should be noted that the silicon substrate 103 is subjected to
a treatment in a diluted hydrofluoric acid in the preprocessing step

i mredi ately before, and as a result, the dangling bonds on the surface of
the 20 silicon su e r d : ' wave of
245G 1 s suppl | o Te S radr o T e el St At eoner 1oe T Fosit a
wavegui de 105 wi thydhegén egeentyaping. dacHianghengi ponde m crlosvaveli ddus
supplied is introduced into the 25 processing chanber, 101 from the radial
line slot antennagjllff%’t ?%%Q?P%lh?%l%fg??iio p?%?egiﬁ%5+%9i%éd{?b% a part of
the wal |l of the piveesss ngithasbesxiRitrihe pitmovaveet Brslhhé@dugedrcause
excitation of the Kr gas introduced into the processing chanber 101 30 from
the shower plate 102, and as a result, there is induced high-density Kr

pl asma right undegpegs hpk&ier SHPYEN §F abkr LAy igcs ong as the frequency of
the m crowave thus supplted IS I n the range ol about - 20 900MHz or nore
but not exceedi ng about 100, 1 al sostdideraansheesud t shexpdms mede asomel ow
are obtained. In e c t ti o] G h paration between the
shower plate 102 %ﬁd‘at(ﬁ@%&gﬁ%@%ﬁ@{& [?%méﬁf ‘?%‘”e%em in the present

enbodi ment. Snaller the gapFsepazAmtamd, 2B herd i dibadoamat ¢00 48t endpeciodres

faster. Further, while the present_enbodi nent shows the exanple of film
formation by Wsi n%p?’h%tjp‘?%s‘ﬁé Hhpal bR PHERTYSAVECE adial |ine sl ot

antenna, to it should be noteg $has 4 heidhAsiBekBYa DI hddUeLDH b1 ems

i ntroducing the mcrowave into the processing chanber by other ways. By
exposi ng the siliebntkebeereertiomat of iqeh prerewy tdediekcited by the Kr
gas, the surface oc 15 the ﬁéé cP supstrate ﬂé’%r&%?eéﬂﬁ‘fﬁé 99 ardnent of
| ow energy Kr ions, and as a result, the surcflac term nating” hydrogen are
renoved. FI G 6 shbwsmdthiom gstbtesd ahadrysosidd f£ihknsahd cdme hydr ogen bond on

the surface %E thgégéiéééqhn process of a semiconductor device

according to a first embodiment of the present
invention;

FIG.5 is a diagram showing the schematic
construction of a plasma apparatus having a radial

20 line slot antenna and used in the present invention;

FIG.6 is a characteristic diagram showing
the exposure effect of the bond formed between the
surface-terminating hydrogen at the silicon surface
and silicon caused by exposure to Kr plasma as

25 obtained by infrared spectroscopy;

FIG.7 is a characteristic diagram showing
the dependence of silicon oxide film thickness on the
gas pressure of the processing chamber;

FIG.8 is a characteristic diagram showing

30 the depth distribution profile of the Kr density ion
the silicon oxide film;

FIG.9 is a characteristic diagram showing

the current versus voltage characteristic of the



20 substrate 103 by neans of infrared spectroneter and shows the effect of
renoval' of the surface term nating hydrogen at the silicon surface by the
Kr plasma induced by introducing the mcrowWdve into the processing chanber
101 under the pressure of 133Pa 25 (I Torr) with the power of 1.2WcnZ.
Referring to FIG 6, it can be seen that the optical absorption at about
2100cm 1, which is characteristic to the silicon-hydrogen bond, is nore or
| ess vani shed aftgf;{hgnKoxphasppyphadi ation 30 conducted for only 1 second.
Further, after continuous irradiation for thirty seconds, this optical
absorption is al nost conpl eF&GyllanéshediaThan skawinghthe
surface-terninatigglggggoggn on_the H glle%klicon surfgcgfcgﬂebe renoved

by the Kr plasma 1rradia |oﬁpc%% Ucted Tor &hoUrT 30 5econdd! t he present

enbodi ment, the ssifbcentexbilearing bydrogensisiconpbeyel yri€s80Fetnby
conducting the Kr Elasna ?,irradiation for 1 mnute. Next, in the step of
FIG 4B, a K/ G nR8dthast+imi hE+of0eR%: from t he shower plate 102 with a

partial pressure ratio of 9¢t@s, Ther £byict hgePEES§HARSs Ofnbhendr PEESSI NY
chanmber is maintained at about io 133Pa (1 Torr). In the high-density

excitation plasnmafprmahien meehed ghsaandtrhde OZijasandeanfxedicketonn the
i ntermedi ate excifatyof Eaée%§@9c598¥5¥?Pna899%83a88&§§%§85£6SAO” and

there is caused effrcrent for Ion of atom ¢ sfate oXx in 15 large
anount. In the preseotdeaboddimatt ofietl¢ opresshat enoxygeon P* t hus for nmed

are used for oxidizing the face,of _the siljcon substrate 103, and as a
resul't, there'Ss formed an gﬁéd Ef??n?lﬁgﬁfa? efhigfﬂe MAPTYD PHHET on

process conduct edtﬁ@“&@ﬁﬂéﬁ@@ﬂ&é YoPNtRe SklicoBnSHitAC8e FhEmOKhIkAOsT S
caused by the 02 nol ecul es or H20 nol ecul es and a very high tenperature of

800C or nore has ®PReRhPedRdor¢nSLHRR oki Ba®i BROPPOLERS| AlPBPeYhe present
invention 25 conducted by thgsat P§AC-SighesPXYIERGPams L ¥ owing the

formation method of an oxide/nitride laminated
15 dielectric film and a fabrication method of a
semiconductor device according to a third embodiment
of the present invention;
FIG.14 is a diagram showing the nitrogen
distribution in the oxide/nitride laminated
20 dielectric film;
FIG.1l5 is a band structure diagram of the
oxide/nitride laminated dielectric film;
FIGS.1l6A - 16C are diagrams showing the
formation method of an oxynitride film and a
25 fabrication method of a semiconductor device
according to a fourth embodiment of the present
invention;
FIG.17 is a diagram showing the
photoemission intensity of atomic state oxygen and
30 atomic state hydrogen at the time of formation of the
oxynitride film;
FIG.18 is a diagram showing the elemental

distribution profile in the silicon oxynitride film;



oxi dation becones possible at a very |low tenperature of about 400C. In
order to facilitate the collision of Kr* and Oz, it is preferable to use a
hi gh pressure for the pressure of the prdté%@rhg chanber. 30 However, the
use of excessively high pressure facilitates nutual collision of 0* thus
formed, and the atomi c state oxygen O0* thus formed are returned to the 02
nol ecul es. Thus, there exists an optimum - 22 gas pressure. FIG 7 shows

the rel ationship between therghigkngssesngtatheroxtde filgriA3snbhusyformed
and the internal pressure of the processing chanber for 5 the case t%e

pressure inside theepEeEESBEnyetpufbepliadei shehangedishitcecfatheai ning the

Kr/ Qz pressure ratio. 9 1ln. the tenperature of the silicon
substrate 103 is é%?légn4%%%95%515%2%%§?6ation processing is conducted for

10 mnutes. 10 Referring toFF6QRU, istacanhémaskendigramhshoxidatthha rate
becones naxinun1ig the case .t he g%essure i nsjide the grocessifg chanber 101

i s about 133Pa (1-¥8Fr§CBARAERL: CRARES pPESRIFECSF t hR PREsShtECe®nditi on

near this is the gptipyer eondition. This i5 optinmumpressure is not linited
to the case in which the silicon substrate 103 has the (100) surface
orientation but is valid al BGfn2bbher?tasesei achpnehi¢hdliagramdn surface

has any other surface; Qi aty, 2 B ilic i fi 103A is
thus forned to theﬂgeéﬁéegﬂ%i%ng? ?%kﬁg§é§ th%gfﬁﬁ%%%u%§fgﬁag§gt%éné
m crowave power i§ifhuteompdament hef ptisnpresentatnvantsoter m nat ed.

Further, the Kr/Oa m xed gas.LS,teplaced with_the. Ar_gas,_and wth_25 this,
t he oxidatioﬁﬁbrocessing i2§¥%r%#nafe%.Cf?sgh%%?gl%%agoﬁﬁﬁgf%%tO%h% use of

the Ar gas beforethndeafiimeénsbensor egonags sbeprosmeédt endedsiniemabl e the
use of |ow cost Ar gas cheaper than Kr for the purging gas. The Kr gas used
in the present st@prf3c8on?BLBIePER] Rt rRofsdyd depressions according

to the fifth embodiment of the present invention;

FIG.23 is a diagram showing the

15 construction of a flash memory device according to a
sixth embodiment of the present invention;

FIG.24 is a band structure diagram showing
the writing operation of the flash memory device of
FIG.23;

20 FIG.25 is a diagram showing the leakage
current characteristics of the tunneling insulation
film in the flash memory device of FIG.23;

FIG.26 is a schematic diagram showing the
cross—-sectional structure of a flash memory device

25 according to a seventh embodiment of the present
invention;

FIGS.27-30 are schematic cross-sectional
diagrams showing the fabrication process of the flash
memory device of FIG.26 step by step;

30 FIG.31 is a schematic diagram showing the
cross—-sectional structure of a MOS transistor formed
on a metal substrate SOI according to an eighth

embodiment of the present invention;



-~

Fol l owi ng the foregoing oxide filmformation process, the gate el ectrode
103B is forned on the oxide fil m103A, and a sem conduct or - 23
integrated circuit device including transistors and capacitors is forned
after conducting various patterning processing, ion inplantation
processing, passivation filmformation processing, hydrogen 5 sintering
processing, and the like. The result of neasurenent of hydrogen content in
the silicon oxide filmforneg; a?foiéjiegg?é}?erﬁﬁ‘@i O £490L 1Y PFogcesssd i cates
that the hydrogen content is about 1022/ cn® or Tess 1n terns surface to
density in the casectdesbidizpmaoxive d¢tordisg ate hi ckiesls afb@himember ei n
it should be noted_that the foregoing neasurenent s, conduct ed by
nmeasuring the hyd?%g@he rRf 23Rt c%h% %UV\?? h°R an)cear‘%J\tNartéo r? s%fa?%rti cularly,

it was confirnmed &inedttdiee oxt de1dst e 1dusheraecs eri zed by a smal |l | eakage
current shows that the hydrogen content in the siljcon oxide filmis about
1011/cn2 or Ié&ss in terms OfL&uti ab® AR TR TRITAMSIIMERT ¥R oxi de
filmnot exposed ¢&@,ddesditt PhasiBs DEfOEe-d Ner oxidler $41 1 E9% matd o ai ned
20 hydrogen with the surface density exceeding 101Z/cnR. Further, the
conpari son was nmeee ¥n imeulatigdmessloffetrediddeord s faeetbefmrasrand
after the oxide filmformtion conducte in o the process noted
before wherein tHe Teasur emet p‘ﬁgﬁlﬁse cﬁ% @ﬁg%%’e a(rgl'(l)(%ljghness was nade by
using an atomic force mcroBreEp®e id¢ shocthendbel vodedytdmt shidveisd | tieon
surface was exposed after the Oxifﬂf fil mfﬁrmati on, $j§nremvi ng the silicon
oxide filmthds fOFARRSFELLRRAcAMFITTRY Tha HHere Fnearsdt hovthange of
30 surface roughngssordiWs. td her€ern &n CAMSOS Mo £ sghend NGrferst | 1 con
surface even when the oxidation processing is conducted after the renoval
of the surface-teF®WeREIIR- hydr ogen.

BEST MODE FOR IMPLEMENTING THE INVENTION

15 Hereinafter, various preferable embodiments
to which the present invention is applied will be
explained in detail with reference to the drawings.
(FIRST EMBODIMENT) ]

FIGS.4A - 4C show the low-temperature

20 formation process of an oxide film that uses plasma
as well as the fabrication process of a semiconductor
device that uses such an oxide film according to a
first embodiment of the present invention. Further,
FIG.5 shows an example of a plasma processing

25 apparatus used in the present invention and having a
radial line slot antenna in a cross-sectional view.

In the present embodiment, the hydrogen
terminating the dangling bonds at a silicon surface
is first removed in the step of FIG.4A. More

30 specifically, the removal process of the surface-
terminating hydrogen and the oxidation process are
conducted in the same processing chamber continuously,

and the Kr gas, which is used for the plasma



- 24 FIG 8 shows the depth profile of Kr density in the silicon oxide film
formed 'according to the foregoing process as neasured by the total
reflection X-ray fluorescent spectronmeters 4% should be noted 5 that FIG 7
shows the result for the silicon (100) surface, while this result is not
limted to the (100) surface and a simlar result is obtained also in other
surface orientations. In the experinent of FIG 8, the partial 10 pressure
of oxygen in Kr igxsetatQo3%aRd;hnenkr e885EQuehtt BRiQEOEESAI RYrRRANBRT IS
set to 133Pa (133 Torr). Furfher, the plasnma oxidation processing is
conducted at the pubsesateisenpedatnrehef ranoval RefecesagofotkeG 8, the Kr
density in the 15_siliLcgn i de fi | S With increasing distance
fromthe silicon gﬁfkégg Eﬁgﬁ?%%%%é§]¥2§25§§§é of about 2 x 1011/cnR at the
surface of the silicon oxi deitstm aThasuiundireates thabceébeisgl chambex) de
film obtained according to the fgregoing Brocessin is a2 filmin which
the Kr concentYatit8h 8 EBASPaRedi At RBS PLAPTA PRECFEHIDAE FRPARFENRS he

di stance to the updefh¥i BOanhl hgOArsynbace iatABALOEANBEBs@NErbR ¥hich the
Kr concentration decreases toward the silicon/silicon oxide interface in
the region withinsRswekepdpseahld- ofhanm thenvehelsi Fhevdaedurpatee ¥rG 9
shows t he depende o] ea e b | ] ic field
for the silicon ogggé ?FFEﬁSEfa?ﬁgdpggééﬁg%nSH?%H§h§H$o$288§%gg% ocess. It
shoul d be noted thaambhe Le3uis sétFtL&G 8b8oti $38Ba thBorake in which the

t hi ckness of the silicon oxjde filn1lz,4.4nn1 Fgr %he Qgrgose of

conparison, FI% 9 al so showdSEhe FelkadE°BuPFBAF 2hEr AL effsPFR°FH RRich no
exposure to the Ka ptaganipasnheonflycheHeatingSmebBANL Ent henfiotnati on of the
oxide film Referring to FIG 9, the | eakage current characteristi¢ of the
silicon oxide fil AfABErakps8ealt BNENEPRFIBPASHE ?gteaaieapeht49%cfhéw

| eakage current 5,6h3r ag! enkStbfipBlatifeCORVERLI onal cbheraBL cexkder fs! m
This nmeans that the Kr/ Oz m crowave plasma processing does not inprove the
| eakage current char ast ehesthngeopft AB00RPAE £ it t4ame otrsilted very nuch
On the ot her nd, in_the.case t oxidation. cessipng is.lo c ted by
t he present eﬂ%od?ﬁ%g lPﬁdmﬁgcﬁepﬁg ﬁf?cébggéggg'izﬁr% 832 g?tggggﬁe Kr

pl asma irradi ati ophptotResSsENYicbh sansbeaseen0Bhas bhejkeakageocarrent is

i nproved by the order of 2 or 3 as_conpared wi.ith the | eakage current of the
silicon 15 oxide FFPATTSRRed™by HhEUES véﬁgFBE;Poﬁ?Erﬁﬁé e*BI 58%m oxi dati on

processing when npasgrededtihfescapeimheqtbtel}i BbloreénNdigat h8gat hat the
silicon oxide filmformed by the present enbodi nent has excellent |ow

| eakage charact er FSe1nés, Fhei dangiingrbedsi phedinoosurbeca sfnthar
i1 con oxi de$i | o Raer B LB R R P A aner T Ee bR R EY 8 5P 8 0 nm 1 G 10
shows the result of mneasureNert,oé mherbwakagefclr#b@izcharagpelisdi ts of
the silicon a radial line slot antenna 106 from a coaxial
waveguide 105 with the frequency of 2.45GHz, wherein
the microwave thus supplied is introduced into the
25 processing chamber 101 from the radial line slot
antenna 106 through a dielectric plate 107 provided
on a part of the wall of the processing chamber 101.
The microwave thus introduced cause excitation of the
Kr gas introduced into the processing chamber 101
30 from the shower plate 102, and as a result, there is
induced high-density Kr plasma right underneath the
shower plate 102. As long as the frequency of the

microwave thus supplied is in the range of about



25 oxide filmof the present enbodi ment for the case the thickness of the
siticon oxide filmis changed variously. In FIG 10, ~ shows the | eakage
current characteristic of a conventional tietal oxide film shows the

| eakage current characteristic of the 30 silicon oxide filmforned by
conducting the oxidation processing by the Kr/02 plasma while omtting the
exposure process to the Kr plasma, while ~ shows the | eakage current
characteristic of obbRHgi bLCABrOXbEE not BRceblLAyOibbHe PHESERT £1REE: Ment
in which the oxidation is conducted bY the Kr/ Qz flasna after exposure to
the Kr plasma. |ntFeGane resnbhf dereladbred ehabeine @rcachepiesent ed by
shows the | eakage current 5-¢ch C LSt an:o PEri filmto be
expl ained later. Referring %g g?%i%gﬁg?%hgg%ggeggeg%af%étgﬁﬁe | eakage
current charact ersgpacabviothkbeswéesohhexsdewér| placpr e82néed byeO0 and
formed by the plas 0_oxi ion processing while omtting the exposure
process to théPKrsggiéﬁﬁgﬁo?ﬁéiﬂ%sgﬁﬁtﬁothgglé8k5§8 EE?FSH? SWEPaégﬁPgstic
of the thermal oxgdelfékmnepgepestpdrayion, Wohéerilmcasrigrsegnratso that

the | eakage current characteristics of the silicon oxide 15 filmof the
present enbodi nenPearles epretent elUBFREE  relltedt Pt Areespbcempodinent

| eakage current CQF}B@QtEﬁieSé&&nﬁ?I@pJSES?DLﬁdei‘mEFPEMLn;ngﬁ’é%fé Pfe2 3.

Further, it can be seen that a 1eakage current o cne, which is
conpar abl e to t hepleakagappdratvsenhadfushe sheadablokide s1bm havéengat he

t hi ckness of m.LS hi ev. in e,SiLLicon i filmof th r esent
enbodi nent ina?hel%agggF%g %gi%%t%$IE$ gsgﬁﬁegiﬁgﬁﬁnﬁgg % a %ﬂ?eﬁ.% m

Further, the neasunenredticbhgt bresuitacea?d dntentnéi pnodependgneramivaduct ed
on the silicon/si]icon oxide interface state density for the silicon oxide

film obtained by Phe®ERBbdYaERt of the present invention has reveal ed the

fact that a very low interfagecghatengerret ¥i0fcahostibdtXadOlemyzey-1 30 is
obtained for any silicon surface of any surface orientation. Further, the

oxi de film fornedthy Phespretons enpbirdehy Showkr eqasvaFeatserfaepertor
- 21 CharaCtﬁi'SEHEszf%EQHDQﬁEQtFAEQ 1@§i%??%?g%h88§|b5ﬂ§%93$e9%' g film

wWth regard to various electric and relila aracteristics such as
breakdown char act eowsénesgyhhbt tams| eandess sé anesyl chatlge- $orbadeeakdown

el ectric charges D, .whjch corresponds_to the electric charges up to the
failure of the si%%%%hnﬁi?ﬂg ?Y?ﬁ?gﬁﬂe?rﬁ §tF@¥%%urrent, and the like. As
noted above, it is possiblerte.§06MdAs the result of analysis of the
silicon-hydrogen bond on the surface of the silicon
20 substrate 103 by means of infrared spectrometer and
shows the effect of removal of the surface-
terminating hydrogen at the silicon surface by the Kr
plasma induced by introducing the microwave into the
processing chamber 101 under the pressure of 133Pa
25 (1Torr) with the power of 1.2W/cm’.

Referring to FIG.6, it can be seen that the
optical absorption at about 2100cm™, which is
characteristic to the silicon-hydrogen bond, is more
or less vanished after the Kr plasma radiation

300 conducted for only 1 second. Further, after
continuous irradiation for thirty seconds, this

optical absorption is almost completely vanished.

