-1- 2 7 JUN 2005 DESCRIPTI ON SEM CONDUCTOR DEVI CE AND | TS MANUFACTURI NG
METHOD 5 TECHNI CAL FI ELD The present invention relates to a sem conductor
device in which an oxide film a nitride film an oxynitride film or the
like, is 10 formed on a silicon sem conductor, and the fabrication nethod

t her eof BACKGROUND ART The gate insulatiohm filmof a MS 45/ JUN 2005

(metal /insulator/silicon) transistor is required to have various

hi gh- perfornmance el ectric propertles gég& fghreliability characteristics,
such as |l ow |eakage current char act &t I'Ccs ow interface state density,
hi gh breakdown vol tage, high resistance 20 agai nst hot carriers, and uniform

threshol d vol tSEMECONBUGKIRDEVIEE ANDTHS MERUFR Ttgaa;r@@wgaglg{é&schnol ogy using
ely

oxygen nol ecul es or water nol ecul es at approxl ma nore has been
used conventionally as the 25 formation technol ogy of the gate insulation film
that satisfigs the above requirenents. A thermal oxidation process has been
conducted conventionally after conducting a cleaning process of renoving
surface contani BBRENICALcRIBBD30 organic materials, netals, and particles, as

a preprocessing process. p}Q ﬁyggegtcggyggghgga£e1g{g@ntggaprocess cl eani ng
using a diluted hydrofluoric acid or hydrogenated water, for exanple, -2- 27

JUN 2005 is peffBrfARAIAEtPASESVEEP terwhhali AQ ?ﬁed@ahﬂlmnga bonds exi sting
on the silicon gsutfage ?Ylﬁydéﬁggﬁynitride film, or the like, is

1¢ . formed on a silicon semiconductor, and the

fabrication method thereof.

BACKGROUND ART
The gate insulation film of a MIS

15 {(metal/insulator/silicon) transistor is required to
have various high-performance electric properties
and high reliability characteristics, such as low
leakage current characteristics, low interface state
density, high breakdown voltage, high resistance

20 against hot carriers, and uniform threshold voltage
characteristics.

The thermal oxidation technology using
oXygen molecules or water molecules at approximately
BO0D °C or more has been used cenventionally as the

25 formation technology of the gate insulation film
that satisfies the above requirements.

A thermal oxidation preocess has been
conducted conventionally after conducting a cleaning
process of removing surface contaminants, such as

30 organic materials, metals, and particles, as a
Preprocessing process. In such a conventional
cleaning process, cleaning using a diluted

hydrofluoric acid or hydrogenated water, for example,



Thereby, formation of a native oxide filmon the silicon surface is
suppressed, and the silicon 5 substrate thus having a clean surface is
forwarded to the follow ng thernmal oxidation process. In the thernal

oxi dation process, the term nated hydrogen at the surface updengoespy
decoupling during the process of raising the tenperature of the silicon 10
substrate in an inert gas atnosphere of argon (Ar), for exanple at a

t enperat ure equalpdrE mdre: tihadt, 600 G e apitoximtel s/ . da@itnxi di zati on of

the silicon surface i,s conducted at approxi nat el 00 C .or nore in an
at nospher e toﬁwﬂ%n By Tt et e U5 O vﬁa‘{refa%%ﬁ@ﬁd?%%roa‘?eéji nt r oduced.
Conventi onal | yehdoeksy ,c aSermvdieiren aoSid im0t veoxdxieid i £ inm sof oteed on the silicon

surface by using. such a thernmal oxidization technique,, satisfactory oxide
Sh 6 br

filmsilicon ifitertace chatEcter iSRS > WY koW Vbl t age of the oxide

film | eakage scirstarsite citarsaadtarist ixsslemmd ddrefddkels aferwachdeyed only in

t he case wher su.rfaceh havi nq?g;t{] 1%.100) orientation s used-
a

a.sili
Further, remar CJat}-lsnee eograod"ajtrl1 n" %]fmé}le it Fent BettFE i n the Mase where the

25 thi ckness dfhddwe lsidyicEtima qgerdddan f ormeddymideeted dnwddgeonal t her nal
oxi dation pro I S ced 10 ' VA r Thus, it has been
G55 %He sru‘%ﬂt:ég%e_ L}r}c%eoxragi?roggsc’)ﬂc-;[%l% lxﬁr}m J.rﬁ ESra

difficult to realize a pe nce mnraturize ansi stor that requires
decrease of theaatses 3 imwsidiatd omd ilemudrdatkes s £ Furg ekl idan a cryst al

silicon hayin - ' ' t han. (aij_qgo ofigentation or a
pol ycryst gpl [ %e&ssi%é(r:{)eﬁclgie%;dr %ﬁ%ﬁgj\hsﬁgﬁozé 7 JUéNngOOS 3% {)Arlﬂrr'ari |y
(111) - ori ent ecfosurds@aeP lon &h 4 MRMRATOHIre equal to or more than

600 °C, approximately. Then, oxidization of the

silicon surface i1s conducted at approximately 800 °C

or more in an atmosphere to which oxygen molecules
15 or water molecules are introduced.

Conventionally, in a case where a silicon
oxide film is formed on the silicon surface by using
such a thermal oxidization technique, satisfactory
oxide film/silicon interface characteristics, high

20 breakdown voltage of the oxide film, leakage current
characteristics, and the like, are achieved only in
the case where a silicon surface having the (100)
orientation is used. Further, remarkable degradation
of leak current occurs in the case where the

25 thickness of the silicon oxide film formed by the
conventional thermal oxidation process is reduced to
approximately 2 nm or less. Thus, it has been
difficult to realize a high-performance miniaturized
transistor that requires decrease of the gate

30 insulation film thickness.

Further, in a crystal silicon having a
surface orientation other than the (100) orientation

or a polycrystalline silicon generally having a



film interface state density at the oxide filnmsilicon interface is

remar kably high as conpared with the Silicon oxide filmforned on the 5
(100)-oriented silicon even when the silicon oxide filmis f?rgﬁf usi ng
the thermal oxidation technology. Thus, a silicon oxide fiﬂﬁlh %@Ea
reduced filmthickness possesses poor e?ectric properties in terns of
breakdown characteristics, 10 | eakage current characteristics, and the |iKke.

Hence, there has feena naaq QfridRAsiWEddhe dd 140 tdupkness, of the silicon
oxide fil mwhen using 'such a silicon oxide film Meanwhile, the use of

| ar ge- di anet e 1115 dinteddi dpafser tsusysdtty Gt 1ty gl ass  substrate is

i ncreasing theseapdays ifQn IO NG tihe r Sfd i eneyh 0fn sgM conduct or devi ce
production. In order to formtransistors on the entire surface of such a

| ar ge- si ze sulFSFPRE At fufiftorsh 26 h e r St% e ZRE AT IR gh t hr oughput

an insul ati on ifoigymdfrardi g i0GassH GONdUGHRth athd d:0W cdemparat ure so as to
decrease the nmagni tude of the tenperature changle in heating or cooling and,

further, havirg § foFsst Rre dehiderid® i L B4/ iiTed. In the

conventional tdemirdl i datdiens, f aGESSsod hedridasi heatwwidqrge fluctuation of
oxidation reaction rate with respect to tenperature fluctuation, and it has
been diffi cul EFSodudd %ﬁ%&rﬁ(ﬁ"&s % e W tH 'Y S hr oughput while 30
usi ng a | ar gepakea raiikst riat ecedns @rideir dak&olv e Hdrmse qurioddiens, associ at ed
with the nventional thermal oxidatiaon .t.echnal ogy |.titudes of

| ow—terrpe?gt u gafkﬁgﬁ é:u?:rf&% aC_tfrlSthS, ancfJ fhem'!L ike.

Hence, there has been a need of increasing the film
thickness of the silicon oxide film when using such
a silicon oxide film.
Meanwhile, the use of large-diameter

15 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-size substrate with uniform

20 charazcteristics and with high throughput, an
insulation f£ilm forming process conducted at a low
temperature so as to decrease the magnitude of the
temperature change in heating or cooling and,
further, having small temperature dependence is

25 reguired. In the conventional thermal oxidation
process, there has been a large fluctuation of
oxidation reaction rate with respect to temperature
fluctuation, and it has been difficult to produce
semiconductor devices with high throughput while

30 using a large-area substrate.

In order to solve these problems

associated with the conventional thermal oxidation

technology, multitudes of low-temperature film



formati on processes have been attenpted. Anong others, the technol ogy

di scl osed in Japanese Laid- Qpen Patent Publication No. 11-279773 or the

t echnol ogy di sclosed in Technical Digest of 5 International El7dtNailPevi ces
Meeting, 1999, pp_249-252, or in 2000 _Synposi umon VLSI Technol ogy Digest of
Techni cal Papers, pp.76-177, describes d& process in which an inert gas is
introduced into plasma together with gaseous oxygen nol ecul es, 10 thereby

effectively causinia tdie dRIds Qa5 havd Nk d gyt astade; | evel to conduct
the atom zation of the oxygen nolecules. Hence, relatively good electronic

properties ar®BEievddie I4FHHEER S hintt oiess, 1 JART R 39 15 irradi at ed

to the m xed @ged e Ofpdd IO (Ko . thatz 767 8N dhefde gas and an oxygen
(02) gas, the mxed plasma of Kr and 02 is generated, and a | arge anount of

atonic state GRYH?IPIVarE ¥IREF Thefchrife od RSP of silicon is

conducted gt andQdrerpeyaiiurg &t B He A CMand dpw leakage current
characteristics, laow interface state density, and h%]gh breakdown vol t age

conpar abl e t o B TP A heET Sohvditd ohEtPIHethd™ o TP R hi eved.
Further, accaoridjeys: tor thicmddatd aiedechiol tay78 Made2Hhapiad ity oxide film
is obtained also on the sil.icon surface havi n%\fg suc[j{]c:cc? orientation other
than the (106" ¥ ace " i Sudf S PonvEmItide sititon oxide film