This means the surface-terminating hydrogen on the



silicon oxide filmon a silicon surface of any io surface orientation at a
| ow t enperature of 400C by conducting the silicon oxidation processing by
the Kr/ 02 high-density plasma after renoval2lof- the terminating hydrogen. It
t hought that such an effect is achieved because of the reduced hydrogen
content 15 in the oxide filmcaused as a result of the renoval of the

term nati ng hydrogen and because of the fact that the oxide filmcontains
Kr. Because of the;{ Q&Qegugﬁy&@tc% @adfgfg@@eanb%heh@w_ film it is
believed that weak el enment bonding is reduced in the 20 siTicon oxide film
Furt her, because bfradeathoonrpondtcond ofoKrabout he0 fsémpndde Ftrelss i nside
the filmand particul ar#y a%%éhe SjE/S{'é}g)z i ntgrfagg is.rel axedlf1 (?nd there is
caused a reducti oft OF St F aPPRACETRE i EMRhAPHERCSr T EBRE FoRY oFY TR ETF ace
state 25 density.idscampestiély tdRoséd ispncoxddet ind mishons Iﬁigﬂhéi cantly

i nproved electric properties. Particularly, it is believed that the feature
of reducing tfe hyEFOEEACEDRNCERE rhtTHtP - the filmto the |level of 101Z/cn®

or less, preferably to 30 tltil@chlevgll_Q,flelg)gg,lgngfohé!e@@ gn}glrydglzen{ig@djre of

incorporation of Kr into the filmw th a concentration of 5 x 1011/cnZ or
| ess are thought @&scbatinbuedngedofrdre thorovenentpbitel B@2 rikth a 28

properties and reljabilit the silicon,:oxi film JAn order_to realize
the oxide film ofll)‘%ﬁgl%)% e%re(%%s‘r‘%%e%#%%gft&?g?a| st%erp%ﬂ%%i bf%et%r%ssse“%e
pl asma processi ngo fipplas ap tisc ©f hitng t Mlaamibdre dDHemshovnided aEl£bdSutas | ong as

the plasma processing apparatus can conduct the oxide filmformatjon at | ow
t enper at ures ¥y u%?’%gap gs%?r):orl%xﬁ}h‘blléj,‘g}ilfd?%sJpB%s?’b?Jeti‘Bl%%ep]aasma

two-stage shower phafR:éyPendl RS NGa P’ KEESEhOTARPRA LA ikt &« here are
provided a 1o first gas release structure for releasing Kr for plasm

excitation by a nileeolabverapdiate ceonttybior edbate and ueher@ different from
the first gas rel C f i t ygen In the
FBEEe L L il | Q1 L8 207 D e AV 8000

present enbodi nent, not e edi ng of the m crowave
power i s shut downefipooiént nforromt oén the stdmtonsoxteeotyden t@* ainesi red
filmthickness, f%l owed b% ﬁhe process of replacing the Kr/Ca m xed gas
with the Ar gas. OV ¥Re*BYWRY - hand, it is also possible to introduce a

Kr/ NH3 20 m xed gas from t hgnstigsesrodatie dfoddrhdnt hecpard t&hi®ressts e
ratio of 98/ 2 before shutting down the m crowave power while maintaining
the pressure at apbv@en3Bbatius TheFyed e epsed af T | P RIRT i #REfi | m of

about 0. 7nm thi ckggsesbs §rERd O 188n SuEbecea ol 2631 hengl Liconzoxige film

;
upon term nation of the processing. According to suc% a process, It becones
possi bl e to form tmerasius afoonediam draidegt blhiyhdk. In the thermal

20 oxldation process conducted conventionally on a
silicon surface, the oxidation is caused by the 02
molecules or Hz0 molecules and a very high
temperature of 800°C or more has been needed. In the
oxidation processing of the present invention

25 conducted by the atomic state oxygen 0O*, the
oxidation becomes possible at a very low temperature
of about 400C. In order to facilitate the collision
of Kr* and 0O, it is preferable to use a high
pressure for the pressure of the processing chamber.

30 However, the use of excessively high pressure
facilitates mutual collision of O* thus formed, and
the atomic state oxygen O* thus formed are returned

to the 02 molecules. Thus, there exists an optimum



specific dielectric constant by formng a silicon oxynitride filmin which
a silicon nitride filmis 30 forned on the surface thereof. (SECOND

EVMBODI MENT) FI GS. 11A - 11C show the formati%n Tet hod of - 29 anitride
filmat |ow tenperature by using plasm according to a second enbodi nent of
the present invention, as well as the fabrication nethod of a sem conduct or
device that uses such a nitride film 5 In the present enbodi nent, too, an
apparatus simlargt9 pthesgngeshown in FIGS5 is used for the nitride film
formation. Further, in the present enbodinent, it is preferable to use Ar
or Kr for the plasma excitafi@n7 gakovorthenpelagiohehip betweemt ting

hydr ogen and for LLri E o) o) I n e I
hi gh-quality nit r%ggcﬁ%%g&%g g?é%tge)?,?é%ngieygn%ﬁgego h{ljgi %ﬁrﬁ‘%gvﬂ? be
represented. 15 Fthstintdenabhtpreosuné dshethacpooceyessed C¢panicesst sy

chanber) 101 of FIG5 is evacuated to a,vacgun1state in the stgg of FIG 11A
and an Ar gas 3 s FREro¥ecetf rBRFEPRIS hbWRTIPI BRE BH2CSHRHY el amiper

pressure inside the; pf_QC@ﬁéﬁ?Qd CRRDEr md $n 8£1n 1Ry 26n&bRH 0,13 3R (ADONTor 1)
Next, a silicon substrate 103 is introduced into the processing chanber

101 and is placedr@hiehtos?aie. 10@ FHGwhi chhe heemPe5ahubvi dedthe heat i ng
mechani sm “here'Qiiﬁgoﬁ;éﬁBQQré Qsiéﬁtfs'§§§“€%e§6ﬁﬂl%idt 3 cleaning

process conducted 1 n a hydrogenated water an e silicon dangling bonds at
t he substrate suréaceéatientprocassengbys hgondgened Fiiwt he® , mimeténper at ure

of Lhe Sheci TG 12 Set 1O, SROE A5y 9 2% 0C LETREL AUl Lind e g anoe
Next, a nicrowaveoefd@t#6fHEats BSepdhéednaninuhhen ptReesssageighanber from
the coaxial pressure inside the processing chamber 101 is about
133Pa (1 Torr) and that this pressure or the pressure
condition near this is the optimum condition. This

15 optimum pressure is not limited to the case in which
the silicon substrate 103 has the (100) surface
orientation but is valid also in other cases in which
the silicon surface has any other surface
orientations.

20 After the silicon oxide film 103A is thus
formed to the desired film thickness, the
introduction of the microwave power 1s shutdown and
the plasma excitation is terminated. Further, the
Kr/02 mixed gas is replaced with the Ar gas, and with

25 this, the oxidation processing is terminated. It
should be noted that the use of the Ar gas before and
after the foregoing step is intended to enable the
use of low-cost Ar gas cheaper than Kr for the
purging gas. The Kr gas used in the present step is

30 recovered and reused.

Following the foregoing oxide film
formation process, the gate electrode 103B is formed

on the oxide film 103A, and a semiconductor



- 30 waveguide 105 via the radial line slot antenna 106 and the dielectric
plate 107 and a high-density plasma of Ar is induced in the processing
chamber. As long as the frequency of the-sépplied nmicrowave is in 5 the
range of about 900MHz or nore but not exceeding about | OGHz, results
simlar to the one described bel ow are obtained. In the present enbodi nent,
the separation between the shower plate 102 and the substrate 103 is set to

6 cm Wth decre '{@gf&é&p@{nﬁ%& qadpsters depesidd éﬁ%afes'?ﬁ% OC} Tation

possi ble. While the present e I ment shows the exanple
by a plasma appareipscitets usesfetmeed atlitadr | ¢ordstbinamraniaysit is al so
possi ble to introduce the m crowave, i nto, the'fFIIg,, cessing chanber j5 by other

net hods. The sil i%%%t%{ﬁjfré%ep’f%%esss‘e%%’tsejcf)? o PRt B R Xt T2 Hied on an

Ar gas is subj ectggsd Dvdoidar et £ ®fmd OV LS Gye N inPNShy@rshdhe surface
term nating hydrogen are renoved as a result. In the 20 present enbodi nent,

the Ar pl asma SexpostiFer HDIRERCEES LndRR S drl %9 nute. Next, in the step

of FIG11B, an NH3 gas is rﬂ’%@%é@ui@%ﬁm%iér@é&%@fsﬁ%ﬁg&# ate 102
with a partial pressure ratio of 2% Thereby, the pressure 25 of the

processi ng chanbe¢onemel th athabdbul i ad 3Paidd 00kATor FQrmedh ddeprdiensity

pl asma in which t s_and e NH3 : 1 xe t-here are caused
collision of Ar* Jlaﬁet oe]g?a%cfler}%eéd’ih%cf%séxm le%{%%l%e(h%%duﬁeh Fot ecul es,
and NH* radical s esetéor ned Rsowf fi@idomf yor Thes cNHn rastimal of thusf s med
cause nitridation of the silicon substrate surface,, and_as a result, there

is formed a si%li cCOPPHTEYiHe 39 Aty O ikl 5ot & HHE h35 on

substrate 103.  th8dkndPOrof ofdmt ipe0did hee sihdenn wi thddes fidgm 103C with
a predeterm ned thickness, the supply of the m crowave power is shutdown
and the excitati ofP I IRT preaTir Rl lord hat RHUFE eI BY  medu eI fNH e xed 5

gas is replaced w H]_gru i ] ssi i's

t erm nat ed. Furt\#é##rc%%&f ﬁ%es espé?l(r}?a C(i.lllgkll '?ﬁéeﬁé)%%ﬁlgnﬁst%?de film 103C
thus forned by theamiiculerly) mt oramtcont proedsshan the stiope of i G 11C i s
used 1o as a gate jinsul ation Silmand t ate electrode 103D is forned on

the gate i nsﬁ%ati%ma???ﬁﬁ B0r3 e TR TV HE g BBt eSkEs, i on
i npl ant ati on pr ocgss asyd Pegsh Vedn eanf | 1m f10¢ ned 1 DFoPr&eass esi 1y ogen

sintering processes, and the Like are | _
about 107" /cm® or less in terms of surface density. On
the other hand, the oxide film not exposed to the Kr
plasma before the oxide film formation contained
20 hydrogen with the surface density exceeding 10'?/cm?®,
Further, the comparison was made on the
roughness of the silicon surface before and after the
oxide film formation conducted according to the
process noted before wherein the measurement of the
25 surface roughness was made by using an atomic force
microscope. It should be noted that the silicon
surface was exposed after the oxide film formation,
by removing the silicon oxide f£ilm thus formed. It
was confirmed that there is caused no change of
30 surface roughness. Thus, there is caused no
roughening of silicon surface even when the oxidation

processing is conducted after the removal of the

surface-terminating hydrogen.



15 conducted, and a sem conductor integrated circuit that includes therein
transi stors and capacitors is obtained. Wile the present enbodi nent showed
the case in which the nitride filmis fornmgt by the 20 plasma processing
apparatus that uses the radial line slot antenna, it is also possible to
i ntroduce the mcrowave into the processing chanber by other ways. Further,
whil e the present enbodi nent uses Ar for the plasma excitation gas, simlar

resulps are obtai ned 25 aIspI@bgnsﬁgwgstgéegepEHrbpggil@hgknghge9£§§§np
enbodi ment uses NH3 for the process gas, it is also possible to use a m xed

gas of N2 and HzZ torthaisipucposexide fhémsformed accerdénditen themati on 30
process of the pr i pyent.j it 151 a at there r Lps
hydrogen in the p?ggﬁgoggénggéggﬁst%% @%%?ggé&t§§n%ﬁ3tF%ga%yﬁ?gggﬁgé?%
renoved. As a reskitapffexoséeoeetofpbytrogeteirn rbespbasdvbet h6ted- 32
dangl i ng bonds ing%de t he iilicon nitride filmas well as the dangling bond

on the interface BFettErGi hatRoWByRor FFAYL S IRFDERBSS HFLIREPM KRG and a
result, electron Eﬁ@@§cé[ew§li@1Bﬁi@dréé@ﬂttEE Ro8i L 1f0PeRi L5 dgefi | m and

the interface. The exi stence of the Si;H|bon and thg N-H bond 1s confirned
respectively by i htP@l eglunbaoe pahdna speitascopyuhhdipyoXea ayephat vel ect ron

spectroscopy. As a resyli Qﬁr?ééétSPESng£¥£39£999”’ the hysteresis io in

the CV characteristics I's el[Tmnated an e Interface state density at the
silicon/silicon nitride filimishsupppessmwentoo? RIA04AcntRe parthel case of
formng the s{licon nitride_film usiﬂg arare gas_[Ar grtKr) and an

p f

Imb
NZ/ HZ mi xed gas, PESTEUIB PbsRF%Pe™t b sUbptBs¥etheCt 7 apdndt tR_fect rons or

holes in the fil npdeastieabtythy sebtédginbecpanbéal 1 pressurs pizphe
hydrogen gas to 0.5%or nore. FIG 12 shows the pressure dependence of the
silicon nitride fi{l#3thPERhesBUFbhited BRR 0P 4R $2 t %X 2é2 Ehen ppheesss hed ed

above. In the eprgiE@H&u@éeglgilgheiéuﬁggyé eb€eﬂ8éf9tﬁpétofh@bﬁwjpr

partial pressure ratio was set to 98/2 and the deposition was conducted for
30 minutes. Referring to FIRRASrringcadm DEGs@entihdakr 28enhicte Doctits an

porease of deponLlionaae AL HIENALLEE LI LY fetulant e pLsgure i
NZ/ Hz) . Thus, fronohhehyi epdDedit ©firface and reaches the value of
about 2 x 10''/cm® at the surface of the silicon oxide
film. This indicates that the silicon oxide film
obtained according to the foregoing processing is a
20 film in which the Kr concentration is constant in the
film in the region in which the distance to the
underlying silicon surface is 4nm or more and in
which the Kr concentration decreases toward the
silicon/silicon oxide interface in the region within
25 the distance of 4nm from the silicon surface.

FIG.9 shows the dependence of the leakage
current on the applied electric field for the silicon
oxide film obtained according to the foregoing
process. It should be noted that the result of FIG.9

30 1s for the case in which the thickness of the silicon
oxide film is 4.4nm. For the purpose of comparison,
FIG.9 also shows the leakage current characteristic

in which no exposure to the Kr plasma was conducted



efficiency of nitride filmformation, it is 30 preferable to set the gas
pressure to the range of 6.65 - 13.3Pa (50 - 100mforr). On the other hand,
fromthe viewoint of productivity, it |S‘h%%fErable to use a unified
pressure suitable to the oxidation - 33 processing such as 133Pa (1
Torr), particularly in the case of conducting the oxidation processing and
the nitridation processing continuously, as will be explained with
reference to otheg ggpgd PENES mgtfgﬁtggrthétok§dgr§1@ﬁable to set the
partial pressure o? or f in the rare gas to the range of 1 100,
nore preferably to the rangﬁeﬁérzlng6ﬂo FIGsﬁoutUebéeﬂba@d thatrethe silicon
nitride film 103C hgs gbtglged b¥ %Qe resent 8QP$dIgETt 10 showed éhe
specific di el ect r FE2CORSTART “of 779 White Thi's“¥a it S¥RPE8%a

| arge as the spectéi endi rRkeplasmacoastqoivaienatstdi ena Dé&ﬁ&gélbﬂrrent

Measurenment of the current versus voltage characteristics of the silicon
nitride film 103CCRaraptaFhellByOf hENRr ESBNENEABBALNERETRAS PEVESI &d1Phe

fact that the f'|ﬁh§§°fﬁ6a§s'€ﬁ‘§€9€héukf%£ r&@f&@é\%'ﬁﬂd&né%dﬁs%é he
order of 5 - 6 than that of a thermal oxide filmhaving the thickness of

|.5nmin the casedphe Rptnimpsovet hhekheakage guonanROclenarvareAties the

oxi de f|In1th|ckn8§s L 5*?3g)flfﬂdgﬁvéh§b9%995§ ?ﬁ %hﬁ% ?h28+tgg of 1V is

applied. This neans I's”possi rea ation of
m niaturization thaheaprﬁds in the casueﬁheooaidhtﬁaslprocssshag iise a

silicon oxide 25 filmfor the ate insulation film ng the silicon
nitride filmdU¥ tﬁ@ngﬁﬁgﬁﬂtb Bﬁlﬂﬁﬁ?enﬁu??ﬁg?lm?Ptsxﬂ g% RBEed t hat

the filmformatiorrgondidd oy ofntheiuddd i decdd [Hpnated ahave as well as the
physi cal and el ectrical Eropertles are 30 not limted to the case of

formng the silicbhrpfiptéent Prareasing  (1boyabrbentednsthftor8urface but
are valid also '”l%Qﬁa_&éssuPEeiﬁer%”Qm}tBPSvéa'b&l?oghal BE%Q? Ll Sur?“ss

silicon of any surface - orientation Inc Ing the (111 ace. It
shoul d be noted thampahedpwetbrabeeleehagescachEQVedfbyhehelplesent
enbodi nent are not on aita ned gy thﬁprennva termnating 5

hydrogen but 5 0By ST LB ferBlohat MEEFRESVEM i,

in the nitride fipmehatbRipaesent pesbeds iyt wheh msabekeaved that séheor Kr
rel axes the stress_inside the nitride filmor_at the silicon/nitride film
interface. As a r8s8FEriEnEiedds kRalepbinei EN2haFh8sSTALIERR AXtHPde film

or the interface §E§ﬁef9§H§HtMy'§héeHHE@QntaQHbéﬁiﬁeﬁenﬁéhbé&é@l@éﬁ@ to the
remar kabl e inprovenent of the electric properties and the reliability of

the nitride film1¢8 Papkdgel ahkyacteristinpught thafurhbeexreréhteedf Ar
or Kr with the, surface, dengity, of 2 X dR44LC0R PLakESE Lirpligctive for the

I npr ovenent o
characteristic is achieved also in the silicon oxide

film having a much thinner film thickness of 1.7nm.
FIG.10 shows the result of measurement of

the leakage current characteristics of the silicon

25 oxide film of the present embodiment for the case the
thickness of the silicon oxide film is changed
variously. In FIG.10, A shows the leakage current
characteristic of a conventional thermal oxide film,
O shows the leakage current characteristic of the

30 silicon oxide film formed by conducting the oxidation
processing by the Kr/02 plasma while omitting the
exposure process to the Kr plasma, while ® shows the

leakage current characteristic of the silicon oxide



the electric properties and reliability of the silicon nitride film just

li ke the case of the 20 silicon oxide film In order to realize the nitride
film 103C of the present invention, it i$ &%o possible to use other plasm
processi ng apparatus than the one showmn in FIG5, as long as it enables | ow
tenperature oxide 25 filmformation by using plasnma. For exanple, it is
possible to use a two-stage shower plate type plasma processi ng apparatus

that includes a fiish gaschel §ASEeSEIMRLLEEnERE 18 RREENTLRD A4+t ibn0as
for excitation of plasma by m crowave and a second gas 30 rel ease structure

different fromthesféondughedriey eblbe Kr/fQctnirasnfeora s e asinng e tNH3 (or

Nz/ HZ) gas. (THI NT - | GS,. 1 - D show the forpation
nmet hod of a two- F%/grl\@gaaﬂgnﬁ/%%?%d %j?eﬁg%tér:i clgtgﬁ\%‘tﬂl‘fr%gb%c%%?% ngh?g gﬁ?hi rd
enbodi ment of thedpteseaprésvenédonyi B vhoal @heotied®abjicl puardnmi tride film

formed by the 5 lowtenperature plasma process are |amnated, as well as a
fabrication proceSRabRCHEELHTtoN Ec‘?%rog%%JEEl@ﬁafleEe‘éOs}&%he’ép%%\br-l?%yer

| am nated diel ectyjgestructure. It should be noted that the apparatus used
|0 for the formation of the oxide filmand the nitride filmin the present
embodi ment is identical w tReféerapparatiEG ot0 FI & 5can nbe heepn esleat

enbodi nent, Kr is e h i i s at et of
formati on of the %&(I‘lgdfeje%]?‘lg%%aﬁﬁp%%ggﬁ?}?%%j%@%f%tgﬁf iF}Ié%],S%in{T%%% step of
FI G 13A, the vacuuxidesselm(pepcessined chpnberndl@brinedebgctiakegltsmahe

t at d . A is introduced, jnto the. processi ng chanber 101
P the chotl SR d5588° REae St MY SRE LS St PP Hee PR has 11 &

switched 20 to therdtegastdronethe pridmal cAingoges andeh hendressuige of the
processing chanber 101 is set to about 133Pa (1 Torr). Next, the silicon

boul ) ,
substrate 103, pr@pFoRReEselRTactme pFeprotesht ngh¥ep! i tmiede af &1y 25 before
by conducting thergbféggﬁtgadEQRAQOQMQl%Cﬁq can be seen also that the

leakage current characteristics of the silicon oxide
15 film of the present embodiment and represented by o
is reduced with respect to the leakage current
characteristics represented by C)by the order of 2 -
3. Further, it can be seen that a leakage current of
1 x 107A/cm?, which is comparable to the leakage
20 current of the thermal oxide film having the
thickness of 2nm, is achieved in the silicon oxide
film of the present embodiment in the case the oxide
film has the thickness of about 1.5nm.
Further, the measurement of the surface
25 orientation dependence conducted on the
silicon/silicon oxide interface state density for the
silicon oxide film obtained by the embodiment of the
present invention has revealed the fact that a very
low interface state density of about 1 x 10cm2ev™t
30 is obtained for any silicon surface of any surface
orientation.
Further, the oxide film formed by the

present embodiment shows equivalent or superior



treatnment for termnating the surface dangling bonds of silicon by

hydr ogen, is introduced into the processing chanber 101 and pl aced on the
stage 104 having a heating nechanism Further,”the tenperature 30 of the
specinmen is set to 400C . Next, a m crowave of 2.45GHz frequency is
introduced to the radial line slot antenna 106 fromthe coaxi al wavegui de
105 for 1 mnute, wherein the - 3 mcrowave thus supplied is introduced

into the processipgachagbelsi9dsvhg EBRpdielieqt thCrRbakbend@d + i Jhgieby)
there is induced high-density Kr plasma in the processing chanber 101, and

the surface s terfhaanahgokydeofehmi wirbnvegdrdytexpasingst akestirface of

the silicon substrate 0 Ln ep_of FLG 13B, the
pressure inside tﬁgapF%gggé%%%Qghghggggiﬁ%€§éiﬁ%iﬁ gﬁn%% §{ei§§agn(1 Torr)
and a Kr/ 02 m xedcphasatserbttbdecedoktOchepiretheeshetencpl atratf@-woth t he

partial pressure éatig of 97€3. Thereg%, there is %orﬂed a silicon oxide
film 103A on the SHFFLEEVBf StRETELFi EBATIEAsPPRr 265 WPPRT8SPAPERNESs of
|.5nm Next, in thgestepcebikl GhdBGest 6 sUPRhY¥ ehillrbherntgeovayechs
shut down nonentarily and supply of the Ga gas is termnated. After purging

the interior of th®ldactiuhnvesder appbress| Ayrennfbeppdibhewlikekr, a ni xed
gas of Kr/NHs is introducedégrgﬁkgge?ﬁgggeriglgge %Qgﬁﬂﬁéhtg ?8£&igl
urther, t

pressure ratio of 98/ 2. 20 € pfessure € processing chanber
is set to about 183Pacé¢h Inide &nhdmtbe &l sidvave shirPab6CGHE asyi ntroduced

again to formthe high-densit asma_in_the processi cha . Wth
Fors 2%si 11 chh nPRFPRES PRREHESKEPE Rbr Aeuotn -ORESERFRAGohr 108 K Y

silicon oxide fil goA@3AtvhghthbBesthieknessighthom pkbesstongubiognef the
silicon nitride film103A with the desired thickness, the m crowave power

i s shutdown and t K&/Pt dshRh @I HEY L3 ¥"d e i $iat eRINOEUY tHerthe he Kr/ NH3

m xed gas is replQéﬁﬂiﬂ@EBn&hﬁy&%o?@ngaﬁtaﬁgoﬁﬁﬁtoﬁMﬂitEhgﬁtéﬂne9588€53ing
is termnated. Next, 1n the step of FIG 13D, the oxynitride filmthus

obt ai ned is used forachéeyadebengubat Pénthel nednded grdeogeérccontent03B i s

for med 15 in the oxide film caused as a result of the removal

of the terminating hydrogen and because of the fact
that the oxide film contains Kr. Because of the
reduced amount of hydrogen in the oxide film, it is
believed that weak element bonding is reduced in the

20 silicon oxide film. Further, because of the
incorporation of Kr in the film, the stress inside
the film and particularly at the Si/Si0O; interface is
relaxed, and there is caused a reduction of trapped
electric charges or reduction of interface state

25 density. As a result, the silicon oxide film shows
significantly improved electric properties.

Particularly, it is believed that the

feature of reducing the hydrogen concentration in the
film to the level of 10'?/cm® or less, preferably to

30 the level of 10em® or less, and the feature of
incorporation of Kr into the film with a
concentration of 5 x 10''/cm® or less are thought as

contributing to the improvement of electric



- 37 thereon. Further, by conducting various patterning processing, ion

i njection processing, passivation filmformation processing, hydrogen
sintering processing, and the like, a serm cthductor integrated 5 circuit
havi ng transistors or capacitors is obtained. Measurenent of the effective
di el ectric constant conducted on such a | am nated gate insulation film ahs
reveal ed the value of about 6. Further, the filmshowed excellent electric

10 properties and,pghbabibit¥nguch; agnh eakgusrcuntent 1¢hahaskenbSth &m,
breakdown characteristic, hot-carrier resistance, simlarly to the case of

the first enbodi ment. The ganeordeul &oi sAalikem thasoybdai Addmshédweteno

dependence of surfage.Qri enbabion,of {Lhe 19, bl hcon, sybstrate 103, and
excel | ent gate I nsulfatron tiIrmwas forned alrso on e Sil1con O? any

surface orientatipbaghleprbbassihge &pPQrasusf acrerVhbe the prnesenRbwn
enbodi ment expl ai ned_the_two-layer construction in which an oxide film

| ocated 20 cl oser 1BoFtHedsi fPcoRndi @8 SR8 BLAFPRi BECFEFM-RPePRATALYEd, it

is al so possible tonchanggcthengrdriaef ham pathepigh Lpeigyide filmand
the nitride fil mdepending on the propose. Further, it is also possible to

formthe structurteopephtnaes| by naied phasinpasFotchxanpbRi detniéri de

oxi de, nitridel/ ox] R , d_t Li F S t i
concentration dis#??%g??%ng§nu€§eat€g9lggggelgﬁ?%é e§9§??ug§8§e£%%?§?ned by
t he present enbodprenéss3figRepparanyst OnFWiEidd, thereaarbepseendetiat t here

is caused concentratign of ni rogen %n cgrres ondence to th? niitride film
- fieS5hPF t

103N at the dept hfdFS5- S FPORE BESof Ot hECUPRPeRY € fPFm - 38

while there occurpla@méUékbgtaeﬁaﬁtb?thomieiowabéogﬁa;aTbaéop@cgggding to
t he present enbodinent, it is E055|b e toforma nitride region at the

oxi de film surfacEehpRfict RETRAFEKAISTEPTODBNATSTABNY. fEXFFGI25 shows the
band structure of - hg,5entconduator edevigeeoli AL GrA3D Loken ghong the

cross-section A-A r the thermal equilibriumS3tate. erring to FI G 15,
there is formed a nitride | &pethéOBResénsnmanbodamdgap adj abenidtbet he 1o

silicon OXideuJayggt%QBth£ kﬁéggeg 998a8f %ﬂg %Qgrowave power is

shutdown upon formation of the silicon oxide film to
a desired film thickness, followed by the process of
replacing the Kr/0; mixed gas with the Ar gas. On the
other hand, it is also possible to introduce a Kr/NHs

20 mixed gas from the shower plate 102 with the partial
pressure ratio of 98/2 before shutting down the
microwave power while maintaining the pressure at
about 133Pa (1 Torr). Thereby, a silicon nitride film
of about 0.7nm thickness is formed on the surface of

25 the silicon oxide £film upon termination of the
processing. According to such a process, it becomes
possible to form an insulation film having a higher
specific dielectric constant by forming a silicon
oxynitride film in which a silicon nitride film is

30 formed on the surface thereof.

(SECOND EMBODIMENT)
FIGS.11A - 11C show the formation method of



gate electrode 103B is fornmed adjacent to the nitride filmlayer 103N.
Further, the silicon substrate 103 exists adjacent to the silicon oxide
filmlayer 103A. In such a band structuré, %% “should be i5 noted that the
conduction electrons in the silicon substrate 103 are bl ocked by the thick
dielectric filmformed of the silicon oxide film 103A and the nitride film
103N as long as the sem conductor device is in the non-driving state in

whi ch no vol tage 4 sp2er 8P| # £ t Ot t hew 98dBp L LEhF O Uy 103 hg apthéhgre is
caused no | eakage of the conduction el ectrons tot eh gate electrode 103A
As will be expl ai #eeCTdirg W th setenrenerbedingrt ¢ hshhepregenievi ce, the

band structure of FGBLS gXtieplys el{gctiye Lolsop suPRLESsLng the
y gt d I

| eakage current and Si nultaneous i ncreasin e curren ensity of the
tunnel i ng cur r ent serf FLRTU EABQDREMENT) t1830t Fh€2 4 6duch 16Cr stoivé hei for mat i on

met hod of an oxynitride filmconducted at | ow tenperature by using plasm
according to & fourth enbod¥%n5ﬁed?r?%%nﬁr%ékﬁél£%%éntF%ﬁ'a%ﬂ a fabrication

process of a - BSasLELSONNNCIOF E8VEES dMAtshSRS SHWChT@NS OXyNhd&d de
film It should be noted that the oxynitride filmformation apparatus used

in the present enb®diHentnisridrentithl foFRatior: ofierstmn ih H1G. 5. In the
present 5 enbodi i r e; pl £X61 i a irgl, the
interior of the 5%@%%#5%6%@% pr%gésé?nbgdgﬁgg? %%%%a%?ogﬁ%gé?iiie%%cuated
to the vacuum st aferithe¢ helasep eftcFta 16W, gandfan Pemgasng sthat r oduced

into the processing chanber 101 fromthe |0 shower plate 102 Next, the gas
|t roducen Lot heCRrBrERer Ty YT 1o oSt ST R mas 1 om the
Ar gas, and the pfessaton Nsitleotder ptOcCesSHN NY Khghbelal StpetitoHiddout

133Pa(1 Torr). Further, the silicon substrate 103, i5 preprocessed in the
pr epr ocessi ng ste%l%Bnducted i mredi ately before by a diluted hydrofluoric

treatnment for term nating the -dangtidg, bonds«ohp 5l bE0Rs Oy tAL FLf ace by
hydrogen, is introduced into the processing chanber 101 and is placed on

the 20 stage 104 Pemiewpenrtéati ng mechani sm Further, the tenperature of

t he specinen js set to 400G, t, ] 4531 e IS
supplied to Hﬁe radi al Iing%§$%¢’éﬂﬁ%g%§£§%%¥fr%%1€%% coax@%J&%%%%%uide 105
for 1 mnute, whergrdcédeiRd chanosayel®@hust SEPR! 5 eds i svamidosdicesl A nto t he

processi ng chanber 107 fromthe radial lien_sl|o tenna 106t hrough the
i ol octric plate MRFUTHEFELY Tk HEte T59 of et hi G GRGi 1y 2F & 1 Kr in

the processing chambesadddd FHn Sthid aseoh&F Hatd N0 B0s hyllr ©eR tiSe t hus
renoved by exposing the surface of the silicon substrate 103 to the plasna
thus excited on tPeej§up@sinside the processing chamber is set to

20 about 13.3Pa (100mTorr).

Next, a silicon substrate 103 is introduced
into the processing chamber 101 and is placed on the
state 104 in which there is provided a heating
mechanism, wherein the silicon substrate is subjected

25 to a cleaning process conducted in a hydrogenated
water and the silicon dangling bonds at the substrate
surface are terminated by hydrogen. Further, the
temperature of the specimen is set to 500C. as long
as the temperature is in the range of 300-550C,

30 results similar to the one described below are
obtained.

Next, a microwave of 2.45GHz is supplied

into the processing chamber from the coaxial



Next, in the step of FIG 16B, the pressure - 40 of the processing
chanber 101 is maintained at about 133Pa (1 Torr) and a m xed gas of
Kr/Oz/NH3 is introduced fromthe shower pl@% 103 with the partial pressure
ratio of 96.5/3/0.5. Thereby, a silicon 5 oxynitride film103E is fornmed on
the silicon surface with the thickness of 3.5nm Upon formation of the
silicon oxynitride filmof the desire filmthickness, the supply of the

M crowave power i, dowy @nd; £hepl asims £XCi £ | §1b4 Sat €A dat ¢4l

Further, the 1o Kr/Oz/ NH3 m xed gas is replaced with the Ar gas and the
oxynitridation protdsgiegislectmqarledte NeXt ,and a HelghependitF G 16C, the
oxynitride film 103E thus_fornmed is.used for_the gate insulation fil and
a gate el ectrode B i SOff ollgrrreld's 1151%1%1(:% el%a%%e ipn]goucf%?silorhgf‘fgf%noq%%E.ﬂ
Further, by conducdidtas athe®USrpidredni o) fHoCRRSES] ed i ¢ fpband atd oin
processes, passivation filmformation processes, hydrogen sintering

processes, and t &% i1aR9aret Afict EEPMEA P D RFR Ihd R ore ¥ $REYFRH ed

circuit 2o device,iavi NOhdEHANSHSSOF Ss i CAPACHS Ofi5e | SnORI&d Methed! G 17
shows the rel ationship between the density of atomi c state oxygen O° forned

in the processi ngepparateaschtaima 5 headthe aicesephorterd rémn, até ysi s and
the mxing ratio ; N%—ggggi 9B - f ing to
FIG 17, the densifép%%?h%a om¢c st%ée%%ée%%% neas%Ar%gd éy t he

phot oem ssi on anadwiss tsraloesl (idti < heatgets ubstrantWiath ydedwesadiveg m xing ratio

of the Kr/Qz/NHs gas is in the 30 range of 97/3/0 - 95/3/2, while when the
ratio of NH3%’s i%%?ae‘él%%}(fqurfﬁﬁ?rt%%}?%}%?r? orf 1??1%0%‘?%@%”4‘%% % oxygen

0* is reduced andyfitee apmdindr &fert it ferSt oWl dflgedkdgpidcdeased.
Particularly, in - 41 the oxynitride filmobtained in the case the

mxing ratio of thelrfomaHonyy i Ribite BT S, that dairdethRen that
the rosl ofance 5 B ot BIBct 1 E SHarGE | niect] on Bt &y proued s oo o
introduce the microwave into the processing chamber
15 by other methods.

The silicon surface thus exposed to the
plasma excited based on an Ar gas is subjected to
bombardment of low energy Ar ions, and the surface-
terminating hydrogen are removed as a result. In the

20 present embodiment, the Ar plasma exposure process is
conducted for 1 minute.

Next, in the step of FIG.1l1lB, an NH; gas is
mixed to the Ar gas from the shower plate 102 with a
partial pressure ratio of 2%. Thereby, the pressure

25 of the processing chamber is held at about 13.3Pa
(100mTorr). In high—-density plasma in which the Ar
gas and the NHs gas are mixed, there are caused
collision of Ar* in the intermediate excited state
and the NH3; molecules, and NH* radicals are formed

30 efficiently. The NH* radicals thus formed cause
nitridation of the silicon substrate surface, and as
a result, there is formed a silicon nitride film 103

on the surface of the silicon substrate 103.



FI G 18 shows the concentration distribution of silicon, oxygen and nitrogen
in the 'oxynitride filmof the present enbodi nent as neasured by a secondary
ion mass spectroneter, wherein the 1o hori Zdntal axis of FIG 18 shows the
depth as nmeasured fromthe surface of the oxynitride film In FIG 18, it
can be seen that the distribution of silicon, oxygen and nitrogen is
changing gently in the film while this nerely neans non-uniformty of

etching and 15 does not m%%?o%rﬁ'&fﬂ%ﬁ%ﬁeOgjhif'@orﬁXMf'{Hégefﬂer is

non-uniform Referring to can be seen that the concentration of
nitrogen in the ok§3¢twide 4ipredstéempreditthheksess contisi supphy ox§ni tride

film2o interface_and also at the silj conho%?{nirtlri dﬁﬂt_i | m sur{ace and
decreases at the CERtPRITPLETYS HO¥FRe BXyRTErFAL™ 1M “Hher¥by 2 T3 HdUI d be
noted that the amuudtpDisiatiOUeSrhNCOEHOr atLsainy o the oxm{ mided il mis

several ten percent as conpared with silicon 25 or ox%/gen. As wi || be
expl ai ned | atér, 3% hf t FORRRCRONEERE riEte iy 192 ¢ henQi Fiie omt sTidebhen

oxynitride film 'ﬂ-@é%%fné n; & h@eﬁhﬂﬁ@é‘apxyni tride filmof FIG18 is

t hought as relaxing the stress at such an interface. As a result of such
stress relaxation, the trappanghg0, ofnetleetstep chhrges. 1 hCt hehdil m or the

density of interface, states caused. stress.is reduced in the silicon
oxynitride film of* SRt ans h’lgjsf)%o%w? bRt &% §%rr9%<§%séd€%?i%t%ﬁ? he

| eakage current. fiim4Porhd€idd showssd hen depensdemsec dfFt@akbgei cuisemt of
the oxynitride filmof the gresent enmbodj nent _on the %E")pl ied electric

field, whereild FIT 13 350 Showk? tHeR | kAR LUFFe e tha? SRt BFP<E | t0 3P of

the oxide filmof;dhessno@ il Md hhekaessshlabehrihe EXPOSUFErPROEESS tO
the Kr plasma is omtted before the oxide filmformation process by the

m crowave pl asma &Elews t PRt te el 1@ aReQRee IR Y entOR hMREAREIBIOR of the

oxide fi| mformed, by g Lher 1ol o 30,01 SRt LDl PEORESS: LT L b pug pose of

conpari son. Referring , It can be seen 't t e val'ue of the
!eakage current atydiegsaneirtecing cpfocddses, ramdicelde byikdeaosder of 2 - 4
in the 15 conducted, and a semiconductor integrated circuit
that includes therein transistors and capacitors is
obtained.
While the present embodiment showed the
case in which the nitride film is formed by the
20 plasma processing apparatus that uses the radial line
slot antenna, it 1s also possible to introduce the
microwave into the processing chamber by other ways.
Further, while the present embodiment uses Ar for the
plasma excitation gas, similar results are obtained
25 also when Kr is used. Further, while the present
embodiment uses NH; for the process gas, it is also
possible to use a mixed gas of N; and H; for this
purpose.
In the silicon nitride film formation
30 process of the present invention, it is important
that there remains hydrogen in the plasma even after
the surface-terminating hydrogen are removed. As a

result of existence of hydrogen in the plasma, the



oxynitride filmof the present enbodi ment in which 15 the oxynitridation
processing is conducted by introducing the Kr/Qz/NHs gas after renoving the
term nating hydrogen by the Kr plasna irradi2ati on as conpared with the
oxide filmformed by the conventional process and that the oxynitride film
20 thus formed has excellent | ow | eakage characteristics. In FIG 10

expl ai ned before, it should be noted that the rel ationship of the | eakage

current characterkstic. fj i e ; LtE] il mthus
formed is repr ese(?l%ﬂe%fjb@%?(ggﬁs Rle‘#’é;lré?ng%?oéﬂgﬁ%m%gg%@étﬁieﬂgx%/éni tride
filmfornmed by theehl esenthendodyhiend dt@roconidecintgrfiee Kirérradi ation

has a sim | ar | eakage, characteristic to_t oxide filmfarmed with a
simlar process an }‘i‘é?t‘?(ﬁebffe RGP LT e tb?%g%n?§/ %T)Hgb%n 0-32')&;'0%2 al so

in the case the fiésuidj cknessrés ebopd dxréndihinsheq! grdie ot ed that the
oxynitride filmof the present enbodi ment al so showed excel |l ent - 43