formati on technalsagy tusjdithdherimcrgmaars ke tred gdweisssm, in spite of the
fact that Bhe %Xird%:}jo 'sc c_ovnc&uctceadusbiyn usihneg iamteor'c sta}iaeviog( gen 0*, only a
silicon ox’de ¥19'% a\ﬁ%#ge G BB e s YorpatHbI ' 6 4 Fbse obt ai ned by
the 2 7 JUN 2005 ge metastable level to conduct the atomization of
the oxygen molecules. Hence, relatively good
electronic properties are achieved.
In these techneoleogies, a microwave is
15 irradiated to the mixed gas formed of krypton (Kr)
that is an inert gas and an oxygen {0,) gas, the
mixed plasma of Kr and 0O, is generated, and a large
amount of atomic state oxygen O* are formed. Then,
the oxidation of silicon is conducted at a
20 temperature of about 400°C, and low leakage current
characteristics, low interface state density, and
high breakdown voltage comparable to those of the
conventional thermal oxidation are achieved. Further,
according to this oxidation technology, a high-
25 quality oxide film is obtained also on the silicon
surface having a surface orientation other than the
{100) surface.
However, in such a conventional silicon
oxide f£ilm formation technology using the microwave-
30 excited plasma, in spite of the fact that the
oxidation is conducted by using atomic state coxygen
O*, only a silicon oxide film having electric

properties comparable to those obtained by the



-5 conventional thermal oxidation process that uses oxygen nol ecul es or water
nol ecul es is obtained. Particularly, it has been inpossible to obtain the
good | ow | eakage current characteristics in the 5 silicon Jo¥i N 2005m havi ng a
t hi ckness of approximately 2 nmor |less on the silicon substrate surface.
Thus, it has been difficult to realize i gh- performance, mniaturized

transi stors that requi re further decrease of the gate insulation film10

thi ckness, sing Inﬁ,r hereeth 1of, xg%wqr]%d %[}acL cddenml @dde filmformation

t echnol ogy- Further een a prob at degradatlon of conduct ance
caused by hot oeca*rgraremohaqué@ta (¢ iﬂﬁt@l‘t tree ldudes o idsmadftad nadansi stor or 15

degradati on ofpgerltq(‘cturll q__lrp\; oper t&s ypudrh sty 53_%2]] as, ddicfiep I eakage

current, in a device that ‘causes tunnell ectrons tlhroug the silicon
oxide film agood tise deskaste ot r@é’rm?réy:tﬁd'clcﬁrrl%rlél 4t i ceably than in

the case wher g;the s 14.CQ cpglqi@ w2 ifid 1 s farmd By the conventional thernal
processes. Dl SCLOSURE OF THE I NVENTT Accordl ngly, a general object of the

present i nventiPHF oxdMed-edivoVd dE £ MARSs &7d tisefadlicorh saisdaimdiict or devi ce

and a fabri catgug iRt hodHier 6af Hay Wildeh diher rholl & [descrided above are
elimnated A nore specific object of the present invention is to provide a

| ow t enper at utd GBS © TIG NHE (d AL tedfs SRR el shP & tévdtati ve to the

conventional thepnale gxidatd ondachng ogy #Anrothele ahjeotatford ha 1pr esent

invention_is taq prow de high-quality insulation filmformation 27 JUN 2005
10 thickness, similarly td the case of conventiona

thermal oxide film formation technology.

Further, there has been a problem that
degradation of conductance caused by hot carrier
injection into the oxide film of a transistor, or

i5 degradation of electric properties with time such as
increase of leakage current, in a device that causes
tunneling of electrons through the silicon oxide
film as in the case of a flash memory, cccur more
noticeably than in the case where the silicon oxide

20 film is formed by the conventional thermal processes.

DISCLOSURE OF THE INVENTION
Accordingly, a general object of the
present invention is to provide a novel and useful
25 semiconductor device and a fabrication method
thereof in which the problems described above are
eliminated.
7 A more specific object of the present
invention is to provide a low-temperature plasma
390 oxidation technology as an alternative to the
conventional thermal oxidation technolegy.
another object of the present invention is

to provide high—qguality insulation film formation



-6 technol ogy at |ow tenperatures that can be applied to silicon surfaces of
every orientation Still another object of the present invention is to provide
reliable, high performance, 5 and miniaturized sem conduct%)q deyizn@s using

such high-quality insulation filmformation technol ogy at

particul arly,
t hr ee di nensi

nmet hod t her eof”.

silicon surface, whereint
predeterm ned inert gas an
terms of surfiagenddrgi tis 20 paotive o) ledilof hiwh mees@mmantsention is
%Qf‘%%ti%tdﬁ{%rdyls%%vﬂc%%cﬁﬂmﬂ HlGce LA fPUWY, Substrate, a

provide a gem
transi stor i ncl udi ng a polysilicon filmformed on a silicon surface via a

transi stor integrated ciPcuit device, flash menory devi ces,
onal integrated circuit devices 10 provided with a plurality of

transistors or_ variqus fungtio 2 S..and t.o provjd f.abyication
tec nfourq[gryeral{omoewc,?:egr{petmﬁaemures nc at coan \ﬂe eap%llaet%ir

present invention 1s to provide a
sem conduct or tadeside wonpnirdiasgsa ofl®vsdy conigopowrd | ayer fornmed on a

: [ : ins at |east a
lgqhz?o%c%}yg)r ggg:tlw%oén?éefﬁe[ por% 1 %!1/ cn& or |ess i

In

ow t enper at ur es,

and

to

first siliconhdanpoiwed itay dmsudind i rc dpddt tforr e jare Iieiihnp e e ddnd silicon
conpound | ayer, f0rdmg 3 + & 20! Y3l Gon Sunf acgaphengin each of the first and

second silicon conmpound | ayers contains at

| east a predeterm ned inert gas

and has a hydridg&eredifceri 3 idf CRYLontt 1Grs !t S nq 5y i 6F AYY ace density.

Anot her obj ectyfed RE RIRSRHa1l N

havi ng a ol
ving @ g

15

20

25

30

ysilicon | ayer or anorphous silicon |ayer formed
provided with a plurality of transistdrs or various

function elements, and to provide a fabrication
method thereof.

A further object of the present invention
is to provide a semiconductor device comprising a
silicon compound layer formed on a silicon surface,

wherein the silicon compound layer
contains at least a predetermined inert gas and has
a hydrogen content of 10''/cm® or less in terms of
surface density.

Another object of the present invention is
to provide a semiconductor memory device comprising,
on a common substrate, a transistor including a
polysilicon film formed on a silicon surface via a
first silicon compound layer, and a capacitor
inecluding a second silicon compound layer formed on
a polysilicon surface,

wherein each of the first and second
silicon compound layers contains at least a
predetermined inert gas and has a hydrogen content
of 10" /cm® or less in terms of surface density.

Ancther cbject of the present invention is
to provide & semiconductor device having a

polysilicon layer or amorphous silicon layer formed

HA P ot proyae & ssem conduct or devi ce



27 JUN 2005 -7 on a substrate as an active layer, wherein a silicon conpound
| ayer containing at |east a predetermned inert gas and having a hydrogen
content of 10"/cnR or less in 5 ternms of surface density is fo , g a
surface of the silicon |layer, and the sem conductor device drfcg ﬁﬁ@isplay
device forned on the substrate. Another ‘object of the present invention is 10
to provide a fabrication nmethod of a sem conductor device on a silicon

surface, incluyding e §teRs f aexpasiyg thg,silicon surface to a first
plasma of a first inert gas so as to renopve hydrogen existing on at |east a

part of the silicon surfMacEeirs d iddwfcEomardigenéy®t ng a second pl asma of

a mxed gas QLHn3a39G9Rd dcnalda4a% PN MirPliWAld tgh Ofandki nds of gaseous
nmol ecul es, and formng,” on the silicon surface, a silicon conpound |ayer
cont ai ni ng 20 & igast hydFagerofccdt&mentof ddnsAS™ uPtnd eflie ifaseous nol ecul es

under the geceRGmpl 3¥MRa.u ARGl AR 8L OfedR PIRS Nts iR igl is to
provide a fabrication nethod of a sem conductor nenory device having, on a

common subst r &€ 313500y dRdieRt-orrM%hel uding a polysilicon filmformed on a
silicon surface via a fighet serSWatdwtdd ld8and arieaRad t@rsgingl uding a

second insulation filmformed on a polysilicon surface, including the steps
of : exposing CRESE ifogmesuPrradd s (?”é’sftly ®- 30 plasma of a first inert gas so
as to renove hydrogen exicHhidig o® calt |loFasthed pasdendf ith@dildrcas surface in
advance; ?gd to provide a fabrication method of a semiconductor
device on a silicon surface, including the steps of:

exposing the silicon surface to a first
plasma of a first inert gas so as to remove hydrogen
existing on at least a part of the silicon surface
15 in advance; and

generating a second plasma of a mixed gas
of a second inert gas and one or a plurality of
kinds of gaseous molecules, and forming, on the
silicon surface, a silicon compound layer containing

20 at least a part of elements constituting the gasecus
molecules under the second plasma.

Another object of the present invention is
to provide a fabrication method of a semiconductor
memory device having, on a common substrate, a

25 transistor including a polysilicon film formed on a
silicon surface via a first insulation film and a
capacitor including a second insulation film formed
on a polysilicon surface, including the steps of:

exposing the silicon surface to a first

30 plasma of a first inert gas 50 as to remove hydrogen
existing on at least a part of the silicon surface
in advance; and

generating a second plasma of a mixed gas



generating a second plasma of a mixed gas 2 7 JUN 2005 of a second inert gas
and one or a plurality of kinds of gaseous nol ecules, and form ng, on the
silicon surface, a silicon conpound |ayer containing at |easgt7appppsof

el enments constituting the gaseous 5 nolecules as the first insulation film
under the second plasnma. Anot her obj ectof the present invention to provide
a fabrication nethod of a sem conductor device having a polysilicon |ayer or

anor phous 10 sjdic AVET; ﬁH.b t S ti d i ncl udi ng the
steps of: for %énga, %O%né sal d'ngert}bﬁt T at Z%r'rcg Og} i‘:)cf’(;)‘nnc1 agfla%/fe/arel 'f%ﬁr{efd by said

pol ysilicon | djgrdsore farmsrgsttous mdlgyarlesls andosiming s\t ddee of said silicon
layer to a p's%%%oqi,%rffarc%, D) 0 Sy b TRIPUE cdW A 96Ny exi sting on
at least a part of said surface of said silicon layer; and generating a

pl asma of a miated gt Ff ke rR0 Setlome Herdeyust Ui whet ot Wl ity of

kinds of  gaseus J1PlaCW LS AN fa8m gk, 0k SH e S facke Oftnsai d silicon
| ayer, a silicon conpound layer 1including at |least a part of elenents
constituting SEHAMYIFSHTE nol ecul es. 25 According to the present invention,

it beconmes possible toGoEsat ed%é&rrwie SHY fAcesed©riAVALd ith Nyglr ogen even
at |l ow tenperature of about 400 or less in continuous processing Wwthout

br eaki ng vaculmhcFRdsvid HORT ettt et F 7 afF93PBI-%PSi i con surface.
Hence, it is Qesddldind of B iiich oxdyde fdd mmsidigon nitride film
and Silicgg Oﬁ%?fégékiggggnogugﬂ;¥£strate as an active layer,
including the steps of:
forming, on said substrate, a silicon
layer formed by salid polysilicon layer or amorphous
layer;

15 exposing a surface of said silicon layer
to a plasma of a first inert gas so as to remove
hydrogen existing on at least a part of said surface
of said silicon layer; and

generating a plasma of a mixed gas of a

20 second inert gas and cne or a plurality of kinds of
gaseous molecules and forming, on said surface of
said silicon layer, a silicon compound layer
including at least a part of elements constituting
said gaseous molecules.

25 According to the present invention, it
becomes possible to completely remove surface-
terminating hydrogen even at low temperature of
about 400 °C or less in continuous processing
without breaking wvacuum and without degrading the

30 planarity of a silicon surface. Hence, it is
possible to form a silicon oxide f£ilm, silicon
nitride f£film, and silicon oxynitride film, having

characteristics and reliability superior to thcse of



characteristics and reliability superior to those of 2 7 JUN 2005 -9 a
silicon oxide filmformed by a conventional thermal oxidation process or

m crowave plasma processing, on a silicon of any surface ord dndld¥iZd8h at | ow
tenperature of about 500 C or |less. 5 Consequently, it becones possible to
realize a mniaturized transistor inte§rated circuit having high reliability
and hi gh performance. Al so, according to the present invention, it becones

possible to fgrgmaiEhknogggeh%qhhgg%Ei%ﬁ bloaskgh%%g géi%ﬁ film silicon
nitride film "and~srTi‘con oxyni%rl e f n]Héving goo Sharacteristics such as
| eakage currefnheandlbreadkddvirnypirbage seven migroxayiel pdesmsur f ace of a corner

part of a devieg. oLsohalign s dgakhaobe Lol examle, J3:8haklawy rench 15

i solation or dn a si on surfacée having a surface formwth projections and
depressi ons. @onsequertipyratiurcbecorbsuposSiobfeé ¢to aehseve hi gh-density device

Integratiog ""tbﬁséqﬂahft‘igec' i%e\é' CBme30LALIQR W dLh .aRq Qi gh-density device
integration having a thréé- 20 di mensi dnal structure. Tn a dition, by using
the gate insumaniemurfizles ¢franisé spoasénteiomedied ¢ rciutl twhevgogsi ble to
realize-a flagh penmny .deyi;¢e ggg h@%hlﬁﬁ%f%%&ﬁﬁh%. of significantly
increasing the nunber of timés of 25 rewiting. Further, according to the
present invention, it Bd&Onescgesdiiple tro HhEr MTE S¥Ngh L ny@aISiey -si i con gate

oxi de film andesibbeABs0abe s iBLES ikde chirkmaevannonna RAlKSighiageRyf or med on an
30 insulation filmand having_a predom nantly (111)- oriented surface. As a
result, i%Dbeééhé§0BO§§pgpefllm, silicon nitride film, and

silicon oxynitride film having good characteristics
such as leakage current and breakdown voltage even
on a silicon surface of a corner part of a device
isoclation sidewall of, for example, a shallow-trench
15 isplation or on a silicon surface having a surface
form with projections and depressions. Consequently,
it becomes possible to achieve high-density device
integration with a narrowed device isolation width
and high-density device lntegration having a three-
20 dimensional structure.

In addition, by using the gate insulation
film of the present invention, it was possible to
realize-a flash memory device and the like capable
of significantly increasing the number of times of

25 rewriting.

Further, according to the present
invention, it becomes possible to form a high-
quality silicon gate oxide film and silicon gate
nitride film even on a polysilicon formed on an

30 insulation film and having a predeminantly (111)-
"oriented surface. As a result, it becomes possible
to realize a display apparatus that uses a

poclysilicon transistor having high driving ability,



to realize a display apparatus that uses a polysilicon transistor having high
driving ability, 2 7 JUN 2005 -10 and further, a three-dinensional integrated
circuit device in which a plurality of transistors or fun%zi mlzn&evi ces are
stacked. 5 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a contep I agr am of
a plasma apparatus that uses a radial™1Ghe slot antenna; FIG 2 is a
characteristic diagram showi ng the dependence of the bond forned between the

10 surface- t eLENGI NG My 045 Al ARl GO ISULTAGE » A Slddaen on the
exposure to Kr plasma as ‘neasure y an infrared spectroscopy; FIG 3 is a
charact eri sti ¢ediiggr dm stréwibng plhve addgendende aa¥s isitldnsorproxi de fil mt hi ckness
on 15 the gas qy, r_e -of r i nber; FIG 4 is a characteristic
di agram show r;fgm‘?.ﬁj%n%é tdﬁnﬂﬁggr%%%f?#p@ﬁi |l e of the Kr density in the
silicon oxide film FIG 5 is a characteristic diagramshowing 20 the current
versus vol gag B0 f {d 2 xide film FIG 6 is a diagram
showing the relationship between the [eakage current characteristics of the
silicon oxide filmand tH&E 25 i 1§ COREBRAHAY iHeF5AMO farkd R4FSE™E | m t hi ckness;

FIG 7 is a chajAaclehisStdia dhadam shew g 1ithe dependanamLf the silicon
nitride filmthickness on the gas pressure of the processing chanber; FIG B

is a characteristic di agit&m £héwi fg CI8F 3FFE Pidtice FieIFM ist@HAG y of atonic
state oxygen taRd@pRMdenslabe RN 0geRi alo k@l et e figrdmati on

10 surface-terminating hydreogen at a silicon surface
and silicon on the exposure to Kr plasma as measured
by an infrared spectroscopy;

FIG. 3 is a characteristic diagram showing
the dependence of silicon oxide film thickness on

15 +the gas pressure of the processing chamber;

FIG. 4 is a characteristic diagram showing
the depth distribution profile of the Kr density in
the silicon oxide film;

FIG. 5 is a characteristic diagram showing

2Q the current versus voltage characteristic of the
silicon oxide film;

FIG. 6 is a diagram showing the
relationship between the leakage current
characteristics of the silicen oxide film and the

25 silicon exynitride film, and the film thickness;

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

FIG. 8 is a characteristic diagram showing

30 the photoemission intensity of atomic state oxygen
and atomic state hydrogen at the time of formation
of the silicon oxynitride film;

FIG. 9 is a characteristic diagram showing



of the silicon oxynitride film FIG 9 is a characteristic diagramshowng 2 7
JUN 2005 -11 the elenental distribution in the silicon oxynitride film FIG
10 is a characteristic diagram show ng the current verZSJrlsJ Klotﬁﬁge
characteristic of 5 the silicon oxyni;ﬂ_de film FIGS! IH - C are
conceptual cross- sectional views of the shallow trench isolation; FIG 12 is
a cross-sectional view of a three-dinensional transistor fornmed on a silicon
10 surface hawing uUrafactd NS SNk KlepT @5 si ONske F 3 1 doh | Sxyp Sehegat i ¢ di agram
of a cross- sectional structure of a flash nenory device; FIG 14 is a
schematic cross-'¥yctional  view for expl aining the fabrication nethod of the

15 flash nmenory device ofzd helpresentcidwenté oissiepiiygrahep; FIG 15 is a
schemati c cross-sectional view for ex Iai%ﬁinggqthe fabricati on nethod of the

flash memory dEACEDIETHeE Hredent” FnviehtY MO CHE 16 is a
schemati c crossresecitiional oxew fiofe exiplmj ni ng the fabrication nmethod of the

flash nenory device of tal{ke resent_invention step by .step: 25 FIG 17 is a
schemati c cross-section G% ew % or %I%’f%l%@mfﬁ%t%a]br?%gﬁ on net hod of the
flash nenory deadtCierofl thieeyy esentha nteation stepclbyisstiepmorI G 18 is a
schemati c di agram of a cErP(Js's-lfoisseactéroonsasl_Ssécrt{:cgéjarle ‘pge‘g MXS t ransi stor
fornmed on a
three-dimensional transistor formed on a silicon
10 surface having projections and depressions;
FIG. 13 is a schematic diagram of a cross-—
sectional structure of a flash memory device;
FIG. 14 is a schematic cross-sectional
view for explaining the fabrication method of the
15 flash memory device of the present invention step by
step;
FIG. 15 is a schematic cross—sectional
view for explaining the fabrication method of the
flash memory device of the present invention step by
20 step;
FIG. 16 is a schematic cross-sectional
view for explaining the fabrication method of the
flash memory device of the present invention step by
step;
25 FIG. 17 is a schematic cross-sectional
view for explaining the fabrication method of the
flash memory device of the present invention step by
step; '
FIG. 18 is a schematic diagram of a cross-
30 sectional structure of a MOS transistor formed on a
metal substrate S50I;
FIG. 19 is a conceptunal diagram of a

plasma apparatus accommodated to a glass substrate



metal. substrate SO; FIG 19 is a conceptual diagramof a plasnma apparatus
accommodated to a glass substrate 27 JUN 2005 -12 or plastiscys te; FIG
20 is a schematic diagramof a cross- sectional structure 012 5%@?3 licon
transistor on an insulation film and 5, FIG 21 is a conceptual diagramof a
cross-sectional structure of a three-dinensional LSI. BEST MODE FOR CARRYI NG
QUT THE | NVENTI ON Herei nafter, various preferable 10 enbodi nents in which the
present inventdomisseappddgd Wdd, be explained in detail with reference to
t he draw ngs. (FI'RST EMBODI MENT) 15 First, a description will be given of an
oxide filmformation at i t&hplet at (TELMtiGi MepIRBsHR. 2 FIXRSS"is a

Cross-sect i onale Mi QM SINOW NG 80 @D K5 Of s A1 14 &S B U HLCHLSSE NKh appar at us used
in 20 the present invention and using a radial line slot antenna. In this

embodi nent, i POrdE LB ¥t héehydr ogen terminating the dangling bonds at
a silicon ssurface, Kr, pddchri st disehdscddendl asimgexcidatd on 25 gas in the
subsequent oxide filmformation process, _is ysed, and the renoval process of

the surface- t&HMTatTTg WA et EMRF T R &ki dat T orf Protesy & €5 tonduct ed in

t he sane processing chanber continuously. 30 First, a vacuum vessel
(processing chanbﬁrl 101 is Sva‘fcuﬁ ed Eng En A\‘F @EE S
Bereinafter, wvarious preferable
10 embodiments in which the present invention is
applied will be explained in detail with reference

to the drawings.