el ectric propérti®slieen reliabie i fils P athdrBakepi®cehar acteri stic and
hot carrier resistance supefliugre}gps{g; Oxi fecf il of b dféﬁétt}gé"bt@gé nment
t he

expl ai ned before. Further, there was observed no dependence on
surface orientatiloondfis heosflinen sedsecateslanly t iuSrared bevomast passi bl e

f [ | ati fil | ] h i sti I h
(100) Surface of SHFFCER BRY S1S0 h THESE: PICORe Sty Thce SROGHy SitPhre

orientation. 10 Assexpt@sunet GboyeistdndecontisyPossem) echo Hpstavesidi con
oxynitride filmof superior characteristics, and filmquality on the silicon

surface of any sub®aklee oY eFftat3OFE S EHes | biv e eiperated 2t ¥WodC by

conducting the sij£oPrdoe OxyML rdLdiOp L OCRSSE MO byn 1 Ndhe Kr/ QZ/ NHB

hi gh-density plasma, after renoving the surface term nating hydrogen. The

reason why such aelivenideeblibm etd esuprigs pod aehi 2vedl bycmhe Fmedérst
enbodi ment 1S atitlUIeH €0, olo OBy 101108, TRAUELSONe Of m WP PRN, cont ent
ynltrlde Il mcause %/ renoval of the surtace
rare gas (Ar or Kr) and an N;/H; mixed gas, it is
15 possible to suppress the traps of electrons or holes
in the film drastically by setting the partial
pressure of the hydrogen gas to 0.5% or more.
FIG.12 shows the pressure dependence of the
silicon nitride film thickness formed according to
20 the process noted above. In the experiment of FIG.12,
it should be noted that the Ar/NH; partial pressure
ratio was set to 98/2 and the deposition was
conducted for 30 minutes.
Referring to FIG.12, it can be seen that
25 there occurs an increase of deposition rate of the
nitride film by reducing the pressure in the
processing chamber and thus by increasing the energy
given to NHsz (or Nz/Hz). Thus, from the viewpoint of
efficiency of nitride film formation, it is
30 preferable to set the gas pressure to the range of
6.65 — 13.3Pa (50 - 100mTorr). On the other hand,
from the viewpoint of productivity, it is preferable

to use a unified pressure suitable to the oxidation



term nating hydrogen but also to the effect of the nitrogen contained in
the oxynitride filmwth a proportion of several ten percent or less. In
the 25 oxynitride filmof the present enbodidment, the content of Kr is
about 1/10 or less as conpared with the oxide filmof the first enbodi nent,
and in place of Kr, the filmcontains a |arge anmount of nitrogen. Thus, in
the present enbodinent, it is believed that 30 the reduction of hydrogen in

the oxynitride filmcausasyrgouctiom pipyeak Bopds, ié‘af@f@xiﬂéffﬁ”i%

oxynitride film "while the existence of nitrogen in the filmcduse
rel axation of stress ¢ase hef f¢dmiwrting die exiddei@l/Broeintiny favd. As a

result of this, the nunber of. trapped electrical.charges in th i.l mor the
surface state deni%s}ll yml“i_srlr%%tu%%%,lplg%%e%%%n%l%%?H%u%?%%é‘rt?seswﬁfftkhee
oxynitride filmiexplaipsdvedtlsi gnfdtandd | yo Feiét cethiesdymentsj s bel i eved
the reduction of hydrogen concentration level in the oxynitride filmto

1022cm Z or | &ss, Pt hr chlerbhIBrafitzn® o7 $eSstihidPdHel ki RIHRE Df

nitrogen in the fif i t@anyaporid omofrseyegad ﬁ@ntrp@r%@e%fhllo ,
respect to silicon or oxygen contribute to the inprovenent of the electric

properties and relQbindry prefdralsly itorthxymnge def f41mé%n the present
enbodi nent, the supply of tfu@ éﬂ%&fwg pover {t?%éh&‘ﬁéjogﬂf‘éoﬁ q%t%ng é)f t he

15 oxynitridation processing upo ormati on of e Silicon oxyni e film
with the predet erfdmedl @30 ckines sqb taanich ¢ dnoKr # 1z / NHss e X eshnigadimen t epl aced

with the Ar gas. th ther hand, it. i ossible to termnate the,

oxyni tridat i gqu pr%%‘%%‘?n@“%ys%c;’r%ﬁ o%iﬁf%'gtﬁl%rVNF%t?f?&e# Sgsfwwmﬁ%%e
partial pressure ¢@id orofud8l2 {vaut thei shaneripted ead Oghdbeipse the
shutdown of the m crowave power while maintaining the pressure at 133Pa (1

Torr) and form a $}¢}PuHF teoRELINE R thel 5207 %l fhimsilicon 25
oxynitride filmwth the ”}%&meﬁm%{ta@fmﬁh@' 3 o A COL A Sidhs
iTmis

process, a silicon nitride ormed on the surface of the siiicon
oxynitride film arthaactesidai¢onof it havl hgpa mighede df elrect¢3€ const ant
i s obtained. l%OI the oxynitride filmof the prese odi it should

nb ,
be not ad thatt heS REHss vay | G T4 T Pt eRE tha T o eadAt 1 i%e 11 1'm

interface and thef£oncemd t ath®Nf OIm NEHswgen 1Ioakdpe Seuifpeet of 1
characteristic smaller by the order of 5 - 6 than
that of a thermal oxide film having the thickness of
1.5nm in the case the film has a thickness of 3.0nm

20 (equivalent to the oxide film thickness of 1.5nm),
under the condition that a voltage of 1V is applied.
This means that it is possible to break through the
limitation of miniaturization that appears in the
conventional transistors that use a silicon oxide

25 film for the gate insulation film, by using the
silicon nitride film of the present embodiment.

Further, it should be noted that the film
formation condition of the nitride film noted above
as well as the physical and electrical properties are

30 not limited to the case of forming the silicon
nitride film on the (100) oriented silicon surface
but are valid also in the case of forming the silicon

nitride film on the silicon of any surface



- 45 the oxynitride filmexplained with reference to FIG 18 are mai ntai ned
during the growh of the oxynitride film FIG 20 shows the change of the
nitride 5 distribution profile with the qrc?‘v%tﬁ of the oxynitride film
schematically. Referring to FIG 20, nitrogen concentrate to the surface of
the oxynitride filmand to the interface between the oxynitride filmand
the 1o underlying silicon substrate, and this tendency is naintai ned even

when the oxynitrige; diidn ias ﬂ?@ﬁu@i%%@-éf@lﬁ §esphte . the oxynitride

film while having an overall conposition of an oxynitride film does have
a conposition near an oxideltishouldtlbe motedsthiept thpapreddralhkefil m and a

conposi tion near ifrid j t S . the interface

bet ween t he oxyni}??%udfe{%i %Hé%‘g'l?h%ﬁg 2&%%%‘?%& uer%{]sfge#l,rg%%% agre%)trho%f
penetration of nidnbgentedindd loxyrhd rreteotal i sthe miéeditotPa@nm or | ess,
and thus, 20 the thickness of the nitride filmformed on the surface of the
oxyni tride film iSYITPHTRPTD LY (HIETRFEVERES VERR) SNext , K ot i
process of a sem gpRELgd of i 2R, deviee Bccordingctoda £ifhhoempedi nent of the
present invention will be described wherein the sem conductor device

i ncludes a hi gh- REFTEYL TR del ¥ i1 hokhetedntaedne?r pé¥t of the
devi ce isol ation s !tﬁ@aétfg%@tiﬁé‘i&é &?Hﬂ%gﬁé@%%%@tﬂ?@ 30 or
ul ating sur

on a silicon surface having an un ace form A shows t he
concept of shall owiliemmwmisoldt iDhlm intdbfadef eksiagresuFt G214\, t he

illustrated slgall wtrench isolation is formed by form an_isgl ation
trench on a s rfa%ex% A ST H oLt T ate %%f%@rlc%%dﬁ‘%ﬂ‘ ny a-hf asma
etching process, fhtdifiged dferd r@ncdn thuss fOsdRcedy tdnad shid con oxide film
1002 formed by a CVD process, and planarizing the si]icon oxide film 1002
by a OWP process,Coher HHeteq i@ ST ntQ Hepredent kbR di TRV eeRt of i tem
substrate is exposes:{0; AN QpdiZidy aldosphere alnidl 800 900C after the
polishing step of the silicon oxide film 1002 to conduct sacrifice
oxi dati on nitride film.
15 Particularly, it is thought that the
existence of Ar or Kr with the surface density of 5 x
1011/cm2 or less is effective for the improvement of
the electric properties and reliability of the
silicon nitride film, just like the case of the
20 silicon oxide film.
In order to realize the nitride film 103C
of the present invention, it is also possible to use
other plasma processing apparatus than the one shown
in FIG.5, as long as it enables low temperature oxide
25 film formation by using plasma. For example, it is
possible to use a two-stage shower plate type plasma
processing apparatus that includes a first gas
release structure for releasing an Ar or Kr gas for
excitation of plasma by microwave and a second gas
30 release structure different from the first gas

release structure for releasing the NH; (or N2/H;) gas.

(THIRD EMBODIMENT)



process, and the silicon oxide filmthus formed as a result of the
sacrifi'ce oxidation process is etched away in a chem cal sol ution

contai ning hydrofluoric 15 acid. Thereby,” &5si1icon surface term nated with
hydrogen is obtained. In the present enbodi ment, a procedure simlar to the
one explained in the first enbodi nent is conducted and the

surface-term nating hydrogen is renoved by using the Kr plasma. 20

Thereafter, the Kr/02 gas igré tfﬁ)ﬁwepsﬁnghwetﬁélf&ﬂnaﬁfw%{miéf

formed with the thickness of about 2.5nm According to the present
enbodi nent, the saliwonlaxédeldmimaied foiekactrih atundforen adcckhosg 25
even on the corner part, of te?rﬁpcfscﬂal | ow t eﬁ}gh isolation wthout causing

decrease of silicoh dx }aler?i Jr%%%s%. he BFFTEh JO&Y%JCWIF nm ¥ hus

formed by the pl agiBcioxddladkDde PFf OO SSndVh 1 €r USé NEi I ef dFmddl asyra:has
excel l ent QBD (charge-to-br eakdomrgﬁ 30 characteristics jncluding the
shal | ow trench i sbPt PP PER FUranel 3§88 PTRCRITSRER NPT Hed kele % Yokkage

current even in the caseniheaiheciasbelecsfis @&@{&&%@é@olﬂ-o@&éf@@- Thus,
the reliability - 47 of the device is inproved significantly. In the

case of form ng tHeasiksevnsoxt de tWomMdyer heambrvesd | Gl e biet ol

oxi dati on processst}@gtépi ckness of the silicon oxide filmis severely 5
reduced at the corner par?' of the shallow trench isolation with increasing

taper angle of the shallow 1tesitduisdbatioted whde tie tdepLasenofudde
present invention, no such thinpi ng(?gf the sjlicon oxide filmjs caused at
t

such a cor nert%partOBf thhet SHRF FOUR t 2 enthe 19%1901 LB e e Piheld@se t he

taper angle is ingfgased. tdUsreddnt hanps@seet « enbodid®itcal hei userpd a
near rectangul ar taper angle for the trench of the shallow trench isolation

structure enabl esPPRRTFDOBIFIhed arba B thee et cabadiegron fegion, 15
et o "onfS et ARG Syt s s S
degrees has formation of the oxide film and the nitride £film.

15 First, in the step of FIG.13A, the vacuum
vessel (processing chamber) 101 is evacuated to the
vacuum state and an Ar gas i1s introduced into the
processing chamber 101 from the shower plate 102.
Next, the gas to be introduced the next is switched

20 to the Kr gas from the initial Ar gas, and the
pressure of the processing chamber 101 is set to
about 133Pa (1 Torr).

Next, the silicon substrate 103,
preprocessed in the preprocessing step immediately

25 before by conducting the diluted hydrofluoric acid
treatment for terminating the surface dangling bonds
of silicon by hydrogen, is introduced into the
processing chamber 101 and placed on the stage 104
having a heating mechanism. Further, the temperature

30 of the specimen is set to 400C.

Next, a microwave of 2.45GHz frequency is
introduced to the radial line slot antenna 106 from

the coaxial waveguide 105 for 1 minute, wherein the



been used for the device isolation part in the conventional technol ogy,

whi ch relies on the thermal 20 oxidation process, because of the limtation
caused by the thinning of the thermal oxidé%i1mat the trench corner part
as shown in FIG 21B. According to the present invention, it becones

possi ble to use the angle of 90 degrees. 25 FIG 22 shows the
cross-sectional view of the silicon oxide filmfornmed on a silicon surface

i n which an undul gt ;i PG SVE f BGEs NOLPHPL 8gYi s SihoroBE-0y £opduching a
90-degree etching, with a thickness of 3nm according to the procedure of

the first 3o enbpﬁt@@ﬂ%Siﬁ@f@h$mhgrtbOFI%i@ZPhétdt@hegbrEQGDl@hat1@7siIicon
oxide film of “”'%r?é@éégl C{(ﬁe]?% {8 Ir?&ﬁﬁf‘?gdoﬂiﬁﬂygé’&si ﬁ#r{f&s‘?ﬁa in- 48

The oxide filmformed a8’ suc as excellent efeciric ptropertres such as
excel | ent | eakageticdirpeonteos iy cakatobar chat acaedi she csunhacéhus, the
present invention can realize a_ hi h-densit%?seniconductor 5 integrated

circuit having a SPFPERA-1RY YA ARRRi bhaf SBRY Tt oY eSX¥RPF HRI nBCi ncl ude

plural surface origptatéops el 8ilheogaseootracyverpscab ehEUSIYERa . (SI XTH
EMBODI MENT) io FIG 23 shows the construction of a flash nenory device 20

according to a sixth embodi¥e%t, ointHeeppesenefi hient3Bn, thhepeepsthese
parts correspondi ngg{ etgﬁepﬁééigﬁﬁ | b 198£0¥§1a£§ ﬂ§f+€§gﬁ&g py the

sanme reference nuneral s and deScription ereof w mited.
Referring to FI G 233P4hélfTash) nemdry KeXdzZen2edfgadelpriosenddecdddi nent
uses the dielectric fi% nt_or

embodi ment, f9r the°Fu ﬂ]%ll‘f?ﬁ%"g‘%ﬁts%hf%{:?%g% ?‘P%gbgg%.pﬁégﬁ éﬁ%%\égf%e state
in which a wite ratio of 97/3. Thereby, there is formed a silicon
oxide film 103A on the surface of the silicon
substrate 103 with a thickness of 1.5nm.
Next, in the step of FIG.13C, the supply of
15 the microwave is shutdown momentarily and supply of
the 02 gas is terminated. After purging the interior
of the vacuum vessel (processing chamber) 101 with Kr,
a mixed gas of Kr/NH3 is introduced from the shower
plate 103 with a partial pressure ratio of 98/2.
20 Further, the pressure of the processing chamber is
set to about 133Pa (1 Torr) and the microwave of
2.56GHz is introduced again to form the high-density
plasma in the processing chamber 101. With this, a
silicon nitride film 103N is formed on the surface of
25 the silicon oxide film 103A with the thickness of 1lnm.
Upon formation of the silicon nitride film
1032 with the desired thickness, the microwave power
is shutdown and the plasma excitation is terminated.
Further, the Kr/NH; mixed gas is replaced with the Ar
30 gas and the oxynitridation processing is terminated.
Next, in the step of FIG.13D, the
oxynitride film thus obtained is used for the gate

insulation film and a gate electrode 103B is formed



voltage is applied to he control gate electrode 15 in the flash nenory
device '20 of FIG 23. Referring to FIG 24, it can be seen that 25 the band
structure of the silicon oxide filmand thé7nitride filmconstituting the
dielectric film 12A changes significantly upon application of the wite
voltage to the control gate electrode 15 due to the correspondi ng change of
potential of the floating 30 gate electrode 13, and the hot el ectrons

formed in the chapneledegi B-didy ar@%ié&ﬁ&&@gﬂl@t@aﬁf@ui!&@&é‘ﬂn%e
el ectrode 13 after passing t hrough the triangular potential formed by the
conducti on band Berocessfng pfiemeln]¢¢then oxfeeessimyi rraseitathonf Fow er

Nor dhei m current. e i.hed al read 1 th et | G 15, such a
dielectric film f%ffn“é %‘pl%’ﬁ%% % gf)% (gen%sl%\dlléba}ﬁf(lﬁ]gérg%gt%llﬁ%‘gﬁlr%gto t he
conducting el ect ronscégsime, chradnghe region 4 ldemicdieudosr W tédigasédt e of

the flash nmenory device 20, and the tunneling current is effectively
bl ocked. FIG 25 shohEtthe IR Ager 375U TUrTent2 R tHF Act 2 reREd e - t he

tunneling insulation film 124y ofrdhenf | @8 HENDF FedeW £ 2 &FcH &G 25 in

superposition with the graph of FIG3. Referring to FIG 25, it can be seen
that the tunnel i mgPrsisinat¢orddcten 1A Prelvi el veksd |FNEE 5 | eakage

current in the c | 4 e tgl i i i e. tunnel i ng
current i ncreasegﬁgﬁér p %%ﬁﬂ? héeﬁéa;p{) \l(;eé%i%i g%}égi\zéﬂéel#liisg?%%r%ased in
response to appl ikattilosr of tlee pf ellet erowaerddexwéel kevol ¢bgetriand it becones

possi ble to conduct efficient 20 jting of informatjon in short tine.
Purther, in the dREEORCLOmatRe | ML 14 Wty i R th 190 fprent
conventional injegidodcearienic, tiheedtdBvmeskiethdosridtid Nhos-ceekced. In
the flash nenory device 20 of FIG 23, 25 the stress at the interface

between the Si subRtFuERNAQ, stk bkl Higy ¢k i B1F FE1FRYU2A i s
e S el 10 LSRG A LA M T, i Nyt B 1 5. 104
tunnel i ng showed no dependence of surface orientation of the
15 silicon substrate 103, and excellent gate insulation
film was formed also on the silicon of any surface
orientation other than the (100) surface.

While the present embodiment explained the
two-layer construction in which an oxide film located

20 closer to the silicon side and a nitride film are
laminated, it is also possible to change the order of
lamination of the oxide film and the nitride film
depending on the propose. Further, it is also
possible to form the structure of plural laminated

25 films such as oxide/nitride oxide,
nitride/oxide/nitride, and the like.

FIG.1l4 shows the nitrogen concentration
distribution in the two-layer laminated structure
obtained by the present embodiment.

30 Referring to FIG.14, it can be seen that
there is caused concentration of nitrogen in
correspondence to the nitride film 103N at the depth

of 2-3nm from the surface of the dielectric film,



30 insulation film12A is inproved. As a result, the | eakage current is
reduced further. This nmeans that the thickness of the tunneling insulation
film 12A can be reduced, and thus, it beco®s possible to - 50 realize a
flash nmenory operating at |ow vol tage. (SEVENTH EMBODI MENT) Next, a flash
menory device according to a 5 seventh enbodi nent of the present invention
that uses the | owtenperature formation technol ogy of oxide film and

nitride filmor the; {owfenperatyre ﬁ@rfraii;ﬂertﬁ%n@emeyoﬁfoﬁx%mll@%&%g.fi I m

by plasma will be explained. In the description below, it 1o shou

noted that the exptanatioroidimpdeo otha presén eerwbgdesnte, ithise it

shoul d be noted that the present invention is applicable alsp.to ROV and
EEPROV. FI'G 26 SHOTRLTHE S2nentlis & ohedg oted b & 5J°%|‘? aGF 2T o?lEgmf | ash

menory devi ce acceudffige twithetps eslend keddodd frept 3ndred €siyg to Fl G 26, the
flash nmenory device is constructed on a silicon substrate 120l and incl udes

a tunneling o¥ide film 120X ¥orhedSE nEheoP3Rd i Tehvctibet rat etN01, a

first polysiliconsgai&oeh@ctsPded 203 §OrIRd. o thgdpnnehinoepxi de film
| 202 as a floating gate electrode, a silicon oxide film 1204 and a silicon

nitride film 1205cfossreskcohsrecith Vefgr obhe heheonglbi ¢debhilkatwn et ezte ode
1203, 25 and a second pol ysjlicon. gat tyode for he silicon
Shd EEON %ef%ﬁf&.w t %?%&%,Pi?ﬁdq\é’é‘é

nitride film 1205 as a contro ga%e rode.’ In ustration of
t he source regi omitlrada Iegeonl0E0NdACsmAD] ehandy®p cadmpecsérontpatiier ns,

and the like, is omtted. If should be 30 noted that the silicon oxide film
1202 is formed bysihbc%%?’éb‘?meo%&%%rf}?%‘f% ?’T%?l%%‘ﬂ%%@exﬁ‘gi%% wi th
reference to the fitstepobogba®nio3mhi erdhred aadat &tk St Uehelrei of idde
silicon oxide film 1204 - 51 and the nitride f11m 1205 is fornmed by the

formation method Hilmilaxen kINi dRUFERer exphai febleon rerke tonte olhe third
enbodi ment . Fl GS. @Ziéxfé”?%@{?%g ef@tfﬁedéﬁﬂiwoc?x%ﬁglf‘imnﬂaf}gf 1033,

fabrication process o nmenory devi ce e present” enbodi nent
step by step. Referring to FtG2dh a kahdconrsabste at &t 180duladbeides a

flash memory ﬁFllnéggéOQh£¥ @Bgiéghduction electrons in the silicon

substrate 103 are blocked by the thick dielectric
film formed of the silicon oxide film 103A and the
nitride film 103N as long as the semiconductor device
is in the non-driving state in which no voltage is

20 applied to the gate electrode 103A, and there is
caused no leakage of the conduction electrons tot eh
gate electrode 103A. As will be explained later with
reference to the flash memory device, the band
structure of FIG.1l5 is extremely effective for

25 suppressing the leakage current and simultanecusly
increasing the current density of the tunneling

current.

(FOURTH EMBODIMENT)

30 FIG.16A - 16C show the formation method of
an oxynitride film conducted at low temperature by
using plasma according to a fourth embodiment of the

present invention and a fabrication process of a



vol tage transistor region B and a | owvoltage 10 transistor region C such
that the regions A - C are defined by a field oxide film 1302, wherein a
silicon oxide film1303 is formed on the sW¥ace of the silicon substrate
1301 in each of the regions A - C. The field oxide film 1302 may be forned
by a 15 sel ective oxidation process (LOCOS nethod) or shallow trench
isolation nethod. In the present enbodinent, Kr is used for the plasm

excitation gas fogeﬁlbﬁoﬁ&u@yék Qbvibe %Hé%aagéé_eémﬂa%ﬁn&#mi)g&@ or for
e OoXl Irm

the formation of 20t de filmand the nitride f e sanme apparat us
expl ai ned with refelrenckttshdhBliobésnoted fhatt beefoxymtitondeffihe oxi de
filmand the nitride film Next, in the ste f FIG.28_[,1 the silicon 25
oxide fi1m 1303 | SOTBHbVEY FrOMETHeS idrBry  Ret 1o rBEP R A SRRCLHESRF| FEon
surface is term nadiegt bya hywi egephdyogonsicsh ngn t hec cs eamh NghPreeessentn a
hydrochloric acid solution. Further, a tunneling oxide film 1304 is forned
simlarly the 5iretPadinapbdi fents befed efoThtRe Pheshacetri vakier gas.

(processing chanber) 101 ispevacuatrd iQrbhgoyasHUmSt AloughMbaLly to the
first enbodiment and the Ar gas Is - 52 introduced Into the processing

chanber 101 from {heoctoneng prameen 0201 Nexf , FIGeS Aks gagatgatedt thetheo the
Kr gas and the pr@ggy&g é9§£gei$h@?Qrﬁg%§S5PgFfE?fP r éO& %g ﬁgt to about 1
i m " ahd t

Torr. 5 Next, the siTicon oxide fi 'S renbve e hyd?%ﬁlh%ric
acid treatment isiappbdeded oitte shéiponcssbsigatieamdde 5011 £oomstistrat e

1301 thus processed is infroduc into the processin hanber 101 as the
silicon subst%htesaﬁﬁe¥opt?tﬁl%5@'a%%sz B?gd%ﬁsohnYﬁ%gg?% eta 0% @qui pped

with the heating ba8L sy Enshber 16 heit eoperahenecOf at ke gubstrghe is
set to 400C, Further, a mcrowave of 2.45GH frequency is supplied fromthe

coaxi al wavegui detN®5AY o2 e a%drblle aPrespere| bes hde ebipa RDBCEHPINg ni nut e,
wherein the m crowaye fhus s QP'{gda%§u£n$§99§§ngéﬁ£P t he processing
i ) 6 t 0

chamber 101 fromthe radial Tine's ant enna rough the dielectric
pl ate 107. By exposing the Burtlee, ofh¢ heiditorosulssbsatat 03 p the 20
high-density Kr plasiB, LhYS.§ oL e, L Nt 08 - BEQSES8, "Itep conducted

immediately before by a diluted hydrofluoric

treatment for terminating the dangling bonds of

silicon on the surface by hydrogen, is introduced

into the processing chamber 101 and is placed on the

20 stage 104 having a heating mechanism. Further, the

temperature of the specimen is set to 400°C.

Next, a microwave of 2.45GHz frequency 1is
supplied to the radial line slot antenna 106 from the
coaxial waveguide 105 for 1 minute, wherein the

25 microwave thus supplied is introduced into the
processing chamber 107 from the radial lien slot
antenna 106 through the dielectric plate 107. Thereby,
there is formed high-density plasma of Kr in the
processing chamber 101. The surface-terminating

30 hydrogen is thus removed by exposing the surface of
the silicon substrate 103 to the plasma thus excited

on the Kr gas.

Next, in the step of FIG.16B, the pressure



chanber 101, the term nating hydrogen are renoved fromthe silicon surface
of ' the 'substrate 1301. Next, the Kr gas and the 02 gas are introduced from
the shower plate 102, and a silicon 25 oxi d® f41 m 1304 used for the
tunneling insulation filmis formed on the region Awith a thickness of
3.5nm Next, a first polysilicon |layer 1305 is deposited so as to cover the
silicon oxide film 1304. Next, the first polysilicon layer 1305 is 30

removed from the 5?9%RQSPFbQQQsEhéoéhéﬂﬁﬁbigﬁ%vgktﬁgfnéggnéﬁmé¥°££ggg
transi stors by a patterning process, such tha e first polysriicon
pattern 1305 is | e88Panky Dortheatdnaehingdogadeofi Kayb3Hs dst he nmenory

- 53 «cell region, A, After .this etchin rocess, a eani ng. process, i
conduct ed and-t het ShFPRuEest ERE Hoy S PREB o bAEE of 1° 14051 5he chAf Rt bl
with hydrogen. 5 pextsure theistep 96.5)&/895. amnbnsplat hogifitsn1306

having an ON structure and including a |ower oxide film1306A and an upper
nitride film P306BxYheEEiAei E1{Br hRdEsbS aforBedoorr thpesshicaceserfape

pol ysilicon pattey, 3 sim tocthe ir i t
specifically, thisEEﬁl???n#ﬁ%kgééﬁgdggsgf%ﬁﬁbmgpéghgggggggﬁﬂvgg2%*8
(processing chanbei)idfd osyevacidéeflilm afvateudesiatefahd thecliRegas 15

supplied fromthe_shower pl at 02 is swtched to the s. Further, the
pressure inside th ep?BBBE%iﬂg %ﬂ%nﬁé?r?gaggtp?ﬁeﬁbbﬁtgﬁ%%%%W?laﬁ%rF e
Next, the siliconpsubsirekeidildfiogaisytagmihete@n rhetpekysthécon pattern
1305 in the state that the 20 hydrogen term nation is nmade is introduced
into the 10 Kr/02/NHz mixed gas is replaced with the Ar gas and
the oxynitridation processing is terminated.
Next, in the step of FIG.16C, the
oxynitride film 103E thus formed is used for the gate
insulation film, and a gate electrode 103F is formed
15 on the gate insulation film 103E. Further, by
conducting various patterning processes, ion
implantation processes, passivation film formation
processes, hydrogen sintering processes, and the like,
are conducted, and a semiconductor integrated circuit
20 device having transistors and capacitors is obtained.
FIG.1l7 shows the relationship between the
density of atomic state oxygen O* formed in the
processing apparatus of FIG.5 measured by
photoemission analysis and the mixing ratio of the
25 NH3 gas in the Kr/02/NH3; gas.
Referring to FIG.17, the density of the
atomic state oxygen O* as measured by the
photoemission analysis does not change substantially
when the mixing ratio of the Kr/02/NH; gas is in the
30 range of 97/3/0 - 95/3/2, while when the ratio of NHj3
is increased further, the formation of the atomic
state oxygen 0O* is reduced and the amount of the

atomic state hydrogen is increased. Particularly, in



processi ng chanber 101 and is placed on the stage 104 having the heating
mechani'sm Further, the tenperature of the specinen is set to 400C, Next, a
m crowave of 2.45GHz frequency is 25 suppli“ddto the radial |ine slot
antenna 106 fromthe coaxial wavegui de 105 for about 1 mnute. Thereby, the
m crowave i s introduced into the processing chanber 101 fromthe radial
line slot antenna 106 through the dielectric plate 107, and there is forned

30,8 N oh densi ty.ks okt ds BilRSUbEaihDE SHTLAECoBL.! bR pRLYBALI cON

pattern 1305 is exposed to t e Kr gas an e surface termnati ng dr ogen
is renoved. Next,ratke/ 02 hhaekrdad/VN¥; igas oducdzbutnt6 .5/43 /4815 t hiet

hanber 101 f t h late 102 whi i ntaining th
bt ossure of tho prBECER| NG EnaNber C11: For193Pa T 1o Tor PIColRA B-aPPHEon

oxide filmis foragd wothherpehysblégrdodlrfateayet ina Bhéhieknessneé 3nm
Next, the supply of the mcrowave is shutdown tenporarily and introduction
of the Kr gas and®®#ENeHr YHECTEIFnERAFHUPt 241 SREXPD #HR F%PEQV%@ of the

vacuum vessel (processing cP@@b@g)SAQ&sIﬁhéocsxégﬂa£géléﬂddiQErf%ugfénand
an NH3 gas are introduced fromthe shower plate . pressure I nside

t he processing chaﬁbeillggnisosﬁgenoaa@OULtnggepalQ1©®enﬂbym;tandethe

m cr owave of 45 | i a oceSS|n chanber 101 vi a
15 the radi al |In§}%TO$f ?g res%ﬁere%bgah?%%gd5%5|%y pfggn% i% formed in

t he processi ng chasbendangd ﬁoﬁlrh&@@l’lspetttrdﬁe'f:efmWBeféiﬂEdh@n the silicon
oxide filmsurface with the thickness Ofl? us, there is forned an ON
t

filmwith a 20 t hfekheSRtdt 8%hF Ahef&Fn SgﬂﬁﬁlHh%edﬁBFEda?h%?afﬂée%N

filmthus obtainedr¥y@stRt @FBAYe UBET OREN SRR acteabzed1 Ry enuptgorm film
thi ckness, and no dependence on the polysilicon surface orientation was

observed. 25 Afteitse@h hepseeesthat thendisbribptioe ON $ilhforhe
insulation film 1?9‘??&& Legoyed, Loom 1 beg %&9&591?@ % &BPyClﬁof,hé g1y
o) y ctonduct a

hi gh-vol t age and vol tage transistors ing a p ternlng process
in the step of FIG8De thidsimarehpl metas i nontsnidoductedoBOetohng hend

[ oreaol 19, 1ol 1S, B flat MERLSIYOLLEOR, 20 Love ol Lage Lrpgststors
film is non-uniform.

Referring to FIG.18, it can be seen that
the concentration of nitrogen in the oxynitride film
is large at the silicon/silicon oxynitride film

20 interface and also at the silicon oxynitride film
surface and decreases at the central part of the
oxynitride film. Thereby, it should be noted that the
amount of nitrogen incorporated into the oxynitride
film is several ten percent as compared with silicon

25 or oxygen. As will be explained later, the nitrogen
concentrating to the silicon/silicon oxynitride film
interface in the silicon oxynitride film of FIG.18 is
thought as relaxing the stress at such an interface.
As a result of such stress relaxation, the trapping

30 of electric charges in the film or the density of
interface states caused by the stress is reduced in
the silicon oxynitride film of FIG.18, and this

contributes to the reduction of the leakage current.



the regions B and C and a gate oxide film 1307 is - 55 fornmed on the
region B wth a thickness of 5nm Thereafter, a gate oxide film 1308 is
formed on the region Cwith a thickness of ¥hm After this, a second
polysilicon layer 1309 5 and a silicide |ayer 1310 are forned consecutively
on the entire structure including the field oxide film 1302, and there are
formed gate el ectrodes 1311B and 1311C respectively in the high-voltage

transispor region B and theFk@wﬁyoggggg {ﬁ@négﬁggaeﬁggigg gégy &Q
patterning the second polysilicon layer 1309 and the silicide ?ayer 1310.

Further, there ischoreetd afghhe ekgsitoilde1811m Ph tberpspoadence to the

menory cell region A After the _step of.Fl.G 30, source d drain.15 regions
are forned accord?ﬂébgﬁmgnétaﬁdgﬁﬁ %%%i%%ﬁdﬁg?g rﬁ?ogégga’aﬁéefﬁéndevice is

conpl eted by furthee.ctoendusbi Boker tREi DBaRhgenterkrayer chasatatronticl ns
and contact holes and fornation, of mﬁrin% gatterns. 20 In the present
invention, it shodfdthe ABLed fhif PhetlRsBRALI 6A1M FRECIRBBA &F 1BOER

mai ntai ns excel | eptoekg Béhﬁep598€é££?§oe¥§8 K@eBlEBﬁat5505ﬁ§§ée&heF90f i's
reduced to about one half the conventional thicknhess of the oxide filmor

nitride 25 film bBabsret hbseoxitiecbhloxfdemaiianliBoepecandbsi theon nitri de
fil 1306B i i I i i hi ck
| m T 3403 ENGRL! STLBLEGLE! £uPLABR Les: ¥ga uhen Lhe. | hi ckness

t hereof is reduc ese | 6~ ar € dénse™ an e quality.
Further, it shoul dhbeanotetisthat of 3ohbecailde fheémsEbrned byi dethekmal306A

and the silicon nitride film 1306B gre formed at |l o erature, there

w_te
ari ses no probl enP¥tEREPRaPrBGEGE: TF FRE PHEBPFECRTHEPWRRAERR-
polysilicon gate and the OXRQEerrin? 86 rigl1p,and exgebkeptehntrsatace is

realized. The flash nenory device of the present
the value of the leakage current at the same electric
field is reduced by the order of 2 - 4 in the
oxynitride film of the present embodiment in which

15 the oxynitridation processing is conducted by
introducing the Kr/0,/NH3; gas after removing the
terminating hydrogen by the Kr plasma irradiation as
compared with the oxide film formed by the
conventional process and that the oxynitride film

20 thus formed has excellent low-leakage characteristics.

In FIG.10 explained before, it should be
noted that the relationship of the leakage current
characteristic and the film thickness of the
oxynitride film thus formed is represented by .

25 Referring to FIG.1l0 again, the oxynitride
film formed by the present embodiment after
conducting the Kr irradiation has a similar leakage
characteristic to the oxide film formed with a
similar process and that the leakage current is only

30 1 x 107%A/cm? also in the case the film thickness is
about 1.6nm.

It should be noted that the oxynitride film

of the present embodiment also showed excellent



invention can performthe witing and erasing of information at |ow

vol tage, and because of this, the 5 formati on of substrate current is
suppressed. Thereby, deterioration of the tdnmeling insulation filmis
suppressed. Thus, it becones possible to produce a non-volatile

sem conductor nenory with high yield by arranging the flash nmenory of the
present invention 1o in a two-di nensional array. The non-volatile

sem conduct or MenDf y. APPArAL Use £hiss fordrede shows §{§‘bé@cf?%ar9f§£}i§5&r?s-

Thus, the flash nmenory device of the present invention Is aracterized by
smal | | eakage 15 charantedisetio dmd lextetdenterf i tes pdnty sfpdhieor to
insulation filns %§06A %gd % 6B. . F rthﬁrr it _becones possible HP reduce
the film thickness %i$Hholt h e%l%iﬁbet e T eaRaget el ent P S%it becomes
possi bl e to perf asefdhe. Wikt OPEiaté Ofa Dol EBTdY Xd DfSEraddde adn an
operational voltage of about 5V. As a result, the nenory retention tinme of
the flash nenory i Terface RF R BIPR HRf oflRrs bl 2R rS T er 3l c ARfhr ed

with the conventignal, K deyvigesomdy Sdes ders of o BRSSP £ r a4 ihn
operation is increase by the 25 order of 2 or nore. It should be noted that

the filmstructurglbt eheitegsllent ghdfderagdotic mot dnky ted the t he ON

structure explain bo ut it.is. also ible to use an 0. structure
fornmed of an oxi dﬁ@l n%llglffrla%%ro ossbglc?%%lt%)%? %seof?r} s% enbodi fEnt or an N

structure that usesrfade tsf denfidumrBiade |laridmocdtiorcase of the second
enbodi nent. Further, it isf&gssible,to use an oxynitride filmsimlar to
- 5

the one showt% n the FOIR D AR WERL . - FUrEHERSS RS § IR &t on

film1306 may haves@ah NQ 511t U8 d Of iRt Of i Bn b £ rdWiee £idm and an oxi de
filmor an ONO structure in which an oxide film a nitride filmand an

oxide filmare | atharaeeesiebheeand velym wiathier  on Hehe skl k89N fil m 1306
MLride fiImand S ok He T [T are [ar nat 4 EoRbobry vely. Bhoi ce of
y. oi ce of any
of the foregoing E&mpmmgngmgcmﬁlﬁﬁﬁﬁhbg gocduditAggt aheheildcpur pose from
hi'ah vl | age 't arterBEort BT 447 VHTStE: LrareY sTotnd r e st BRar al "o rui
or fromthe vi ewaoidHh-ddnPossi®iddriy, of fsdaresharsetng the surface-
terminating hydrogen.
The reason why such advantageous effect can
be achieved by the present embodiment is attributed
20 not only to the reduction of hydrogen content in the
oxynitride film caused by removal of the surface-
terminating hydrogen but also to the effect of the
nitrogen contained in the oxynitride film with a
proportion of several ten percent or less. In the
25 oxynitride film of the present embodiment, the
content of Kr is about 1/10 or less as compared with
the oxide film of the first embodiment, and in place
of Kr, the film contains a large amount of nitrogen.
Thus, in the present embodiment, it is believed that
30 the reduction of hydrogen in the oxynitride film
causes reduction of weak bonds in the silicon
oxynitride film, while the existence of nitrogen in

the film caused relaxation of stress in the film or



15 (ElI GHTH EMBODI MENT) It should be noted that the formation of the gate

i nsul at'ion filmby using the foregoing Kr/QZ m crowave-excited hi gh-density
pl asma or the 20 formation of the gate nitrdi4dde filmby using the Ar (or Kr)
/' NH3 (or N2/ HZ) mcrowave-excited high-density plasm, is advantageous to
the formation of a sem conductor integrated circuit device on a silicon
on-insulator wafer including a netal layer in the 25 underlying silicon

(netal -substrate S0 )nelds pooyy d heoled thaty the use & diigh tegpperature

process is not possible in such a netal-substrate SO. Particularly, the
ef fect of renovalnwhibeheof et rapped gl dytr boeh clppezes tonshpd cliolslgrin t he