(FIRST EMBODIMENT)

15 First, a description will be given of an
oxide film formation at low temperatures by using
plasma.

FIG. 1 is a cross-—-sectional view showing
an example of a plasma processing apparatus used in

20 the present invention and using a radial line slot

antenna.

In this embodiment, in crder to remove the
hydrogen terminating the dangling bonds at a silicon
surface, Kr, which is used as the plasma excitation

25 gas in the subsequent oxide film formation process,
is used, and the removal process of the surface-
terminating hydrogen and the oxidation process are
conducted in the same processing chamber
continuously.

3¢ First, a vacuum vessel (processing
chamber) 101 is evacuated and an Ar gas is

introduced first from a shower plate 102. Then, the



introduced first froma shower plate 102. Then, the 27 JUN 2005 -13 gas is
changed to the Kr gas. Further, the pressure inside the processing chanber
101 is set to about 13.3 Pa (1 Torr). Next, a silicon suBst rJHNeZGﬂgS is placed
on 5 a stage 104 having a heating msc_k&a?pi sm and the tenperature of a

specinmen is set to about 400 C. As longas the tenperature of the silicon
substrate 103 is in the range of 200-500 C, al nbst the sane results

expl ai ned as b%ISovi/Sarc aobte%j rjc%d. Iet Ksrhoualsd 1(%ubrach%oxl edcl,;t hatr t Q__Jeursg licon
substrate 10398 érfeaniéd” by a Fhued c"‘nydr of 1UoT 1€ ‘aci @ in the pr epr ocessi ng
step i mredi at ényg ibef whe @prdcess iang eduntbert HP L sid isean warglduty bonds on t he
surface are tqr3n13n§,taeq1 t}%rh drogen. 15 Next, a mcrowave having the frequency
of 2.45 GHz i's'Supplieédtoa radial line slot antenna 106 from a coaxi al
wavegui de | GS, wherei n teetr & eddvi&drs suitsrodiced dntie teaqerdoessi ng chanber

101 fromthe radial _|i |_Qt. antenna .l hrouah a 2 i.el ectric plate 107
provi ded o% aap%ﬁ%ggf 1{6%e%v‘?/§’|llngofa {Bﬁatéatplr cténéesc%r?gilcshmdnﬁglrcplﬁ? The introduced
m crowave causespexeittats of ef spesikrenyds tseat tos abontt gdicéd.i nto t he

processi ng chanber 101 from the shaower plate 102 .a consequently, there is
i nduced 25 hi %‘hs' Egrrllgi taf' ?'epltéeé“r?aer%&g it t?nfgg%r?eastlr%‘tr}:hél sshuéjm%%aecﬁ ate 102. As
| ong as the flé§uémscynofthteche angec rdwld 59 eCsuppibed ibei namke range of

about 900 M*ée%é\ﬂ{%r & x4 109k %C%geciia’wa out, %%Q@EFJ A sk, the same
results expl ained as befFow are obt al ned. Intt e construction of FIG 1, the

10 be noted that the silicon substrate 103 is cleaned
by a diluted hydroflucoric acid in the preprocessing
step immediately before and, as a result, the
silicon dangling bonds on the surface are terminated
by hydrogen.

15 Next, a microwave having the frequency of
2.45 GHz is supplied to a radial line slot antenna
106 from a coaxial waveguide 105, wherein the
microwave is introduced into the processing chamber
101 from the radial line slot antenna 106 through a

20 dielectric plate 107 provided on a part of the wall
of the processing chamber 101. The introduced
microwave causes excitatlon of the XKr gas that is
introduced into the processing chamber 101 from the
shower plate 102 and, conseguently, there is induced

25 high—-density Kr plasma right underneath the shower
plate 102. As long as the frequency of the
microwave to be supplied is in the range of about
900 MHz or more but not exceeding about 100GH=z,
almost the same results explained as below are

30 obtained.

In the construction of FIG. 1, the

interval between the shower plate 102 and the



i nterval between the shower plate 102 and the 2 7 JUN 2005 -la substrate 103
is set to 6cmin this enbodinent. The narrower the interval, the faster the
filmformation becomes. This enbodi nent shows the exanpl e ofZ fi AUN 2885r mat i on
by using the plasma apparatus that uses 5 the radial |ine slot antenna,
however, it should be noted that the ptédsma may be induced by introducing
the m crowave into the processing chanber by other nethods. By exposing the

silicon substrate 103 to 10 the plasma thus excited by the Kr g&s, the -
surface of tHPRITTEGh &Ubsty atet 163 §S0stbhj BRt 2o TP PERIF ati DHE of | ow

energy Kr ionshadshed hecpalr {geervd By mnat f Hge by dewgeni ahersendvesh FIG 2
shows the resylt of analysis of the 15 silicon-hydrogen bond on the surface

of the silicorPSRMt r at BM 4D R HEFRT oF P HT r BF @S EHBREF bt £+ 1Bnd  shows t he

ef fect of renownoiidheppuid e tis np Nadmddaydroges akathessélicon surface
by the Kr _plasm ind‘UCEd]S%i n r oduci n[%%lé he m crowave into _ 20 the processing

chamber 10F und¥ T3tidpte S OPT 1R (1" T wi th TARUPOWRE of 1.2Wcne.
Referring to HdGed, tidt Catile bel $6r4 ddatbe t hed@OPédcay absHsPhEDRgat about
2100cm 1, which is _characteristic to the silicon-hydrogen bond, is nore 25 or

| ess vani shed @t% P THRFKF® pt AETaF T rRi? G T oh*9 contfiRe EdPY o? Ry about 1

second, and i snedn@sd. conpletely vanished after irradiation for
approximately thirty seconds. That is, the surface- term nating hydrogen on

the silicon surface can Bt SPITMVS Dy 1hecd praghed ¥5 r84t at? on conduct ed
for appran madd Yo s e coneks -etdi tdd Soentrosli KENFas | hehe surface

of the silicon substrate 103 is subjected to
irradiation of low energy Kr ions, and the surface-—
terminating hydrogen are removed.
FIG. 2 shows the result cf analysis of the
15 silicon-hydrogen bond on the surface of the silicon
substrate 103 by means of infrared spectrometer and
shows the effect of removal of the surface-
terminating hydrogen at the siliceon surface by the
Kr plasma induced by intreoducing the microwave into
20 the processing chamber 101 under the pressure of
13.3 Pa (1 Torr) with the power of 1._.2W/cm’.
Referring to FIG. 2, it can be seen that
the optical absorption at about 2100cm™, which is
characteristic to the silicon-hydrogen bond, is more
25 or less vanished after the Kr plasma irradiation
conducted for only about 1 second, and is almost
completely vanished after irradiation for
approximately thirty seconds. That is, the surface-
terminating hydrogen on the silicon surface can be
30 removed by the Kr plasma irradiation conducted for
approximately 30 seconds. In this embodiment, the

surface-terminating hydrogen is completely removed



surface-terminating hydrogen is conpletely removed 2 7 JUN 2005 -15 by
conducting the Kr plasma irradiation for 1 mnute. Next, a K?/% 2M§ed gas is
introduced from the shower plate 102 with a partial pressure'r of 97/ 3.
On this occasion, the pressure of the 5 processing chanmber is nuintained at
about 13.3 Pa (1 Tarr). In the high-density excitation plasma in which the
Kr gas and the 0, gas are mxed, Kr* in the internedi ate excitation state and

the 02 nol ecyl es cause .cal |i.si it .ds ssi.ble tq 10 effjciently form
atom c state %)?’yé:éaﬁl =59 é_'rhgee%fa altriljn “lfa Iln]”:taﬁci%sate:L j0 |°r¥e% ,mlvﬂ%é the atomc
state oxygen 0* thus f otexed, a ¥ /Syrfagedobashéssiihitcoducsdbstrpmte 103 is

oxi di zed. In the caqnventignal her nal i datj.on. nethads canducted on a
silicon surfécclziee, sﬁéewe(fxipgft%leorjllﬂ% wclatlrﬁgeadc%ayrq&al Tecul'es orraQC t 20 nol ecul es
and a very hi gff Prigcessiang trerperatagion oftiB0@r«& rramsre trees been needed. In

the oxi da”sonprl%rcoe%%%gr! NG Qfnd1e s %@%te!i’}lveec{“éto%q%%’kd%l.%d ¢1he 20 atomic
st ate oxygen, "t he oxi ion I's possible at  a very low tenperature of about
400 C. In ordéomm . fdal [thteathe ghitelegd il iysiantiofatkron grichs@da iitn i s preferabl e
that the processing anber_pr re b i,gh. However, der. _excessively high
pressure, the@%c * tq%uggf gra%eg%?cj)lﬁef}edgpzngtagaﬁfﬁ }éﬁﬁ%%r et E?n tES 0, nol ecul es.
Gbvi ously, thehe exitstreneghi agp iemphtgdsiompreassia eand-|tBe .shows t he

rel ationship tﬁ%tl‘@%%;l the _ thi ccjgr]_qslsﬁsoﬁlo,f dhe jToedj%e JdQs@Jl%r?od and the 30
internal pressure o She processi ng chanber of the ™ case ere the gas
pressure LAsi ad fiilyd gortdoedsimy atomic state oxygen 0* in large

amount.

In this embodiment, with the atomic state
oxygen O* thus formed, the surface of the silicon
substrate 103 is oxidized. In the conventional

15 thermal oxidation methods conducted on a silicon
surface, the oxidation is caused by 0, molecules or
H,0 molecules and a very high processing temperature
of 800 °C or more has been needed. In the oxidation
processing of the present invention conducted by the

20 ateomic state oxygen, the oxidation 1is possible at a
very low temperature of about 400 °C. 1In order to
facilitate the collisicn of Kr* and 0,, it is
preferable that the processing chamber pressure be
high. However, under excessively high pressure, the

25 0* thus formed cellide mutually and return to O,
molecules. Obviously, there exists an optimum gas
pressure.

FIG. 3 shows the relationship between the
thicknesses of the oxide film formed zand the

30 internal pressure of the processing chamber of the
case where the gas pressure inside the processing

chamber 101 is changed while maintaining the Kr/OQ,



chanber 101 is changed while nmaintaining the Kr/O 27 JUN 2005 --16 pressure
rati o i nside the processing chanber to 97/3. In FIG 3, the tenperature of
the silicon substrate 103 is set to 400 ~C and 10 m nuteg (pxjm@tzgqgn
processing is conducted. 5 Referring to,EFIG 3, it can be seen that the

oxi dati on rate becomes maximum when thé'Pressure inside the processi ng
chanber 101 is approximately 13.3 Pa (1 Torr) and that this pressure or the

pressure condition near_this is optinum_This 10 optinmum press i s not
Pimted to thd Caet Wher e 1e He 31 HT con® sUbRE 3t &9 09 HER® E he (1007 - sur f ace
orientation butn iBId he3 sathee atsopéerm ot hercfasies sihecen thebsttacon surface has

any other surf .orientatipns..-15 Aft t.he silican qgxide filmof the
desired filmthokiestt st ot heds & ilf?': rrrg‘&‘ﬂlctteiSor‘i)xléjfa(%tl‘r?é1 n crowave power is
shut down and tgwodsasimy excedaduoreds term nated. Further, the Kr/0, m xed

gas is replsaced with thexd¥egasng Wy 1€, oXi dation, 20. PLOSESSLNY IS

termnated. It should be noted that the use of the Ar gas before and after
this step is % entheth § PsE & RECTMRAPRF X MAR KRt okhe Herepemge ng gas. The

Kr gas used iniddwid hitse S§ehd$sidECOVAROL: angh r eysgth r &oidiotd oy Ng the above
oxide filmformation, a sem conductor integrated circuit device including
transi stors and chapiti tor®Ts NPl eidd B erPredHMERtPhgtR? ect rode formation

processing, [ASSdMatd Woddd M dOri@d+ oy P& ocessh Amuhydrogen 30 sintering
Processing, and e pesssure 'S5 Wde U 1 aEasy Sl O Y o O02r
the silicon substrate 103 has the (100) surface
orientation but is the same also in other cases
where the silicon surface has any other surface
orientations.

15 After the silicon c¢xide f£ilm of the
desired film thickness is formed, the intreduction
of the microwave power is shutdown and the plasma
excitation is terminated. Further, the Kr/0, mixed
gas 1s replaced with the Ar gas, and the oxidation

20 processing is terminated. It should be noted that
the use of the Ar gas before and after this step 1is
intended to use a gas cheaper than Kr for the
purging gas. The Kr gas used in the this step is
recovered and reused.

25 Following the above oxide film formation, a
semiconductor integrated circuit device including
transistors and capacitors is completed after
conducting electrode formation processing,
passivaticon film formation processing, hydrogen

30 sintering processing, and the like.

The result of measurement of hydrogen
content in the silicon oxide film formed according

to the foregoing processing indicates that the



content in the silicon oxide filmformed according to the foregoing
processing indicates that the 2 7 JUN 2005 -17 hydrogen content is about
1012/ cn2 or less in ternms of surface density in the case ef JUM&05i | i con
oxide filmhas a thickness of 3nm whergin it should be noted that the

f oregoi ng neasurenent was 5 conducted by neasuring the hydrogen rel ease caused
wWth tenperature rise. Particularly, it was confirned that the oxide film

charact eri zed ¥ ,a g HTRdn d SAKAGE HHYEntoshaus Jfrhate dhe hydiggen content in

the silicon oxide filmis about 1011/cnZ 10 or less in terns of surface
density. On tid St cehalfds iithe okitdee 19358 note ek pdsed bl aHe Kr pl asm

before the oxigde dd |fifor®d iOn et e d hysHwgame M £:h thesidface density
exceedi ng 1012/ cn2. Further, the conparison was made between 15 the roughness

of the silicoPSdiFEce Hiaterttthe IR F iM9A FUrRAI Tactdt ding to the foregoing

processi ngs WasdRMRf wnthd e Foughnas sefrddian sidi o ssrface before the
oxide filmformation wherein the neasurenent. of the surface roughness was

made by 20 usiigFart SRR Y5 Gt 3R or FXOpE i at as Kofd¥ ned that there is

caused no changs mifraadl fiace roughnesss filhatciscadthere.dé waused no rougheni ng
of silicon surface even when the oxidatio rocessing is conducted after the
renoval of thé™8urkf d&& 9IS TR nﬁ‘%r%@%ﬁﬁ'ﬁ%_y%% the depth profile

of Kr densitydntddte isi Idmons iaxiden fodiad orimed ac e hglo’t ochhe foregoi ng
processing.as neasured by the tofal eflectiaon X-r fl.uorescent
spectrorre?«gr. 5% s Houl & B r?ot{ eSd“:[%'actelff SlE:Ys'ho tHE (XL for the

hand, the oxide film not exposed to the Kr plasma

before the oxide film formation contained hydrogen

with the surface density exceeding 10'%/cm?.

Further, the comparison was made between

15 the roughness of the silicon surface after the oxide
film formed according to the foregoing processing
was removed and the roughness of the silicon surface
before the oxide film formation wherein the
measurement of the surface roughness was made by

20 using an atomic force microscope. It was confirmed
that there is caused no change of surface roughness.
That is, there is caused nc roughening of silicon
surface even when the oxidation processing is
conducted after the removal of the surface-

25 terminating hydrogen.

FIG. 4 shows the depth profile of Kr
density in the silicon oxide film formed according
to the foregoing processing as measured by the total
reflection X-ray fluorescent spectrometer. It

30 should be noted that FIG. 4 shows the result for the
silicon (100} surface, however, this result is not
limited to the (100) surface and a similar result is

obtained also in other surface orientations.



sili-con (100) surface, however, this result is not linmted to the (100)
surface and a simlar result is obtained also in other surface orientations.
la- 2 7 JUN 2005 1In the experinent of FIG 4, the partial pressure of oxygen
in Kr is set to 3%and the pressure of. the processing changerliJN 2685 to 13.3
Pa (133 Torr). Further, the plasma oxidation 5 processing is conducted at the
substrate tenperature of 400 C_ Referring to FIG 4, the Kr density in the

silicon oxide filmincregsehahddpdNGEasidW ridl stanced rmdihg underlying
silicon surface and 10 reaches the value of about 2 x 10lIl/cn2 at the surface
of the silico®™®ESde s iAfmoxmaad ilifdifdaties Sathdto t3e &id itd¥h oxide film

obt ai ned accoreR@ tr@ dia OB M RIPCETHBKE 15Ss & dd [¢B 118 Whiggh the Kr
concentration is constant in the filmin the region 15 where the distance to
t he under ! yi nd i3 iTO&HF Isur fFAFER Sy ANTmBre 5165 € HRE TP ™hi ch the Kr

concent r at 50N o r3RERATRP ilOWHHEINRSIdd GHY Sdd Lo xXidendddpniace in the
region within the distance of 4 nmfromthe silicon surface. 20 FIG 5 shows
t he dependenc®foft%heCleakage current on the applied electric field for the
silicon oxide film obtaimaet acery HnFi® the tHOnegaidigs prwcass-hd t shoul d be
noted that the, result of FIG 5.is for the case where the thickness 25 of the
silicon oxi de FiMHnSPs 4 Mt Ebrr Y HE 25 pose: o Thifdri%on, FIG 5 al so
shows the | eakdgea aneid rffdim cdray aGiceyd1stirey of i tiheoxdueddd mmf the same

thi ckness._in the case ere no exposure to the,Kr plas was conduct ed before
the for maf’i)on r(?’racﬁ‘ﬁ? X i Xf%asbo“lt £ Moo

surface of the silicon oxide film. This indicates
that the silicon oxide film obtained according to

the foregoing processing is a film in which the Kr
concentration is constant in the film in the region

15 where the distance to the underlying silicon surface
is 4 nm or more and in which the Kr concentration
decreases toward the silicon/silicen oxide interface
in the region within the distance of 4 nm from the
silicon suxrface.

20 FIG. 5 shows the dependence of the leakage
current on the applied electric field for the
silicon oxide £ilm obtained according to the
foregoing preocess. It should be noted that the
result of FIG. 5 is for the case where the thickness

25 of the silicon oxide film is 4.4 nm. For the
purpose of comparison, FIG. 5 also shows the leakage
current characteristic of the oxide film of the same
thickness in the case where no exposure to the Kr
plasma was conducted before the formation of the

30 oxide film.

Referring to FIG. 5, the leakage current
characteristic of the silicon oxide film not exposed

to the Kr plasma is equivalent to the leakage



Referring to FIG 5, the | eakage current characteristic of the silicon oxide
filmnot exposed to the Kr plasna is equivalent to the |eakage 27 JUN 2005
-19 current characteristic of the conventional thermal oxide Zifl N Bjss nmeans
that the Kr/Q2 m crowave plasna oxidation processing does not inprove the

| eakage current characteristics of the” bXTde film5 thus obtained very nuch.
On the other hand, in the oxide filmformed according to this enbodi nent

where  the oxidaldan. Rocessiapde oonduched. by, Latroguel t e 10102 gas

after renoving the term nated hydrogen asrra rrradiation, it can
be seen that 10¢idre fihkageTltls regans sthmrdv%d{lbﬁloztmcdﬁd@ﬁeof 2 or 3 as

conpared wi th ghedeakage, cutd epto s dhe; sbdd aope o Vﬁmélméorﬁed by the

convent i onal m crowave plasma oxi datl on” processl ng en neasured at the sane
electric fiel dedspiTatinLtihaghametans sti¢eont o&h’%ieoﬂql?n fokfed by this

embodi ment 5hasth@<cc%¢l&me&%heaf!ﬁ?&¢ ch% a@ﬁ@ré’§ﬂé§5harll<§ i 5 fnu ther
confirmed that a sim/lar inprovenent of |eakage current characteristic is

achi eved al so 9%t94 Hel S7 | TR O3 G2 ¥4 10A e i Ht & eARIE PR HherD$5¢ m 20
thickness of wnhd Q.ah0udidn 7pﬂ5@:e§:§§1g% 61 $ haysad e d asyl {n PfodiBasyy enent  of

t he | eakage current characteristics the silicon oxide filmof this
enmbodi nment  f or=the TaYe Ifffe A tefe T eRIVERFe £8 ot S NitEte B IERITEE filmi s

varied. In 254y Gnd, kZ plsdnsi e d Sakage curéeitpshadacteidstic of a
conventi onal ther nal OXI de film O shows the Ieakage current characteristic

of the sitPcort ki 399 rﬁ‘f%‘?%ﬁ RS Wt i Bh Dyt he Kr/p2
pl asma whil e @ndd idignddres & XpoSur€n Proeessgd Ocﬁmedﬁf of the

silicon oxide film formed by the conventional
microwave plasma oxidation processing when measured
at the same electric field, indicating that the

15 silicon oxide f£ilm formed by this embodiment has
excellent low leakage characteristics. It is
further confirmed that a similar improvement of
leakage current characteristic is achieved also in
the silicon oxide film having a much thinner film

20 thickness of up te about 1.7 nm.