SO 30 structure havin small_silicon. thickness and performng conpletely
depl et ed operati oR'€ F?%éalc%h%ﬁ%t? hcaee%sr%%-lssecﬁ%%c%éj’ aarl\é)st}i‘? ansi st or
having a net al - subbé¢ et £c SSopértidsiref the o¥ynRefodé i anhoidl G 31, 1701

is a |l owesistance sem conductor |ayer of_n+-type or p+-type, 1702 is a
silicide |ayer sutPPERVER F1onyphCcart ey chrtetfventY ritle 1ayReltied as TaN

or TiN, 1704 is 5. r@éﬂctﬁa@roﬂ%ﬁufégr@c&m@eﬁ@@aéi&f—nlé@? i €he

conductive nitride filmsuch as TaN or TiN, 1706 is a |lowresistance
sem conduct or | ayeryoftpide yhelortp+§pem T 207 lisssa miong gereifeqabdtyi on film

such as AIN, Si 3Md,uigape the qlike, 17 i i fi .17 is an,lo Si Oz
| ayer or a BPSG :\goyeréaor ota}n ]‘lensiséul ajdl 8%161 }fg&t(%&% r%flng{llt Jrec%%,n f'?l%hl?s a
drain regi on of nftlypeitil7d IptiSp@r SOt Cef regyora Df tert-pepesnd M2th s a

drain region of p+-type, 1713 js a source region of p+-type, 1714 and 1715
are silicon sém c‘b%%%%‘f%rt?a U5 oF i T E i?lorf%lﬁﬁﬁﬁpﬂi?}é%ti on, 1716

is an SiQz filmfonpeshdyedhesKr{ke &1 &somayepeXsdtetedi gy density plasna
after renoving the surface-term nating hydrogen %/mithe rocedure of the

first embodi ment BFlidelbiesent ihmentdbfon 1y ERELAT 18 Hre respectivel y
20 the gate el ectrodes of a nfr@@%}é 's% O%pl\@ﬁetg i stof and
formed of Ta, Ti, TaN Ta, T?rN/ i, andsaét}#e n?Iie, 1 "is a slgé}?*c% el ectrode
of the n-MOS transhstroicrewaivd 12wes Bs dstantdebrecdt odee ofnd hef neMOS
transi stor anlg a cgl\/q_s t%gmtsi storf é:urther, 10721 25 its. a so);lijr e el ectrode
of a p-MOS transi SEHH G759 iREACEIHHTF atRCB TP AT R o In such a
substrate includigyl fcddl dayeitaide pf Olreck th byhd at-edle JéMidde tenperature
of thermal processing has to be about 700C or |l ess for |
thickness, and the Kr/02/NH3 mixed gas is replaced
with the Ar gas. On the other hand, it 1s possible to
terminate the oxynitridation processing by
20 introducing a Kr/NH3 mixed gas with the partial
pressure ratio of 98/2 from the shower plate 103
before the shutdown of the microwave power while
maintaining the pressure at 133Pa (1 Torr) and form a
silicon nitride film on the surface of the silicon
25 oxynitride film with the thickness of about 0.7nm.
According to this process, a silicon nitride film is
formed on the surface of the silicon oxynitride film
and an insulation film having a higher dielectric
constant is obtained.
30 In the oxynitride film of the present
embodiment, it should be noted that the concentration
of nitrogen to the silicon/oxynitride film interface

and the concentration of nitrogen to the surface of



30 suppressing diffusion of Cu. Thus, the source or drain region of n+-type
or ‘p+-type is forned by conducting a thermal annealing process at 550C
after ion inplantation process of As+, AsFz® or BFz+. - 59 1In the

sem conduct or device having the device structure of FIG 31, it should be
noted that the conparison of the transistor sub-threshold characteristics
between the case the gate insulation 5 filmis fornmed by a thermal oxide

filmand the casechbeogahe:Lasul atiAnekplMihsal 01 R DY ORKT £82
m cr owave- exci t ed |gﬂ- ensity plasma after renoving the

surface-term nati FigGhy8reagenmbyntandedt dngitbetKe prasti ofradeati on
process, has revealed.%he fagt lo that there appears kink or |eakage in the
subt hr eshol d char 88Y B+ F5¢ R8st ahBn t he gate insulation filmis fornmed by the

thermal oxidation process, whil20i sShbhe €Asechhgggabe tRsuhatiogefilmis
formed by the present invention, excellent sub-threshold 15 characteristics
are obtained. 9 n thetEaBBtioReRECEYHR HavRcEBPPsBFAVFBNCEt @t ure is used,

it should be notedy.{hat {Here; 2RPSahSmar$Lhigon surface having a surface
orientation different fromthat of the silicon 20 surface formng the flat

part, at the sidewall part BéfeheingshodB¥Ecali snibrpgansconcenteatdy

formng the gate nsylation fil y.ihe pl aspa. oxidation prpce whi | e
usi ng Kr, the oxié%t?éﬁ %?rgﬁgegégat %v?g%n%g%fg?ighigi %@aﬁ? ?éeachieved
general ly 25 unifonokyfatsi bathyehothbeokial tpade, fabd exeethent electric

properties and high reliability are achieved. Further, it becones possible
to forma netdl -s B@?FéYén@CFl¥h?%§rﬁFEEtE?FEUi?nﬁeQPb% RaRTRGCEXERI | ent

electric propertigsiapdiAb@hetehi ARELT tHe39x3hsOriet BE1RA8Es Ohalisi §Y A
silicon nitride filmformed by Ar/NH3 according to the g;ocedure of the

second embodi nent 9ferthhergatereasiiat FbA PKYALtradentlpresehilenbodi ment,
even in the case [RaCipi SRnole et RaErTrconn: frige HTHTLELFLIT o0,
(I.5nmin ternms ofloss|l hgva axcodeposition near an oxide film in the mid
15 depth part of the film and a composition near a

nitride film at the surface as well at the interface

between the oxynitride film and the substrate.

Further, the depth of penetration of nitrogen at the

oxynitride film is limited to 2-3nm or less, and thus,

20 the thickness of the nitride film formed on the

surface of the oxynitride film is limited to 2-3nm.

(FIFTH EMBODIMENT)
Next, formation process of a semiconductor
25 device according to a fifth embodiment of the present
invention will be described wherein the semiconductor
device includes a high—quality silicon oxide film
formed on a corner part of the device isolation
sidewall that constitutes a shallow-trench isoclation
30 or on a silicon surface having an undulating surface
form.
FIG.21A shows the concept of shallow trench

isolation.



filmequivalent thickness), and the transistor 5 drivability is inproved by
about tw ce as conpared with the case of using a silicon oxide film of 3nm
t hi ckness. (NI NTH EMBODI MENT) io FI G 32 schgmatically shows an exanpl e of
the fabrication apparatus according to an eighth enbodi nent of the present
invention intended to conduct oxidation processing, nitridation processing
or oxynitridation processing on a |large rectangular 15 substrate such as a

gl ass substrate or a pIastiﬁe§gp§gﬁgt@oopl@pbgﬂ’l%ggiglgﬁé§}§%?gisplay

devices or organic electro-lumnescénce devices are forne erring to
FI G 32, a vacuum sks3ébw(prevcebsinglehanbei} f80medsbevécumied &p a | ow 20

tate and_a Kr/QZ mixed i ntrod f h late 1801
b ovided i n i ho prBGLEEI NG ERANDETC1807° FERCREDT £her biGuBSErR CERGRber

1807 i s evacuat ediby3apeagnaceeVhgUAPp1894aseebhiNgt ptbeepseSSUL BihHSI de
the processing chanber 1807 is set to 25 133Pa (1 Torr). Further, a gl ass

substrate 1803 i stprabeaneh Bhupaferngdsvitli ppedlifeh axhéat fhgmneefani sm
and the tenperatugg the g9l ass suphstiateshs setnlei399 he, ssi ng
chanmber 1807 is progﬁégd go m?tﬁ g Pgrge’nﬁ e? o?gréctaﬁaavgrgﬁgéggﬁides
1805 and a m crowaxédesfibhmr bd02edyi at 6MPhprpresessang thanbékel807 from

respective slits of the foregoj rect angul vegui d 1805,via a
dielectric plate - 61 18 g,kgndpﬁ?aﬁg eﬁ%%?éﬁ%?ggnagﬁg FornEd™in the

processi ng chanbesud80ratdhesebypotbe sbouprropiaieidgOdtpoeyhded 4o the
processi ng chanber 1807 fagﬁtions al. so as a wavegui de for propagating the 5

ni crowave enith ed8BY Tha0Qay&dicde the BRd ISTdMY &R & s &tiiGeE in the

formof a surface.yaye. £Fifs 8808hows-aRqgxaMBLEr 0F: e POkYghLEGRN thin film
transi stor (TFT) used for driving a liquid crystal display device or an

organi ¢ EL phot oerFesp8n. landetvheesbiicon oxeédenfalprobessfagmedrasie,
wherein it shoul d Q?uTEtSQt%ﬂéts bg, po és§%%829189' ré&é?%}%%”?#?ﬁ&& of

FIG 33 is forned By using e gat é oxi m or gate ni m of the
presen invention akayeinsanghéhicappasattusonfcbhtadRingShdrstlubhibcexanpl e

of using a si]Jicon oxide filmwll be,explained. Referrin o FIG 33, 1901
is a glass suﬁ%trﬁ?éé'lgbﬁr Ry, $i§ﬁ§l??$nfuigﬁgeiEeﬁm%ﬂ%ﬁﬁélwféﬁer of a
pol ysilicon n-MOShynapngest 068 bBvhiDged. 20nptREopta8deht YenBddimOhtensati on,
1905 and 1906 are respectively a source region and a drain region of the
pol ysilicon n- MOSP¥PaRSPEE0FiMibas t8 hPehaRfefXPhyeredfin poeyEirston

?éggs transistor Bay,agmanPredogb ANty (did) tRE! §0EALLOD e AREL PP {gand

hydrogen is removed by using the Kr plasma.

20 Thereafter, the Kr/02 gas is introduced and the
silicon oxide film is formed with the thickness of
about 2.5nm.

According to the present embodiment, the
silicon oxide film is formed with a uniform thickness

25 even on the corner part of the shallow trench
isolation without causing decrease of silicon oxide
film thickness. The silicon oxide film thus formed by
the plasma oxidation process while using the Kr
plasma has excellent QOBD (charge-to-breakdown)

30 characteristics including the shallow trench
isolation part, and there 1s caused no increase of
leakage current even in the case the injected

electric charges are 10%C/cm?®. Thus, the reliability



25 are respectively a source region and a drain region of the polysilicon
p-channel MOS transistor. Further, 1901 is a gate el ectrode of the

pol ysilicon n-MOS transistor while 1911 i-s &/ gate el ectrode of the

pol ysilicon p-MOS transistor, 1912 is an insulation 30 filmsuch as Si Oz,
BSG or BPSG 1913 and 1914 are respectively the source el ectrode of the
polysilicon n-MOS transistor (and sinmultaneously the drain el ectrode of the
pol ysilicon p-MOS_ tr i d; - : ource el ectrode of
the polysilicon p9k(££§r§%g?é?o?$ f?pgﬁgéﬁd;gé§ﬁgggéggﬁgf a polysilicon
filmformed on an insul ati ofinfthe takesoé §babiegsthtesblihen bhavdag the
(111y surface ori n&at'on %n t he di%ectigr gerﬁegdicula&éto t he insul ation
film In this staf& ™ RE pBFySPRYEBR P M FECHERseANA2WEPT RFSESPI i zed
and thus provi desthegbhgyrhekY. oknthbespl esent orhedE MRt i si beshpul g be
noted that 1909 is a 1o silicon oxide filmlayer of the present invention
formed by the Yrotedufedsfhi FAe FOrRAE BﬁéteﬂglEhﬁeﬁhﬁi%ﬁwréféﬁéhce to the
first enmbodi nent | t p : 2 h hi of

0. oum The. oxi de FrT oy 1000 5 T Brvod e {1115 art oot ear e Baleai 1 i con
at 400C with a thictknebsisbl3nmwnAcebidengnt bheheapeesénthenpeasenh, there

d t hi nni, .oxide fil t he. sh t of.the_d
Solat fon regi on o7 RBE Bhr WBBnSERE EPEGH S a7t CaRast1UaRe CHHT I REM L nat

20 the silicon oxidechukeui atf eudrdawecbbneni barm bl ohehsekDESE ©HchbE
polysilicon filmin ang_of the fl at Rart and edge part. The ion
i mpl antati on Pt océ8elfbioRofRPRGIENENE0GREE BRE HRBFR #BEi8néSwas conduct ed

Wi t hout passing thgckenselhrongh, tbhe gabeppxidetf bhBba2reand the ghectrical
activation was made at 400C. As a result, the entire process can be

conducted at a tefrperalepe bECHIOCIERT| E3BeANANT S TEOF ORNGf treRARI 8for S
becane possible OQ%% gh%%%%?u@§éﬁgﬂeisgng%égnﬁggﬁg£u£gu§%£§£g§d had t he

nobility of about VSec or nore e rons an out
150cne/ Vsec or noredtiotibinl es. tharahea, o ubétdgeioé 12Vl etiobreecgdsn,

obt ai ned for the source d drain breakdown voltages and for the gate
br eakdown vol Pageatd FUBSICE I ERERISE AF ghbCHREACHpRr AEPOh CERECANRT 100MHz

becane possible ipotbepieansi shersbavesgatibeoehasiete! engt bnohil abpat

1.5-2.01m Further, it was confirmed that the silicon_oxide film showed

excel | ent | eakagenoted that the taper angle of about 70 degrees has
been used for the device isolation part in the
conventional technology, which relies on the thermal

20 oxidation process, because of the limitation caused
by the thinning of the thermal oxide film at the
trench corner part as shown in FIG.21B. According to
the present invention, it becomes possible to use the
angle of 90 degrees.

25 FIG.22 shows the cross-sectional view of
the silicon oxide film formed on a silicon surface in
which an undulating surface morphology is formed by
conducting a 90-degree etching, with a thickness of
3nm according to the procedure of the first

30 embodiment.

Referring to FIG.22, it can be seen that a

silicon oxide film of uniform thickness is formed on

any of the surfaces.



5 characteristics and excellent characteristics for the interface states
formed 'at the polysilicon/oxide filminterface. By using the transistor of
t he present enbodi ment, the liquid crystat 4H splay devices or 10 organic EL
phot oem ssi on devi ces can provi de vari ous advant ageous features such as

| arge di splay area, |ow cost, high-speed operation, high reliability, and
the like. While the present enbodinent is the one in 15 which the gate
insulation filmor the gate t f o] S i n

applied to a polysilicon, Egépégggﬁtkkg% g?%@% %g gg%rig Elékgﬁlié?o t he
gate oxide fiIn1oelgateibnsubgér®meﬁ|bnnbfaaneanenmbnuslshkagéncthréntlIn1

transistor (TFT) or 20 s ered-type thin-filmtransisto TFT which is
used in a Iqu|é 8Fy§F§PL§8gB aHéEFEElﬁﬁacth@nﬁl us(TEﬁﬁﬁPEﬁ%@B F VENT)

Next, an enbodi menhveht@ohhEgs- Qéa@mgéoaamgﬁ geasked Lshiktdnwhkehran SO
deV|ce having a nmetal |ayer, a polysilicon device and an anorphous silicon

device are std%keén%FQFabéddééé?PbédhaFFGE3é shohcPRetBrossdsmensbanat t he

t hr eedi nmensi onal g§£u?£ugge8€ﬁggﬁn&a hQQ ﬁgu?g@eggggggély Ref erri ng

to FIG 34, 2001 is a rirst eV|c W i ayer is a second
SO device and a wriengakaypes, a2008 theacasesbfpalyertncam stxubdurdevi ce
and a wiring layer, 2004 is a second polysilicon device and a wiring |ayer,
while 2005 is a |layer of an anorphous sem conductor device and a
functional -mat eri abrdeni egapdMEne) udes a wiring 5 layer thereof. In the
first SO and wiring |ayer 2001 and also in the second SO and wiring |ayer
2002, there at® forned vari BES- par 8°¥BchNEsCARGFFEFtpPBcRESPNELpalL s,

hi gh-preci si on anﬁembg? §R6¢d-2P8! Q8-BRALAg L8 §YQEQEH“QH605E%%$936%S
power supply parts, erface circuit parts, and the like, by using the SO

transi stors explathedpMﬁshnteieventeono whersGVehhhsenb@dtﬁent In the

first polysilicon deV| |ngh% Srd%99§i ggegg are ;grned vari ous
parall el digital proces |ng p r unc |onaP IocE repea?er parts,
menory device parﬁsslgﬁdtéhebylkne bymasregethﬂcpohymékhm@nahdaﬂséstors or

flash nenories explained with refer nce io t he slxt or eighth 20
enmbodi nent s t byet HBFCWM-PRIPRe ™ MPFFAY Tayer Pof OPhELFPr st pol ysilicon device

| ayer 2003. Referring to FIG.23, the flash memory
device 20 of the present embodiment uses the
dielectric film 12A of the third embodiment or the
fourth embodiment, for the tunneling insulation film
20 12,

FIG.24 shows the state in which a write
voltage is applied to he control gate electrode 15 in
the flash memory device 20 of FIG.23.

Referring to FIG.24, it can be seen that

25 the band structure of the silicon oxide film and the
nitride film constituting the dielectric film 12A
changes significantly upon application of the write
voltage to the control gate electrode 15 due to the
corresponding change of potential of the floating

30 gate electrode 13, and the hot electrons formed in
the channel region 11A are injected into the floating
gate electrode 13 after passing through the

triangular potential formed by the conduction band Ec



In the second polysilicon device and wring |ayer 2004, there are forned
paral |l el anal og processing parts such as an anplifier, A/D converter, 25
and the like, by using the polysilicon trarfsistor explained with reference
to the eighth enbodi nent. Further, optical sensors, sound sensors, touch
sensors, wireless transceiver parts, and the like, are fornmed in the

anor phous sem conductor 30 device/functional -material device and wiring

llayer 2005. The sphgnahs E91mBdnbyxihe epihcah €8BSELSm SPUREyBEPSOrs, touch
sensors, wreless transceiver - 65 parts, and the like, provided in the

anor phous seni condaEdbeidegnssLhtinctional -material and wiring |ayer 2005
are processed by the parall gL ggs%%?ngao§§§§5§gvﬁg£ﬁ §§%Qrg§cgn gnpllfler

or A/D converter 5 in the secon ysilicon cé and W ring rayer 2004,
and are forwardedrFfdartiherstoht aedpatatteicdfgihafopmecesshigkparts and the
menory device parts forped jn the second polysilicon device and wiring

| ayer 2004 by fhepBBF9g???chﬂrf?ﬁﬁswéFgrEggﬁéafFasﬁhﬁocﬂEﬂBF§lﬂ%vices. The

signal s thus proceseedrans Lhepnerengnned b¥gibe difi {al tREOLSSSi Nng parts,
hi gh precision and hi gh-speed anal og parts or the synchronous DRAM parts

provided in the fYFstism shagewrfi hgel &yeshonencsy devdnd &0 amd Wheing
aver 2002 15 by UshROLLhE SCbeLARNSLSLRESCLTYLIPehobRE! Nt er - functi onal
ed | e ySi

bl ock repeater part provi nt irst po i con device and the wiring
| ayer 2003 does not occupy EBlGaZjeshoea ewenvoheagproersies swuthemptural
nunbers, 2o dit. is ssible to_achi eve synchronization of _sjgnals all
over the LSI. 1t %%%5?§Q%Elﬁ %8dofhggesﬁ%ﬂn%ffﬂ?eénﬁV%%ﬁé?%nE}iﬁsf&%as
become possibl e asfatresalashfméheryeebnotegyoexpl rigedsi tndetail with
reference to 25 the enbodi ments. | NDUSTRI AL APPLI CABI LI TY According to the
present inventionSUPErBeEbREQR pBsEipihet@raBrn?h ¥ifndting oxide filmon a

30 silicon surface such as p.8Li+£RQ s4bstEab e, i Dt ben fRE M LbAt a0, oxi de
. q T

filmand a nitride filmare lamnated or a nitride filmand an oxide film

and a the tunneling insulation film 12A provides a very low

15 leakage current in the case the applied electric
field is small while the tunneling current increases
sharply when the applied electric field is increased
in response to application of a predetermined write
voltage, and it becomes possible to conduct efficient

20 writing of information in short time. Further, in the
case of conducting the writing with the level of
conventional injection current, the time needed for
writing is reduced.