FIG. 6 shows the result of measurement of
the leakage current characteristics of the silicon
oxide film of this embodiment for the case where the
thickness of the silicon oxide film is varied. 1In

25 FIG. 6, /& shows the leakage current characteristic
of a conventional thermal oxide film, O shows the
leakage current characteristic of the silicon oxide
film formed by conducting the oxidation by the Kr/0,
plasma while omitting the exposure process to the Kr

30 plasma, and @ shows the leakage current
characteristic of the silicon oxide film of this
embodiment in which the oxidation is conducted by

the Kr/0, plasma after exposure to the Kr plasma.



30 plasma, and O shows the | eakage current characteristic of the silicon
oxide filmof this enbodinent in which the oxidation is COW;%&WZ@% t he
Kr/ 02 plasma after exposure to the Kr plasnma. 2 7 JUN 2005 " nN“FIrc 6, it
shoul d be noted that the data represe_n&gd by N show the | eakage current

characteristic of an oxynitride filmto“be explained later. 5 Referring to

FIG 6, it can be seen that the |eakage current characteristic of the silicon

oxi de filmrepnesend ed by andifPrdedhdyed Neadl@simypxd dati on processing
while omtting the exposure process to the Kr plasma coincides with the 10

| eakage currermerctrerecTast it iR ehorhéhehéemRrasxicderehitl m represented by L,
while it can hgseenaliskid et ddedppkagascwignteShit acterd stdgs of the

silicon oxide filmof this enbodi ment and represented by 0 is reduced with
respect to thea®7q-eakage current characteristics represented by 0 by the

order of 2s5- 3. Further rddeG@imdeaseersthat & daakpgedd rede of 1 X
10-2A/cn2, which is conparable to the | eakage current of the thernal oxide

film having tHe tffizdafs S P Rl SH eF i tHE - 5199%0on oxide film

of this enbodiganie evem Wt ddig cddiggknesantihebepbal syappeoxi mately 1.5 nm
Further, the asurenent_  of, the surface orientation ,decj)endence conduct ed on

the silicon/ §13% %Rt IThERIGET RArE Uh AP F0t° 7% he silicon oxi de
fil mobtai ned dypdhirse edadiserdo dms Heuead eth tdweidaicied haftm mesy | ow

interface, ,state density of approximately 1 x 1010cnRev- is obtained for any
silicon sanag§%ﬁa%ﬁnF ﬁﬁﬁgﬁxgﬁaracterlg%lc og'éher?%ermal OXl&g

film represented by A, while it can be seen also

that the leakage current characteristics of the

silicon oxide film of this embodiment and

represented by @ is reduced with respect to the

15 leakage current characteristics represented by O by
the order of 2 - 3. Further, it can be seen that a
leakage current of 1 x 107%A/cm®, which is comparable
to the leakage current of the thermal oxide film
having the thickness of 2 nm, is achieved in the

20 silicon oxide film of this embodiment even when the
thickness thereof is approximately 1.5 nm.

Further, the measurement cof the surface
orientation dependence conducted on the
silicon/silicon oxide interface state density for

25 the silicon oxide film obtained by this embodiment
has revealed the fact that a wvery low interface
state density of approximately 1 x 10'%cm?ev™ is
obtained for any silicon surface of any surface
orientation.

30 Further, the oxide film formed by this
embodiment shows equivalent or superior
characteristics as compared with the conventicnal

thermal oxide film with regard to electric and



orientation. 30 Further, the oxide filmforned by this enbodi ment shows
equi val ent or superior characteristics as conpared with the conventi onal
thermal oxide filmwith regard to electric and 27 JUN 2005 2 720N @005abi 1 ity
characteristics, such as breakdown voltage characteristics, hot carrier
resistance, electric charges BD (Char kot o- Breakdown) up to the failure of
the silicon oxide filmwhen a stress 5 current is applied. As described

above, It 1S ROSSIAA {0 TOLBa A SI4dCQlL Od i, T4d AR Gl | cON OF any

surface orientation even at a [ ow tenperature of 400 y conducting the
silicon oxi datwmm@wmtwlqwqo hay o022 i g d%@%—*rﬁﬂfm%bsrra after renoval

of the surfaca-danmdating ﬁjﬁge&hdfgé%éwdémt such an.effect is

achi eved because of the reduce drogen content in the oxide filmcaused as
a result of thd sl e tfrﬂelﬂt‘e?fmmq%gf#ﬁt‘ir‘ﬂ“g@h 3 55 @FRPbecause of the
fact that ghe Qxidg diddngontaisns Kr. Because of the reduced anmount of
hydrogen in the oxide film it is believed that weak elenent bonding is
reduced in the silicon d&d d#ﬁ’rcflffiﬂbiEd FRRHRr , 1 hecalRes ¥ et ncdihor at i on of

Kr in the 20 fd Igny e SLa8S fmotmtahesifllderarwf pad i Wt @ddy at  the Si/Si02
interface is relaxed, and there is caused a reduction of electric charges in

the film or iGftierftace et REHer'si @ yLOCHTRRENTY S Thel0 Q| QClbIY i c properties
of the silicordndude ifrid MHs 0 Sdgniddcntion ipgyevadindast iid arly, it is

bel i eved t hat redum ng, the h dro en concentration to the |evel of 1012/ cn®

10 Kr/0, hlgh den31 plasma a%ter removal of the
surface-terminating hydrecgen. It is thought that
such an effect is achieved because of the reduced
hydrogen content in the oxide film caused as a
result of the removal of the terminating hydrogen

15 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 silicon oxide film.
Further, because of the incorporation ¢of Kr in the

20 film, the stress inside the film and particularly at
the Si/$i0, interface is relaxed, and there is
caused a reduction of electric charges in the film
or interface state density. Conseguently, the
electric properties of the silicon oxide film is

25 significantly improved.

Particularly, it is believed that reducing
the hydrogen concentration to the level of 10'%/cm’
or less, preferably to the level of 10%cm® or less,
and incorporation of Kr with a concentration of

30 about 5 x 10''/cm® or less in terms of the surface
concentration are thought to contribute to the
improvement of electric properties and reliability

characteristics of the silicon oxide film.



or less, preferably to the level of 101lcnR or less, and incorporation of Kr
Wi th a concentration of 30 about 5 x 1011/cn® or less in tpUUF 5the surface
concentration are thought to contribute to the inproven%nt of electric
properties and reliability characteris&%cs of the silicon oxide film 2 7 JUN
2005 -22 In order to realize the oxide“filmof the present invention, in
addition to the apparatus of FIG 1, it is also possible to use a plasna

processing apparatus capabl & of . conducti Nge t hge 0xd d8e §iiri1lgr%f9tqgati on at |ow
tenperatures by using plasma. For exanple, it is also possible to use a

two-stage shdvigsitatentgpel ot ashn HEdeeset nEe apparappsratiat ©fs provi ded

with a first gag;rel ease siryuciyirg,ssebeasiNouides Ky gag.for plasma excitation
by a 10 mcrowave and a second gas rel ease structure that is different from

the first gas RRAGRSEIRT raRRAIFT-aNdCaPEPEAses FRRIGXGHRR §a8. oXilEhis
enbodi ment 5 i te Shoutsh-De: Not egh 1 Hatc dhse oxi @aLs 0By PEOCESSHNPshs. t erni nat ed

such 15 that the feeding of the m crowave power is shutdown and plasnma
excitation is ¥3hiSHEtetpontFotfret 1 oh BPSSHRke sTPi edh dxFER$14%®to a desired

filmthicknesssnofd | P1eee bypdep DEORESS O o & SPA@ACEPGZa R KI £ L M Xed  gas
with the Ar gas. However, it Is also possible 20 to Introduce a Kr/NH3 m xed
gas fromthe sHORFOVIAeE 48P i thi T heTHari¢HP2DF e36THEESi 0 of 98/2 before

shutting down iddiesdd GHOWAVE POVREs Wbt epl aBhAt &k 0 tgrihe wy essure at about
13.3 Pa (1 Torr), and termnate the processi ng%when a silicon njtride 25 film

of appr oxitfat EHFIP*A ¥ 32 13r iR Hh YHe TSLTIETe® bfuthersi Hitontoxide film

According to different from the first gas release structure and
releases the oxygen gas.
In this embodiment, it should be noted
that the oxidation processing is terminated such
15 that the feeding of the microwave power is shutdown
and plasma excitation is finished 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. However, it is also possible
20 to introduce a Kr/NH, 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 13.3 Pa (1 Torr),
and terminate the processing when a silicon nitride
25 film of approximately 0.7 nm is formed on the
surface of the silicon oxide f£ilm. According to
such a method, a silicon oxynitride f£ilm in which a
silicon nitride film is formed on the surface
thereof is obtained, and thus it becomes possible to
30 form an insulation film having a higher specific

dielectric constant,.



such a nethod, a silicon oxynitride filmin which a silicon nitride filmis
formed on the surface thereof is obtained, and thus it becomes.p ible to 30
forman insulation filmhaving a higher specific diel ectricl e@Hs?@Et 2 7 JUN
2005 -23 (SECOND EMBODI MENT) Next, a description wll be given of nitride
filmformation at |ow tenperatures by T.r’s,:i‘ng pl asma. An apparatus simlar to
that shown in FIG 5 1 is used for the nitride filmformation. In this

enbodi nent, it(SiE:%OWDEfEﬁ{Efb%!I%GEFBﬁJ use Ar or Kr for the plasma excitation gas
for renoving the termnating hydrogen and for the nitride filmformation, in

order to forma high- 10egtal ia PaRarirded 91 [wallHdreidafarerct an exanpl e of
using Ar will ,;he sreprasented s o4 hed Nt&id s Qf 48y acuyy vessel

(processing chanber) 101 1s evacuated to vacuum and 15 ari Ar_gas is
i ntroduced fr ®haSHE -shdWerd AR WF0 B tiche & Hat Ghved mhed8urid insi de t he

processi ngschamey uged $&fr L eabouty ki -3 R {LQUERY) - Next, the silicon
substrate 103, subjected to hydrogenated water cleaning and the silicon 20

dangl i ng bonds at the suff &de sardbstimatdt ed bhy-s MIRTEFEP it the preprocessing

step i medi at glae el &r ifHd MTOPIGRG Qe DRSS Mg chanrber 101 and
is placed on the stage 104 having the heating nechanism Further, the
t enper at ure of MY 1% dhscitrEmire a9 thy HRFeTCans f9ng s the tenperature

is in the rang +afi B0G:5%0 fGr=@SWd S irdldmadr the maie Anide- one described

bel ow are ] o )
10 gquality nitride film.