In the flash memory device 20 of FIG.23,

25 the stress at the interface between the Si substrate
11 and the tunneling insulation film 12A is relaxed
by using the oxynitride film 103E formed in the
process of FIGS.16A - 16C for the tunneling
insulation film 12A and the quality of the tunneling

30 insulation film 12A is improved. As a result, the
leakage current is reduced further. This means that
the thickness of the tunneling insulation film 122

can be reduced, and thus, it becomes possible to



nitride filmare | am nated consecutively such that - 66 the tunneling
oxide filmas a whole as the conposition of an oxynitride film Thereby,
the | eakage current is reduced significanmtI3f while sinultaneously reducing
the filmthickness. Wth this, 5 it beconmes possible to increase the
tunneling current density of a flash nenory device, and the like, at the
time of witing, and the operational speed is inproved. Further, the

operational voltage,is;&edueelsn! Bemory 8dpe Viitdnd Sa CLALIVER, |

1. A
dielectric filmforned on a S|f|con surface, said die ectrlcéég?h1
containing nitrogen with a concentration distribution such that a |0

nitrogen concentragi i.nc dielectric filmsurface as conpared
to a central part?%#egg#% %§§$§i¥€$gﬁfilnl 15 2. The dielectric filmas
claimed in claim1, whereinnsatd ai fI8geMmeABEENiEal EONatBEF@ASESLd Na Sai d

dielectric filmalso in the vicinity of an 20 interface with said silicon
surface as corpar d8VHRER FrEeRALTFERT paft tof REPUCHF el RERPFEOR| FRRT 2BSES The

dielectric filmagngl gbiPdohPe £h 8P 1ro WASE BHR @@&ﬁngi@&f%fi Sx{ddm
conprises a silicon oxynitride film and wherein said nitrogen
concentration becbhbs andinihradeaftbntenl thariowftgopsratufe| m - 68 4.

S L L
contacting with seitll ebecéxptleindd5. Idhehdi @bectiptidnlbebswel atned in
claimlo 1, wnFreéQogfédbgigéggérLga{iLgésgggiggéLfgéyiQ%%agé on a

flash memory device, while it should be noted that

the present invention is applicable also to EPROMs

and EEPROMs.

FPIG.26 shows the schematic cross-sectional

15 diagram of a flash memory device according to the
present eﬁbodiment.

Referring to FIG.26, the flash memory
device is constructed on a silicon substrate 1201 and
includes a tunneling oxide film 1202 formed on the

20 silicon substrate 1201, a first polysilicon gate
electrode 1203 formed on the tunneling oxide film
1202 as a floating gate electrode, a silicon oxide
film 1204 and a silicon nitride film 1205 formed
consecutively on the polysilicon gate electrode 1203,

25 and a second polysilicon gate electrode 1206 formed
on the silicon nitride film 1205 as a control gate
electrode. In FIG.26, illustration of the source
region, drain region, contact hole, interconnection
patterns, and the like, is omitted. It should be

30 noted that the silicon oxide film 1202 is formed by
the silicon oxide film formation method explained

with reference to the first embodiment, while the

laminated structure of the silicon oxide film 1204



conposition of a silicon oxide filmat a central part of said film 15 6. A
sem conduct or device, conprising: a silicon substrate; an insulation film
formed on said silicon 20 substrate; and-arflelectrode fornmed on said
insulation film wherein said insulation filmhas a nitrogen concentration
di stribution such that a nitrogen concentration increases at a filmsurface
contacting 25 with said electrode as conpared with a central part of said

film 30 7. The semcopdugt OF; deviCenasy§bal ity LR 8 Mr. MoSRLLN 52 d

ni trogen concentration increases in saild 1nsulation fiimin the vicinity to
- 69 an interfaceethodadfl silicom sibsidat£ias eoppaireddwin hrsbadicent ral
part. 5 8. The sem conductor .device, as clainmed in claim6, wherein said
insulation filmi oa%%?l}_‘}&bﬁdoi%‘?(? TEREfi | m and wherein said nitrogen to

concentration becones m ni nEncat2pal d3cent ¢ abcpandt0f Saaghrdmhdm 15 9. The
sem conductor device_as clainmed in claim®6, wherein said insulation film
subst anti al | y Shase¥PtahpoRet Fon HPELGFTieRnPRPERFe i Feaflashi | m surface

confacting with Sabflo®) aLyode o 2O plbgese M ao0ANLL yglﬁé@q?yaét&&ai med

in 25 claim6, wherein sald I1nsulation filmsubstantial as a conposition
of a silicon oxide filmat Bafdrcemyrad PEEt20f sasdlicom s@Psddatdhe

sem conduct or devj as_clained ip claim6, wherein there js further
provi ded a secondi%}% %Ci%cfl%%tarlopea%kﬁ LAY cr:es{‘?i ef €2 c?r(l)dAe’ v?él%l%l-
i nterel ectrode insolBagentfahsnsbot2redi onB vahdt & | Bowevd Toangkict or nenory

device, conprising: a silicon substrate; sO a tunneling insulatjion film
formed on oaid siFFRbRLEHBE FagEon C such that the regions A - ¢ are

defined by a field oxide film 1302, wherein a silicon
oxide film 1303 is formed on the surface of the
silicon substrate 1301 in each of the regions A - C.
The field oxide film 1302 may be formed by a

15 selective oxidation process (LOCOS method) or shallow
trench isolation method.

In the present embodiment, Kr is used for
the plasma excitation gas for the removal of the
surface-terminating hydrogen or for the formation of

20 the oxide film and the nitride film. The same
apparatus explained with reference to FIG.5 is used
for the formation of the oxide film and the nitride
film.

Next, in the step of FIG.28, the silicon

25 oxide film 1303 is removed from the memory cell
region A and the silicon surface is terminated by
hydrogen by conducting the cleaning process in a
hydrochloric acid solution. Further, a tunneling
oxide film 1304 is formed similarly the first

30 embodiment before.

Thus, the vacuum vessel (processing
chamber) 101 is evacuated to the vacuum state

similarly to the first embodiment and the Ar gas is



a floating gate electrode formed on said tunneling insulation film and a
control gate electrode forned on said i5 floating gate el ectrode via an
inter-electrode insulation film one of saix® imsulation filns having a
ni trogen concentration distribution such that a nitrogen concentration
increases at a filmsurface 20 contacting with said el ectrode as conpared
wth a central part of said film 25 13. The non-vol atil e sem conduct or

device as ol ai med; 0, 6haLEN1 Zne WNEREl Br58bds hLT OASRHEONEEN! ERLHOD

increases also in saird tunneling insufation m near an Interface to said
silicon 30 substrahewas pbapared2w Faxsai theeAtrghspast seftshed £ol bhe -
71 14. The non-vglatile_sen conductor device . as clained in,claim12,
wherein said tunn FiH@Siﬁgﬁrgg?oﬂr?FFH¥?slgﬁﬁ%?iEga Bfoﬁei?f?%oﬁh%%Qﬁftride
filmand wherein saldigi seeges spsGentirabken becones 5 mninumat a central
part of said film [0 15. The non-vol atile sem conductor_device as clained
in claim12, wherein said tUahEli Agei AsttaPRoRxifenfsiMstandi&f1y has a

conposition of a sphib6eg Bh4ride Aihmatlugcit! reyrfacecfontacting with
said electrode. 15 16. The non-volatil e sem conductor device 20 as cl ai ned

in claim1l, wherebpprsaed tanheei agliasul avbshrétem Subssdhicahly has a

conposition of a sjlicon, oxi fi a al part_of said, fjl 25 17.
A et hod of forni%ggagg?ggeésg}c£$ﬁ%nérggﬁgg%éiﬁa %ﬁér% %%%do%?£?g%%$ng a
silicon oxide fil proseasshyf anembd0 1nodi &yi teassuitanesabssphtesiddcon

oxi de film by exposinﬂgthe sane to hgdrogen nitride ragicals,NFF. -, 12
18. The net hotf of °fof Afng a7di &F cRt#FRIFPRNFAS 2FaPRetlt neerirRed 771 ther ei n

sai d hydrogen nitthdentadifgl sedhEndin. fPaARABY 8ndi c&mpayverplassr fornmed
in a mxed gas of an inert gas selected fromAr or Kr 5 and a gas

cont ai ni ng nitrogéheapdbhytirbgehs agdetoh’t #Plent el ements. 10 19. The net hod
of formng a dielectric fi'ﬁﬁ?@h%kai%EﬂiEPoﬁééénb%SZ ¥@§ﬁ§iPr§¢ﬁQn 1,Crowave
1012 i ace.” 15

pl asma has an el ectron density o cmz or nore at said sur
is supplied from the coaxial waveguide 105 to the

15 radial line slot antenna 106 for 1 minute, wherein
the microwave thus supplied is introduced into the
processing chamber 101 from the radial line slot
antenna 106 through the dielectric plate 107. By
exposing the surface of the silicon substrate to the

20 high-density Kr plasma thus formed in the processing
chamber 101, the terminating hydrogen are removed
from the silicon surface of the substrate 1301.

Next, the Kr gas and the 0, gas are
introduced from the shower plate 102, and a silicon

25 oxide film 1304 used for the tunneling insulation
film is formed on the region A with a thickness of
3.5nm. Next, a first polysilicon layer 1305 is
deposited so as to cover the silicon oxide film 1304.

Next, the first polysilicon layer 1305 is

30 removed from the regions B and C for the high voltage
and low voltage transistors by a patterning process,
such that the first polysilicon pattern 1305 is left

only on the tunneling oxide film 1304 in the memory



20. The nethod of formng a dielectric film20 as clainmed in claim18,
wherein said mcrowave plasnma has a plasma potential of 10V or less at said
surface. 25 21. The nethod of forming a dié3ectric filmas clained in claim
18, wherein said gas containing nitrogen and hydrogen as constituent

el ements conprises an NH3 gas. 30 - 73 22. The nethod of formng a
dielectric filmas clained in claim 18, wherein said gas containing said
nitrogen and hydrogep }eq8-41xed gas of a N2 gas and a HZ gas. 5 23. The
met hod of formng a dielectric filmlO as clained in claim17, wherein said
surface conprises a siliconiftefactkisanedtshingorrdecss) neiclémnimg by
oxidation of said silicon,surface. 15 24. The nethod of _formng a

diel ectric film aBERra fehsi (oM S E nEr el RUEAT T oXf daiFon of said
silicon surface igortpsductéed bytexposiBQs Sas dt2ombhitEQNw St fiRg@ré@en .

m crowave plasma fornmed in a m xed gas of an inert gas predom nant|ly of Kr
and a gas contai ni ng oxygen'@%ta tonskft3ed® of htht22 252psingpkaki®hod of

formng a dielectfienfiborags.elalned of stalsLe3: YEreld s@idysi!icon
oxide filmis formed by thermal ©Oxidation of said surface. 30 © - 74 26. A
met hod of form nglewer epetdei £iiml h30chnprd stmgupher stepsidé: fibnning a

si 11.con oxide fi 1 0p, 2. supface; - apdpe godifyingo . suLf age. of, SpLd SLET con
oxide filmby expoSing & SAne To N Crowave plasma tornmed ih a m xed gas
of an inert gas sehecpelydidiwd ot Eer@ant3@s gasmibat by ntmgt i t tloged and
hydrogen as constituent elenments. 10 27. The nmethod of formng a dielectric
filmis as cldi mefPrdErettn 26, wherein said microwave pl asma has an

el ectron density of 10lzcmp@,ps &pECificSAIY, this ON film is formed
as follows.
The vacuum vessel (processing chamber) 101
is evacuated to a vacuum state and the AR gas
15 supplied from the shower plate 102 is switched to the
Kr gas. Further, the pressure inside the processing
chamber is set to about 133Pa (1 Torr). Next, the
silicon substrate 1301 carrying thereon the
polysilicon pattern 1305 in the state that the
20 hydrogen termination is made is introduced into the
processing chamber 101 and is placed on the stage 104
having the heating mechanism. Further, the
temperature of the specimen is set to 400°C.,
Next, a microwave of 2.45GHz frequency is
25 supplied to the radial line slot antenna 106 from the
coaxial waveguide 105 for about 1 minute. Thereby,
the microwave is introduced into the processing
chamber 101 from the radial line slot antenna 106
through the dielectric plate 107, and there is formed
30 a high~density Kr plasma. As a result, the surface of
the polysilicon pattern 1305 is exposed to the Kr gas
and the surface terminating hydrogen is removed.

Next, a Kr/02 mixed gas is introduced into



surface. 20 28. The nmethod of formng a dielectric filmas clained in claim
26, wherein said mcrowave plasma has a plasma potential of 10V or |ess at
said surface. 25 29. The nethod of forming34 dielectric film 30 as clai ned
in claim26, wherein said gas containing said nitrogen and hydrogen as
constituent elenents conprises a NH3 gas. - 75 30. The nethod of form ng
a dielectric filmas clainmed in claim 26, wherein said gas containing

it d hvd - i 5 31.
TSR T, TSR RS S8 2 e P Ehop e Al

The nethod of formng a d |0 as clainmed in erein
said surface conpriiskes mamitacoimgsutfacerensimherti thegtboxssiengilmi s
formed by oxidation of sajd sili su .15 32. The, hnethod of formng a
dielectric film aés)h%q%%?rngiﬁll nt%lg$#%1FI FEl n I o X TPt %ai d
silicon surface isinpnikictethdy dhetisd efo Dfs EXPOSH NEuBSEd €k skitlcan surface
to mcrowave plasma 20 formed in a mxed gas of an inert gas predom nantly
of Kr and a gds cHMt MYy OXyP¥H as a constituent el enent. 25 33. The

nethod of forming a dielectygdg: fidna asyGhar e ik GhalMake Werein said
silicon oxide filmis formed by thermal ‘oxidation of said silicon 30

sur f ace. - 76 Sutddien neameeofifvrandgintddietion oof ithe donprdsing the
step of exposing @il cql %;érsf 36 igxq:e;Pr&r Quaye \l,gsmy forimed 1A d xed

gas of an inert gas prinarily formed o , a gas cdntaining nitrogen 5 as
a constituent el etientvadnoura Gass €D Nt@d ot ags Dy getadise ) cloustid uent el enent,

to forman oxynitride fi%can on s&_:ld silicon syrface., 10 35. The net hod of
forming a di el%ectfYRHFFA R0 HIHEF | 9221 M B4, Nih 826 R%&ai d i cr owave

plasma has an el ecd £ pdueledsi #YoRft HOlAChmSr gs1d €ss1 @t . seid g sdddcon

surface. inside the processing chamber 101 is set to about
13.3Pa (100 mTorr) and the microwave of 2.45GHz is
supplied again into the processing chamber 101 via

15 the radial line slot antenna. Thereby, high-density
plasma is formed in the processing chamber and a
silicon nitride film is formed on the silicon oxide
film surface with the thickness of 6énm.

Thus, there is formed an ON film with a

20 thickness of 9nm, wherein it should be noted that the
ON film thus obtained was extremely uniform
characterized by a uniform film thickness, and no
dependence on the polysilicon surface orientation was
observed.

25 After such a process of formation of the ON
film, the insulation film 1306 is removed from the
regions B and C for the high-voltage and low-voltage
transistors by conducting a patterning process in the
step of FIG.30, and ion implantation is conducted

30 into the foregoing regions B and C of the high-
voltage and low-voltage transistors for threshold
control. Further, the oxide film 1303 is removed from

the regions B and C and a gate oxide film 1307 is



20 36. The nethod of formng a dielectric filmas clainmed in claim 34,
wherein said mcrowave plasnma has a plasma potential of 10V or less at said
silicon surface. 25 37. The method of formid¥y-a dielectric filmas clained
in claim34, wherein said gas containing 30 nitrogen as a constituent

el ement conprises a NHs gas, and said gas containing oxygen as a
constituent elenent conprises an Oz gas. 38. The nethod of formng a

dielectric film ag,gh&hned M claim3’s whek el negabidhderds gagnand said &2
ek . :

gas and said NH3 gas are suppliedwth a partial pressure ratio of

96.5:3:0.5. 5 39.ThHéeeattéod afgdoe ndxnide Bibhebi®8cisiformedasnctim@ned in

cl ai m 34, wherei sai d S{J'\Lf@!\] surfacl%anis expo%alg to said atom c state
Ftri S

n
oxygen O and hyd?%%le%nn e Tadical s N+ n°ghi d step of exposing said

silicon surface to said m cxpyavetplasni. sdSordd. pA y&i hocbof 1dpdr i THGI Ng a
sem conductor 20 device, conprising the steps of; formng a silicon oxide
filmon a siliSfcon®RYp3tFht LCHYC abr BT dhat OrP PP obREEFHEOMRAFY i VR G Qur f ace

of said silicon oxdesfi] by BXPOFEO0: A DLUSHNE {10 I Pk 1id T f Oin 25
radicals NH*; and formng a gate electrode on said nodified silicon oxide

film 30 41. The h#0hodwnd thdre care nfoameendzondebeorrades ck3bbB cdrdned in
claim 34, wherein 311—C7 e?g&&g%}grﬂgeg?glM(jiﬁg_evéﬁgé(gglé ig{éarformed by
i an gas selected

m crowave plasma TOrne a mXxed gas o ner rom Ar or
Kr and a gas conteaéedqlaog Bidndgene ahsdv-hyd! oges asacohstot wesadieh etress. 5

42. The nethod of fabricating a to sem conductor device ained in claim
41, wherein sdid WE?%%\%%ép %n%e%%réya?lo %chijr%‘?f‘dt%%‘?lfﬁ%(f 1%1 cfnﬂ?% or |

nmore at said surfacei@fasaigyst|i$0M. Further, there is formed a gate
electrode 1311A in correspondence to the memory cell

region A.
After the step of FIG.30, source and drain

15 regions are formed according to a standard
semiconductor process, and the device is completed by
further conducting formation of interlayer insulation
films and contact holes and formation of wiring
patterns.

20 In the present invention, it should be
noted that the insulation films 1306A or 1306B
maintains excellent electric properties even when the
thickness thereof is reduced to about one half the
conventional thickness of the oxide film or nitride

25 film. Thus, these silicon oxide film 1306A and
silicon nitride film 1306B maintains excellent
electric properties even when the thickness thereof
is reduced. Further, these films are dense and have
high quality. Further, it should be noted that,

30 because the silicon oxide film 1306A and the silicon
nitride film 1306B are formed at low temperature,
there arises no problem of thermal budget at the

interface between the polysilicon gate and the oxide



substrate. 15 43. The nmethod of fabricating a sem conductor device as

clhimed in claim41l, wherein 20 said mcrowave plasma has a pl asm

potential of 10OV or less at said surface-ofS6said silicon substrate. 25 44.

The nethod of fabricating a sem conductor device as clained in claim41l,

wherein said gas containing nitrogen and hydrogen conprises a NH3 gas . 30
79 45. The nethod of fabricating a sem conductor device as clained in

claim41, wherei ne58hd 938 &Qgéﬁf&jé{laizﬂ%éh%@é] 9&‘%{%’9I9&@P as constituent

el enents conprises a mxed gas o gas and a H2 gas. 10 46. The

met hod of fabricating a seMfiteontileslbrmeleviyedasice ab frethe nocésemt 41,
wherein said sil i{:ﬁ)\p 9 i dr? éél m ilg fonr1 deb‘¥r£ hJ?nSta?IE) ofrex$osi ng said
silicon surface to nicronave rbl%%r’r%o Brifd Yh'% n?xeddg%sa% AT nert gas
predom nantly 15 Dhfdfmatibm HaslE@NtEl tadg, oxydehe @suse cONSthisienthe
element. 20 47. A nethod of fabricating a sem conductor device, conprising
the steps of: % orfPFRR BRI PEoFRRFEREEI FATBRN R &F | FeRRr2EBRe r ateeh§PAN

oxi dati on processidger Zord0Hbd Vb PO iRe SWARSEI 0 SAlgh St1d.com xide film by
exposing the same to mcrowave plasnma fornmed in a mxed gas of an inert gas

sel ected from Ar supkressrd a Hass coht dhetomeni posyEl antd hydrdgen as
consti Luent o ek B1g 20, (LEL0G, A, SeLe FLESLY ogton, S SR P,
devi ce as cl ai mredatracd ogn die Ahesleimesary &f Ctlosayees Pdais NBnhast fon
el ectron density of 1Qzerfl 2ol fore at saidpsuriace of s d silicon s
substrate.

semiconductor memory apparatus thus formed shows

stable characteristics.

Thus, the flash memory device of the
present invention is characterized by small leakage

15 current due to the excellent film quality of the
insulation films 1306A and 1306B. Further, it becomes
possible to reduce the film thickness without
increasing the leakage current. Thus, it becomes
possible to perform the writing operation or erasing

20 operation at an operational voltage of about 5V. As a
result, the memory retention time of the flash memory
device is increase by the order of 2 or more as
compared with the conventional device, and the number
of possible rewriting operation is increase by the

25 order of 2 or more.

It should be noted that the film structure
of the insulation film 1306 is not limited to the ON
structure explained above but it is also possible to
use an O structure formed of an oxide film similar to

30 that of the first embodiment or an N structure that
uses a nitride film similar to the case of the second

embodiment. Further, it is possible to use an

oxynitride film similar to the one shown in the



49. The nethod of fabricating a to sem conductor device as clained in claim
47, whérein said mcrowave plasma has a plasma potential of 10V or |ess at
said surface of said silicon substrate. I5350- The nethod of fabricating a
sem conductor device as clainmed in claim47, wherein said gas containing
nitrogen and hydrogen as 20 constituent el enments conprises a NH3 gas. 25

51. The nethod of fabricating a sem conductor device as clained in claim

47, wherein said gas-€onimbshNgedt ! rOgeMHhand M@r%ﬁlé‘@i&?”ﬂirﬁ%%
el ements conprises a mxed gas of a NZ gas and a HZ gas. 30 - 81 2. The
met hod of fabri cataynghavsemm chductwetueyi termed cd i arenl tnidd af Mm 7and

wher ei n oxi dation_of said gijei con sur%&ge {s conguct ed by the step. of
exposi ng sai d si | TRoPEUT f Sed™ t 9" nier PNAVE B P Ashet ¥ oF T i 3P 2 M Yed gas
of an inert gas ofipfigdomNanidy K 1RANEh® @aSoLDdé af i Ja OX YD RSt &d
constituent elenment. 10 53. The nethod of fabricating a sem conductor
devi ce as cl aidmedC PP EET b VLY whigb eF e S ai BPRi 1R EotP bXeRef $1M nd 36 feRed by

a thermal 15 oxi d@d$OM P @sesSs t A0 Ofre A MBINOL, Of {ADE{ §ALENON 2 an

sem conduct or device, conprising the steps of: exposing a silicon substrate
surface to m crovwewedpl &shm, formedride af Mxeth@azn ofxbde | ekt ayas prinmarily

formed of Kr, a gpg contahning. Oi{Logen, 25.25; & COPSLif uept, el ement and a
gas contai ni ng oxygen asS a cons FTuent el efent, to form an oxynitride film
on said silicon sfisfege:nanstfofthrgs acgatiee ahadd races odi @i th oxtyai tri de
film 30 - 82 55. The pethod of fabricating a sem conductor, device as
claimed in cl'd mBATPRRr YA sE Y W SRR R %J%a%?fﬁp‘?lﬁjsbjajnlg Bt Rensi ty

of 1012cm 3 or nogLL &N $ch Ta€1idh COMMBURSEd at®. t1Pe HigH heo RIS Of _
fabricating a to sem conductor device as clained in claimb54, wherein said
m crowave plasma Weanalpresnar peentehtagt tpansistor in the

peripheral circuit or from the viewpoint of
possibility of shared use.

15
(EIGHTH EMBODIMENT)

It should be noted that the formation of
the gate insulation film by using the foregoing Kr/0;
microwave-excited high-density plasma or the

20 formation of the gate nitride film by using the Ar
(or Kr)/NH3 (or Np/H;) microwave-excited high-density
plasma, is advantageous to the formation of a
semiconductor integrated circuit device on a silicon-
on-insulator wafer including a metal layer in the

25 underlying silicon (metal-substrate SOI). It should
be noted that the use of high temperature process is
not possible in such a metal-substrate SOI.
Particularly, the effect of removal of the
terminating hydrogen appears conspicuously in the SOI

30 structure having a small silicon thickness and
performing completely depleted operation.

FIG.31 shows the cross-section of a MOS

transistor having a metal-substrate SOI structure.
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MOS transistor and formed of Ta, Ti, TaN/Ta, TiN/Ti,

and the like, 1719 is a source electrode of the n-MOS
transistor, and 1720 is a drain electrode of the n-
MOS transistor and a p—MOS transistor. Further, 1721

25 is a source electrode of a p-MOS transistor and 1722
is a substrate surface electrode.

In such a substrate including a Cu layer
and protected by TaN or TiN, the temperature of
thermal processing has to be about 700C or less for

30 suppressing diffusion of Cu. Thus, the source or
drain region of n+-type or p+-type is formed by
conducting a thermal annealing process at 550C after

ion implantation process of As+, AsFa+ or BF.+.
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(NINTH EMBODIMENT)

10 FIG.32 schematically shows an example of
the fabrication apparatus according to an eighth
embodiment of the present invention intended to
conduct oxidation processing, nitridation processing
or oxynitridation processing on a large rectangular

15 substrate such as a glass substrate or a plastic
substrate on which liquid crystal display devices or
organic electro-luminescence devices are formed.

Referring to FIG.32, a vacuum vessel
(processing chamber) 1807 is evacuated to a low

20 pressure state and a Kr/O; mixed gas s introduced
from a shower plate 1801 provided in the processing
chamber 1807. Further, the processing chamber 1807 is
evacuated by a lead screw pump 1802 such that the
pressure inside the processing chamber 1807 is set to

25 133Pa (1 Torr). Further, a glass substrate 1803 is
placed on a stage 1804 equipped with a heating
mechanism, and the temperature of the glass substrate
is set to 300C.

The processing chamber 1807 is provided

30 with a large number of rectangular waveguides 1805
and a microwave is introduced into the processing
chamber 1807 from respective slits of the foregoing

rectangular waveguides 1805 via a dielectric plate
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FIG.33 shows an example of a polysilicon

thin film transistor (TFT) used for driving a liquid
crystal display device or an organic EL photoemission

10 device or for use in a processing circuit, wherein it
should be noted that the polysilicon thin film
transistor of FIG.33 1s formed by using the gate
oxide film or gate nitride film of the presenz
invention while using the apparatus of FIG.32.

15 First, the example of using a silicon oxide
film will be explained.

Referring to FIG.33, 1901 is a glass
substrate, 1902 is a SisNg film, 1903 is a channel
layer of a polysilicon n-MOS transistor having a

20 predominantly (111) orientation, 1905 and 1906 are
respectively a source region and a drain region of
the polysilicon n—-MOS transistor, 1904 is a channel
layer of a polysilicon p-MOS transistor having a
predominantly (111) orientation, and 1907 and 1908

25 are respectively a source region and a drain region
of the polysilicon p—channel MOS transistor. Further,
1901 is a gate electrode of the polysilicon n-MOS
transistor while 1911 is a gate electrode of the
polysilicon p-MOS transistor, 1912 is an insulation

30 film such as Si0O;, BSG or BPSG, 1913 and 1914 are
respectively the source electrode of the polysilicon
n-MOS transistor (and simultaneocusly the drain

electrode of the polysilicon p-MOS transistor), and
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crystallized and thus provides high quality. In the
present embodiment, it should be noted that 1909 is a

10 silicon oxide film layer of the present invention
formed by the procedure similar to the one explained
with reference to the first embodiment by using the
apparatus of FIG.32 and has a thickness of 0.2um.
The oxide film 1909 is formed on the (111) oriented

15 polysilicon at 400C with a thickness of 3nm.

According to the present invention, there

occurred no thinning of oxide film at the sharp
corner part of the device isolation region formed
between the transistors, and it was confirmed that

20 the silicon oxide film is formed with uniform film
thickness on the polysilicon film in any of the flat
part and edge part. The ion implantation process for
forming the source and drain regions was conducted
without passing the ions through the gate oxide film,

25 and the electrical activation was made at 400°C. As a
result, the entire process can be conducted at a
temperature of 400°C or less and formation of
transistors became possible on a glass substrate. The
transistor thus formed had the mobility of about

30 300cm?/Vsec or more for electrons and about
150cm?’/Vsec or more for holes. Further, a voltage of
12V or more was obtained for the source and drain

breakdown voltages and for the gate breakdown voltage.
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5 characteristics and excellent characteristics for the
interface states formed at the polysilicon/oxide film
interface.
By using the transistor of the present
embodiment, the liquid crystal display devices or
10 organic EL photoemission devices can provide various
advantageous features such as large display area, low
cost, high-speed operation, high reliability, and the
like.
While the present embodiment is the one in
15 which the gate insulation film or the gate nitride
film of the present invention is applied to a
polysilicon, the present embodiment is applicable
also to the gate oxide film or gate insulation film
of an amorphous silicon thin-film transistor (TFT) or
20 staggered-type thin-film transistor (TFT), which is

used in a liquid crystal display device and the like.

(TENTH EMBODIMENT)
Next, an embodiment of a three-dimensional
25 stacked LSI in which an SOI device having a metal
layer, a polysilicon device and an amorphous silicon
device are stacked will be described.
FIG.34 show the cross-section of the three-
dimensional LSI of the present invention
30 schematically.
Referring to FIG.34, 2001 is a first SOI
device and wiring layer, 2002 is a second SOI device

and a wiring layer, 2003 is a first polysilicon
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also in the second SOI and wiring layer 2002, there
are formed various parts such as digital processing
parts, high-precision and high-speed analog parts,

10 synchronous DRAM parts, power supply parts, interface
circuit parts, and the like, by using the SOI
transistors explained with reference to the seventh
embodiment.

In the first polysilicon device and wiring

15 layer 2003, there are formed various parallel digital
processing parts, inter-functional block repeater
parts, memory device parts, and the like, by using
the polysilicon transistors or flash memories
explained with reference to the sixth or eighth

20 embodiments together with the wiring layer of the
first polysilicon device layer 2003.

In the second polysilicon device and wiring
layer 2004, there are formed parallel analog
processing parts such as an amplifier, A/D converter,

25 and the like, by using the polysilicon transistor
explained with reference to the eighth embodiment.
Further, optical sensors, sound sensors, touch
sensors, wireless transcelver parts, and the like,
are formed in the amorphous semiconductor

30 device/functional-material device and wiring layer
2005.

The signals formed by the optical sensors,

sound sensors, touch sensors, wireless transceilver
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10L<L< digital processing parts and the memory device parts

formed in the second polysilicon device and wiring

layer 2004 by the polysilicon transistors and flash
10 memory devices. The signals thus processed are then

processed by the digital processing parts, high-

precision and high-speed analog parts or the

synchronous DRAM parts provided in the first SOI and

wiring layer 2001 or second SOI and wiring layer 2002
15 Dby using the SOI transistors.

Further, the inter-functional block
repeater part provided in the first polysilicon
device and the wiring layer 2003 does not occupy a
large area even when provided with plural numbers,

20 and it is possible to achieve synchronization of
signals all over the LSI.

It should be noted that such a three-
dimensional LSI has become possible as a result of
the technology explained in detail with reference to

25 the embodiments.

INDUSTRIAL APPLICABILITY

According to the present invention, it
becomes possible to form a tunneling oxide film on a
30 silicon surface such as a silicon substrate in the
form that an oxide film and a nitride film are
laminated or a nitride film and an oxide film and a

nitride film are laminated consecutively such that
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15

2. The dielectric film as claimed in claim
1, wherein said nitrogen concentration increases in
said dielectric film also in the vicinity of an
20 interface with said silicon surface as compared with

a central part of said dielectric film.

25
3. The dielectric film as claimed in claim
1, wherein said dielectric film comprises a silicon
oxynitride film, and wherein said nitrogen
concentration becomes minimum at a central part of

30 said film.
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6. A semiconductor device, comprising:
a silicon substrate;
an insulation film formed on said silicon
20 substrate; and
an electrode formed on said insulation film,
wherein said insulation film has a nitrogen
concentration distribution such that a nitrogen
concentration increases at a film surface contacting
25 with said electrode as compared with a central part

of said film.

30
7. The semiconductor device as claimed in
claim 5, wherein said nitrogen concentration

increases in said insulation film in the vicinity to
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10 concentration becomes minimum at said central part of

said film.

15
9. The semiconductor device as claimed in
claim 6, wherein said insulation film substantially
has a composition of a silicon nitride film at a film
surface contacting with said electrode.
20

10. The semiconductor device as claimed in
25 claim 6, wherein said insulation film substantially
has a composition of a silicon oxide film at said

central part of said film.

30

11. The semiconductor device as claimed in

claim 6, wherein there is further provided a second
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a control gate electrode formed on said
15 floating gate electrode via an inter-electrode
insulation film,
one of said insulation films having a
nitrogen concentration distribution such that a
nitrogen concentration increases at a film surface
20 contacting with said electrode as compared with a

central part of said film.

25
13. The non-volatile semiconductor device
as claimed in claim 12, wherein said nitrogen
concentration increases also in said tunneling
insulation film near an interface to said silicon
30 substrate as compared with said central part of said

film.
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20

25

30

—ON"a'& 10%k"k"&f()-M 10' o
. The non-volatile semiconductor device

as claimed in claim 12, wherein said tunneling
insulation film substantially has a composition of a
silicon nitride film at a film surface contacting

with said electrode.

16, The non-volatile semiconductor device
as claimed in claim 1, wherein said tunneling
insulation film substantially has a composition of a

silicon oxide film at a central part of said film.

17. A method of forming a dielectric film,
comprising the steps of:

forming a silicon oxide film on a surface;

modifying a surface of said silicon oxide
film by exposing the same to hydrogen nitride

radicals NH*.
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has an electron density of 10 cm™? or more at said
surface.

15

20. The method of forming a dielectric film
20 as claimed in claim 18, wherein said microwave plasma

has a plasma potential of 10V or less at said surface.

25
21. The method of forming a dielectric film
as claimed in claim 18, wherein said gas containing
nitrogen and hydrogen as constituent elements
comprises an NH3 gas.

30
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24. The method of forming a dielectric film
as claimed in claim 23, wherein said oxidation of
said silicon surface is conducted by exposing said

20 silicon surface to microwave plasma formed in a mixed
gas of an inert gas predominantly of Kr and a gas

containing oxygen as a constituent element.

25

25. The method of forming a dielectric film
as claimed in claim 23, wherein said silicon oxide
film is formed by thermal oxidation of said surface.

30
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27. The method of forming a dielectric film
15 as claimed in claim 26, wherein said microwave plasma
has an electron density of 10%cm™ or more at said

surface.

20

28. The method of forming a dielectric film
as claimed in claim 26, wherein said microwave plasma
has a plasma potential of 10V or less at said surface.

25

29. The method of forming a dielectric film
30 as claimed in claim 26, wherein said gas containing
said nitrogen and hydrogen as constituent elements

comprises a NHj; gas.
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@& 10%&' ()-F 31. The method of forming a dielectric film

10 as claimed in claim 26, wherein said surface
comprises a silicon surface and wherein said oxide

film is formed by oxidation of said silicon surface.

15
32. The method of forming a dielectric film
as claimed in claim 31, wherein said oxidation of
said silicon surface is conducted by the step of
exposing said silicon surface to microwave plasma
20 formed in a mixed gas of an inert gas predominantly
of Kr and a gas contalning oxygen as a constituent

element.

25

33. The method of forming a dielectric film
as claimed in claim 31, wherein said silicon oxide
film is formed by thermal oxidation of sald silicon

30 surface.
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35. The method of forming a dielectric film
as claimed in claim 34, wherein said microwave plasma
has an electron density of 10%2cm™ or less at said

15 silicon surface.

20 36. The method of forming a dielectric film
as claimed in claim 34, wherein said microwave plasma
has a plasma potential of 10V or less at said silicon

surface.

25

37. The method of forming a dielectric film
as claimed in claim 34, wherein said gas containing
30 nitrogen as a constituent element comprises a NHiz gas,
and said gas containing oxygen as a constituent

element comprises an 02 gas.
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39. The method of forming a dielectric film
10 as claimed in claim 34, wherein said silicon surface
is exposed to said atomic state oxygen O* and
hydrogen nitride radicals NH* in said step of
exposing said silicon surface to said microwave
plasma.

15

40. A method of fabricating a semiconductor
20 device, comprising the steps of;
forming a silicon oxide film on a silicon
substrate by an oxidation processing;
modifying a surface of said silicon oxide
film by exposing the same to hydrogen nitride
25 radicals NH*; and
forming a gate electrode on said modified

silicon oxide film.

30

41. The method of fabricating a

semiconductor device as claimed in claim 34, wherein
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42 . The method of fabricating a
10 semiconductor device as claimed in claim 41, wherein
sald microwave plasma has an electron density of
10%cm™ or more at said surface of said silicon

substrate.

15

43, The method of fabricating a
semiconductor device as claimed in claim 41, wherein
20 said microwave plasma has a plasma potential of 10V

or less at said surface of said silicon substrate.

25
44, The method of fabricating a
semiconductor device as claimed in claim 41, wherein
said gas containing nitrogen and hydrogen comprises a
NH;s gas.
30



10% & ()-S&10% & ()-S @O0% & ()-!SI 10%\ & ()-zMO% & ()- 10\\4=@ 7?44
| SS&910% & ()-!# 10%\ & ()-f10% & ()-SF10% & ()-!S, 10%\ & ()-10% & ()-?uj _@
| SL10% & ()- 10\ 10\ - 79 -

10\ 410% & ()-S1310% & ()-z!S. 10%\ & ()-f& 10% & ()-46z[9] _@!!f

10%\ z\ & ()-y10% & ()-!S& 10%g-g-& ()-!& 10%\& ()- " 10% & ()-!yl 10%\ & ()-
}rg\= |1 MLO%H& ()- 10\ 10\ 10\410% & ()-!S&10%\ & ()--10% & ()-!\

10%\ p\ & () -O04aBg\ = !! S310%r& (}ne' fedld& 6}- f%é@g@&iﬁ%‘ af 109& () - SF
10%4&' () -f10%4& () -wh~r<g\= IT1SI(109HHE () - gl 940%4& () - 310%4& ()-!1

109%4H&' () - Ss610%H&. () 5! 109 ()=29-10%48 () - S+9109%44& () - <VK@
!!y10%§ % O-1a 10%%ﬂ(§§f)g%i‘%&é(?%g@eg)a’% SLUCE RS
T10% & () -!SI10% b &hEYi MO & [ 3maBAMNCPRpPEses! allixed gas of a Ny

5 gas and a Hz gas.

10 46. The method of fabricating a
semiconductor device as claimed in claim 41, wherein
said silicon oxide film is formed by the step of
exposing said silicon surface to microwave plasma
formed in a mixed gas of an inert gas predominantly

15 of Kr and a gas containing oxygen as a constituent

element.

20
47 . A method of fabricating a semiconductor
device, comprising the steps of:
forming a silicon oxide film on a silicon
substrate by an oxidation processing;

25 modifying a surface of said silicon oxide
film by exposing the same to microwave plasma formed
in a mixed gas of an inert gas selected from Ar or Kr
and a gas containing nitrogen and hydrogen as
constituent elements; and

30 forming a gate electrode on said modified

silicon oxide film.,
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49, The method of fabricating a
10 semiconductor device as claimed in claim 47, wherein
said microwave plasma has a plasma potential of 10V

or less at said surface of said silicon substrate.

15

50. The method of fabricating a
semiconductor device as claimed in claim 47, wherein
said gas containing nitrogen and hydrogen as

20 constituent elements comprises a NH3 gas.

25 51. The method of fabricating a
semiconductor device as claimed in claim 47, wherein
said gas containing nitrogen and hydrogen as
constituent elements comprises a mixed gas of a N;
gas and a Hz gas.

30
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(3teMLOFRELPoSINGEEA (- h&lﬂ&bn surface to microwave
plasma formed in a mixed gas of an inert gas of
predominantly Kr and a gas containing oxygen as a

constituent element.

53. The method of fabricating a
semiconductor device as claimed n claim 47, wherein
said silicon oxide film is formed by a thermal

oxidation process.

54. A method of fabricating a semiconductor
device, comprising the steps of:

exposing a silicon substrate surface to
microwave plasma formed in a mixed gas of an inert
gas primarily formed of Kr, a gas containing nitrogen
as a constituent element and a gas containing oxygen
as a constituent element, to form an oxynitride film
on sald silicon surface; and

forming a gate electrode on sald oxynitride

film.
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10 semiconductor device as claimed in claim 54, wherein
said microwave plasma has a plasma potential of 10V

or less on said silicon substrate.

15

57. The method of fabricating a
semiconductor device as claimed in claim 54, wherein
sald gas containing nitrogen as a constituent element

20 comprises a NH3 gas, and said gas containing oxygen

as a constituent element comprises an 0z gas.

25
58. The method of fabricating a
semiconductor device as claimed in claim 57, wherein
sald inert gas and sald Oz gas and said NH3 gas are
supplied to a partial pressure ratio of 96.5 : 3

30 0.5.



59. The method of fabricating a
semiconductor device as claimed in claim 54, wherein
said step of exposing said silicon surface ot said
microwave plasma comprises the step of exposing said
silicon surface to atomic state oxygen 0* and

hydrogen nitride radicals NH*.