Hereinafter, an example of using Ar will
be represented.
First, the interior of the vacuum vessel
(processing chamber) 101 is evacuated tec vacuum and
15 an Ar gas is introduced from the shower plate 102
such that the pressure inside the preocessing chamber
i1s set to about 13.3 Pa (100mTorr).
Next, the silicon substrate 103, subjected
to hydrogenated water cleaning and the silicon
20 dangling bonds at the surface are terminated by
hydrogen in the preprocessing step immediately
before, is introduced into the processing chamber
101 and is placed on the stage 104 having the
heating mechanism. Further, the temperature of the
25 specimen is set to 500 C. As long as the
temperature is in the range of 300-550 °C, results
almost the same as the one described beleow are
obtained.
Next, a microwave of 2.45 GHz is supplied
30 into the processing chamber from the ccaxial
waveguide 105 via the radial line slot antenna 106
and the dielectric plate 107 and a high-density

plasma of Ar is generated in the processing chamber.



obt ai ned. Next, a mcrowave of 2.45 Gz is supplied 30 into the processing
chanber fromthe coaxial waveguide 105 via the radial Iir?e S!ﬂm enna 106
and the dielectric plate 107 and a high-density plasnma of Kr i 2gﬂ(;iwrated in
the processing chanmber. 2 7 JUN 2005 -24 As |long as the frequency of the
supplied microwave is in the range of “about 900 MHz or nore but not

exceedi ng about 10 GHZ, results alnost the sane as the one described bel ow
are obtained. ,The interval, 5 between the Sﬁ»ﬁé"’eru late. 102 and the substrate
103 is set t&'% I £ NS enbotiaent W derRbEsT A Tt E VAl , faster
deposi tion ratis bigcores poss: b 2. abdihi | B¢ hilsz embode rentushows t he exanpl e of

film formatiaon by pl asim, apRaratys thal, uses dhe. ragial 40 dine slot
antenna, it is also possible to introduce e mcrowave 1nto the processing
chanber by ot Hére aret hbdscr bved sheicomsrdaceinddis ekiposedtevahe plasm

exci ted baged b%h?é&ﬁ&t@%ﬂ&w?ynghﬁﬁe?dldf ark? W@ﬂ%&?ﬁt@ﬁd?w energy Ar

ions, and the surface term nat ydrogen are renoved. In this enbodi nent,
the Ar pl asm iexposurte i onductleis farbodimgmiut e WiNdxtdeareNHngas i s

i ntroduced a”%d@é&‘%ﬂgl?%é&éé‘% %Qz?éigr{ %Eé‘%% 3 { Plalg,dD2 with a

partial pressure ratio 2% On this occasion, pressure of the
processi ng chatfgere i ifeleradiamni sNS's Pee (Pooro? r9f fhlrexcited

hi gh-density pasfd:dd ri\wiaprbltargqnﬁra;g@asr@ﬂps thea NHB: gascid e-dixed, there 25
are caused collision of Ar* in the internmediate excited state and the NH3
nnlecules}oandJNF# slot antenna, it is also possible tc introduce

the microwave into the processing chamber by other
methods.
The silicon surface thus exposed to the
plasma excited based on an Ar gas 1is subjected to
15 bombardment of low energy Ar ions, and the surface-
terminating hydrogen are removed. In this
embodiment, the Ar plasma exposure is conducted for
1 minute.
Next, an NH; gas is introduced and mixed
20 to the Ar gas from the shower plate 102 with a
partial pressure ratioc of 2%. Or this occasion, the
pressure of the processing chamber is held at abcut
13.3 Pa (100mTorr). In excited high-density plasma
in which the Ar gas and the WH, gas are mixed, there
25 are caused collision of Ar* in the intermediate
excited state and the NH, molecules, and NH*
radicals are formed efficiently. The NH* radicals
cause nitridation of the silicon substrate surface.
Upon formation of the silicon nitride film
30 with a desired thickness, the introduction of the
microwave power i1s shutdown and the excitation of
the plasma is terminated. Further, the Ar/NH, mixed

gas 1s replaced with the Ar gas and the nitridation



radicals are fornmed efficiently. The NH* radicals cause nitridation of the
silicon substrate surface Upon formation of the silicon nltrl_ﬂja film 30 with
a desired thickness, the introduction of the mcrowave p N 2885t down and
the excitation of the plasma is termnated. Further, the Ar/NH3 m xed gas is
replaced with the Ar gas and the nitridation 27 JUN 2005 -25 processing is
termnated. Further, following the above nitride film formation, electrode

formation pro%%%%ss,Slrgaslsg vad i fdddn formati on processes, hydrogen 5
sintering processes, and the |like are conducted, and a sem conductor

i ntegrated device that 5 iR ﬁqla}r@ﬁlg}%r@%rkp%‘éﬁ)a‘bﬁ@r%e isl ldbnpl et ed.
Wil e this emyodi@ntsshowed ¢hgyexaml S idd i &dsddhe nitride filmis formed

by the plasma 10 apparatus that uses the radial line slot antenna, it is also
possi bl e to i MESEdUEE e T AR 1R RIRC e Trvce I WP Idanber by ot her

nethods. 15 addifddding W¥d e ddiss, elfRpdinent useasrArcdiud s plasda
excitation gas, simlar results are obtained also 15 when Kr is used. Further,

while this enfodieTERONIREL NN FSFT AR (I HEIRE pilttlesigaidest is al so

possibl e to usgaadtixedPgasmdfcdfadintbtd fOrcdhhSerdurpose. In the silicon
nitride filmformation 20 Process of the ﬁ esent |nvent|on it is one of

i nportant requirements tHEt* % hele rERAHS the I‘F‘e"aﬁ'?%ﬂs‘?m even after

the surface- te_rrmmtdmg;hdnydmgﬂfb af €k &rﬂ)Vﬁﬁma‘k‘S KBy rﬂwlﬁlaﬁm£XI stence of
hydrogenlnthe&plasrra t he dan r]_gebonlsal side 25 the S|I|contn|tr|defllm

as wel | a% t hé& gﬁﬁﬁqﬂ]that us 1ne s ot antenn
is also possible to introduce the microwave into the

processing chamber by other methods. TIn addition,
while this embodiment uses Ar for the plasma
excitation gas, similar results are obtained also

15 when Kr 1s used. Further, while this embodiment
uses NH; for the plasma process gas, it is also
possible to use a mixed gas of N, and H, for this
purpose.

In the silicon nitride film formation

20 process of the present invention, it is one of
important requirements 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 dangling bonds inside

25 the silicon nitride film as well ‘as the dangling
bond at the interface are terminated by forming Si-H
bonds or N-~H bond. Consequently, electron traps are
eliminated from the silicon nitride f£ilm and the
interface.

30 The existence of the Si-H bond and the N-H
bond in the nitride film of the present invention is
confirmed respectively by infrared absorption

spectroscopy and by X-ray photoelectron spectroscopy.



bond at the interface are termnated by formng Si-H bonds or N-H bond.

Consequently, electron traps are elimnated fromthe siliﬁ?q\ mhtlgj(ljﬂl_\e filmand

the interface. 30 The existence of the Si-H bond and the H bond’in the

nitride filmof the present invention i§?_confirrred respectively by infrared
o]

absorption spectroscopy and by X-ray pﬁo el ectron spectroscopy. 2 7 JUN 2005

-26 As a result of existence of hydrogen, the hysteresis in the CV
characteristicgsis ebdwlpatedeRNéeéNee bDtRYEAEGeS! atRe dePStEyeaist he
silicon/silicon nitride filmis Sup ressed to 2 x 1010cm'. In the 5 case of
formng the si1% coe Y rFRTEFEATHY E%? ng®a®ltarehas ¢ BPekr) and an N2/ H2
P‘ii(eddgas, itl;}rst%pm&' b&,eat@h@@@ﬁeﬁs?thehérgpﬁi@a‘)?ﬁl;ﬁmdr&]@ﬂgs or holes in the
ilmdrastically by setting the partia ressure_@f the rogen gas to 0.5e
or more. 10 FI t%%/%%o\f/\?si’f‘hjes pf %fﬁ%sﬁ%pg?ldgnﬁefgf M he A itg‘ nnitride film
t hi ckness fsor niegks @cedr £b Afind otides prdoeessnidescaebeillabbyeusingt e experi nent
of FIG 7, it should be, noted IEhat t he Arﬁ]l\/ﬂrﬁ’i @artidal gresiur.e rati o was set
to 98/2 and t ePTAFHepbRT tPoni Tl i hed” 3t/ Menlit 882 RBPer FingSto FIG 7, it

can be seen t hatssilies ecocsupsrass i tice easepof oflepbsttionsratehoieshe nitride

filmby reducing the pressure in_t rocessin hanber, and thus by
i ncreasi ng t he" n‘é}i‘egyplzﬁ“g‘?ﬁ%#%%am% rs':l\gﬁ'—ﬁg g‘;}et%%%‘?—‘g gas (Ar or Kr)
From the vi ewgoredswfe edf i chencydoftgemtgasetdi dnbsfornmdren, it is preferable
that the g%s pressure beg in #hgh(_r”g g th?g’e?éuflielgegeE@er(éQ 5¢ 100niTorr).

o] y, 1t Ts

However, fromthe viewpoint’ producti vi
the silicon nitride film thickness formed according

to the process described above. In the experiment
of FIG. 7, it should be noted that the Ar/NH,
partial pressure ratio was set to 98/2 and the

15 deposition time was 30 minutes.

Referring to FIG. 7, it can be seen that
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

20 given to NH; {or N,/H,) by the rare gas (Ar or Kr).
From the viewpoint of efficiency of nitride film
formation, it is preferable that the gas pressure be
in the range of 6.65 - 13.3 Pa (50 - 100mTorr).
However, from the viewpoint of productivity, it is

25 preferable to use a unified pressure suitable to the
oxidation, for example, 133Pa (1 Torr}, alsoc for
nitridation, in the process where oxidation and
nitridation are continuously conducted, as will he
explained in other embodiments. Additionally, it is

30 preferable that the partial pressure of NH; {or
N,/H,} in the rare gas be in the range of 1 - 10%,
more preferably, in the range of 2 - 6%,

It should be noted that the silicon



25 preferable to use a unified pressure suitable to the oxi datlon for
exanple, 133Pa (1 Torr), also for nitridation, in the proc% s J UNGH{JQEOM dation
and nitridation are continuously conducted, as will be explained in other
enbodi ments. Additionally, it is 30 preferable that the partial pressure of
NH3 (or N,/H,) in the rare gas be in the range of 1 - 10% nore preferably,
inthe range of 2 - 6% It should be noted that the silicon 2 7 JUN 2005 -27

nitride film qbtaingd by M&aermﬂnggfmhﬁbom%&h@en@p@mé@ dhel ectric

constant of 7.9, which value is bout twice as |ar as the specific
dielectric coRAEntiofdieediton exIeeatt|nf s/ MasthERentabie the current

versus vol tagenraharaetes isd icsrgd ddhecpéligon:pisraderdddmeobtained by this
enbodi ment has reveal ed the fact that a | eakage current characteristic

smal | er by theVrHent AL 5 -S6 1R Phadeof 1 ¥ thermal oxide filmhaving 10 the

thickness gf 1.5nmis ohisddeskdht her caise yherent therdhd méhigdwess is 3-0 nm
(equivalent to the oxide filmt¢thickness, of 1.5nm, under the condition that

a vol tage of ISPA g i corfi s ‘n%%n%llch%‘fn|Iflt’rr‘sd?)o@slrrbl%bY%”b‘?%ak t hr ough

the limtati ompfcHids ninbed ikdzation f@aéaza@cpeamé fact hendf ansi stors wusing a
silicon OX|def|Imfor ther?étt insulatjon, fil l%usinl%’?the silicon nitride
TheP¥it

filmof this e =TS b hdvt by hA fofHation 20
condi tion of tchte it ré dendn |tt‘hadle&§:f i bethaboyve @sidawetilmshdhenghysi cal and

el ectrical .praoj ertles are no ted or the (100 riented silicon surface
but are vé{lol P HE SN e %ph 7 19260 4& %/ Bhe %ase whers

the film thlckness is 3.0 nm (eguivalent 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

15 miniaturization that appears in the transistors
using a silicon oxide film for the gate insulation
film, by using the silicon nitride film of this
embodiment.

It should be noted that the film formation

20 condition of the nitride film described above as
well as the physical and electrical properties are
not limited on the (100) oriented silicon surface
but are wvalid in the same way on the silicon of any
surface orientation including the (111]) surface.

25 It is believed that the preferable results
achieved by this embodiment are not only attained by
the removal of the terminating hydrogen, but alsc by
the existence of Ar or Kr in the nitride film. 1In
other words, in the nitride film of this embodiment,

30 it is believed that Ar or Kr existing in the niftride
film relaxes the stress inside the nitride film or
at the siliceon/nitride film interface, and as a

result, the fixed electric charges in the silicon



surface orientation including the (111) surface. 25 it is believed that the
preferable results achieved by this enbodi nent are not only aé gh aﬁs the
renoval of the term nating hydrogen, but also by the exi st eh or in
the nitride film In other words, in t?@_nitride filmof this enbodlnent, 30
it is believed that Ar or Kr existing in the nitride filmrelaxes the stress
inside the nitride filmor at the silicon/nitride filminterface, and as a

result, the fixed eiectiig &ﬁtaﬁg@slxitﬂeﬁf@c@iét@@@ Zer/s N 2005 -28 nitride
filmor the interface state dens .Is reduced, therebé/}by gnificantly

i nprovi ng t he TSRS TR 9 ’a‘?thc"t”h‘e-ﬁf e’r‘]‘%’b‘?‘r’r’t? $haracteristics. 5
Particul arly, ditedtsridoutidedthiods tdred €& St €T Dfid¥F or Kr with the surface
density of 5 1011/ cn or less contributes to the inprovenment of the
electric pr opecr‘la\reasc‘ra‘?ﬂlsr%‘ﬁsabl lity characteristics of the silicon nitride
film as iB 10 the case mirtheulddigon pxidecidlgnt |thotf deeto realize the

nitride filmof . the pre i nvention, addition to the apparatus of FIG
1, it is also eﬁ?)]sssﬁad}‘g F[}E’e hett Bt aq'h% S‘b?%%%%c? CF)gt s capabl e of
conducti ng oxixdelats/ md rm:f drasat |cmamtat11dtmmt erpertad urnes:cbgemmgaﬂol asma. For
exanple, it i aI scxl 0551 bI e to conduct Jl forim,ltl on by using a two-stage

shower plate t pe A ﬁoc?essﬁlnegs aaplbara 1Y ncludes a first gas
rel ease structqtrae:arceimsstng:samﬂrtlw ﬂﬁrl:gmfmxtﬁmexf:llratlm i plasma by

m cr owave and N secosned OqPSre‘Tr esj‘lela_.L rﬁtcgh_négé”&f is different fromthe first

gas rel ease structure and eases / H3)
In order to realize the nitride f£ilm of

the present invention, in additien to the apparatus
of FIG. 1, it is alsoc possible to use another plasma
processing apparatus capable of conducting oxide

15 film formation at low temperatures by using plasma.
For example, it is alsoc possible to conduct f£ilm
formation by using a two—-stage shower plate type
plasma processing apparatus that includes a first
gas release structure releasing an Ar or Kr gas for

20 excitation of plasma by microwave and a second gas
release structure that is different from the first
gas release structure and releases the NH, (or N,/H,)}

gas.

25 (THIRD EMBODIMENT)
Next, a description will be given of an
embodiment that uses, for the gate insulation film,
a two-layer structure of an oxide film and nitride
film formed at a low-temperature by using plasma.
30 The formation apparatus of the oxide film
and the nitride film used in this embodiment is
identical with that of FIG. 1. In this embodiment,

Kr is used for the plasma excitation gas for



gas. 25 (TH RD EMBCODI MENT) Next, a description will be given of an enbodi nent
that uses, for the gate insulation film a two-layer strugct rJQ ﬁ@ﬂ?n oxi de
filmand nitride filmforned at a | owtenperature by usingJGI E‘ . 30 The
formati on apparatus of the oxide film_.and the nitride filmused in this
enbodinent is identical with that of G 1. In this enbodinent, Kr is used
for the plasma excitation gas for 2 7 JUN 2005 -29- fornmation of the oxide

filmand the nidrnade dr lon trll lc’tidd he MaaHim sps selt (oGS .ng  chanber) 101
i s evacuated to vacuumand an Ar gas is introduced into the processing

chanber 101 fromthe 5 $H&ReT Pt &30P MFHT Yt NP PEE XY B introduced the

next is swtcheGrdoehhe fr igasfamddie ddidddlum Andas mnddhe Ppressure of
t he processi ng chanber 101 is set to about 133 Pa (1 Torr Next, the silicon

rr). N
substrate 103 SH5REGEEH 7@ (%8 iR REE T SRS 4 cf‘%%atthr?ent and the
surface dangl isn@weands afe d2.corme tefdngwd ath e iwdregeied n t he

preprocessi ng step inmedi at el before, is introduced intao the processing
Chanber 101 GHE Ded oh CRENSERge TOF RaviHHF (HEhedd 13 e Hechan sm
Furt her, the trenprrsat wnel afhd parsPRciaT®t di= $otodes SAMYy ChadNddr, a m crowave
having the fr ency of .2.45 Gz . pl.i tq the radial line slot antenna
9 t ) L 9
?‘o;{xilﬁy SV EGuicdE “os o a‘i o=

106 fromthe nute,” 20 wherein the m crowave is
introduced into the proessi ngreckdanbaeronl Ghbstaratiee dizl estojiest@ldat e 107 The

surface-t fB m rwl.aot icﬂﬂuhc%% l(?lgyeclq:cjf%uroerr{%veadc ibcy treatment and the
surface dangling bonds of silicon are terminated by
hydrogen in the preprocessing step immediately
before, is introduced into the processing chamber
101 and placed on the stage 104 having the heating
15 mechanism. Further, the temperature of the specimen
is set to 400 C.
Next, a microwave having the frequency cof
2.45 GHz is supplied to the radial line slct antenna
106 from the coaxial waveguide 105 for 1 minute,
20 wherein the microwave 1s introduced into the
processing chamber 101 via the dielectric plate 107.
The surface-terminating hydrogen is removed by
exposing the surface of the silicon substrate 103 to
the high-density Kr plasma thus generated in the
25 processing chamber 101.
Next, the pressure of the precessing
chamber 101 is maintained at 1323 Pa {1 Terr} and a
Kr/0Q, mixed gas is introduced from the shower plate
102 with the partial pressure ratio of 97/3.
30 Thereby, there is formed a silicon oxide film on the
surface of the silicon substrate 103 with a
thickness of 1.5 nm.

Next, the supply of the microwave is



exposing the surface of the silicon substrate 103 to the high-density Kr

pl asma thus generated in the 25 processing chanber 101. Nt 2385 pressure of
the processing chanber 101 is nmaintained at 133 Pa (1 rr) and a Kr/O=

m xed gas is introduced fromthe shower ,plate 102 with the partial pressure
ratio of 97/3. 30 Thereby, there is forfed a silicon oxide filmon the
surface of the silicon substrate 103 with a thickness of 1.5 nm Next, the

suppl'y of the £ efQ¥@Yenbdetad N 2008 in8008hut doNn, FOPRAtG) idas and
introduction of the 0, gas is termnated. After purging the interior of the
vacuum vessel {proteBsingeEhanber§r 1P4r G416 Kie dntafked @hstht Kr/NH is

i ntroduced frofadhen Shoyes1 5Pt e €s d02g Wk dnBe PR 1 6 8l w PFESBHI €arati o of 98/ 2.
Further, the m crowave having the frequency of 2.56 GHz i s supplied again
%ﬁr?ﬁ%\’:e@e

with the presdtieedrIdhe’t ghodbysiiig t£ 709 MSutsSTPF¥F™Pa (1 Torr), so
as to genemat gptdwee hi gh-wensid ypptasdm pred ierd Or prosessi g/ gchanber 101,
thereby forming a silicon njtride filmon the surface of the silicon oxide

filmwth the T Ckifesstdt M WR¥Upon $ 6r Mat Fo% bFSIReRSY IEoh i tride film
with the desir@d: tid ckngssied hegd 1d rodtict tiod Pfed here 165F Migs OVAVE power i s
stopped and the CEI asnp excitation is termnated, Furt the Kr/NH3 m xed gas

her
is replaced WIHFEHE ¥ GYAEmRmG TRe bBXyAPYYT dhi? of® bfo%%%%] ng®?s terninated.
Fol | owi ng t he axytw tgesierdté mHiormbg-eden 20t destasbedi mbove, by conducting

el ectrode fiormaf ] on. . procsssing: PSS velian, ki mLer matlep, processing.

nitride film on the surface of the silicon oxide
film with the thickness of 1 nm.

Upon formaticn of the silicon nitride film
with the desired thickness, the introduction of the

15 microwave power is stopped and the plasma excitation
is terminated. Further, the XKr/NH, mixed gas is
replaced with the Ar gas and the oxynitridation
processing is terminated.

Following the oxynitride film formation

20 described above, by conducting electrode formation
processing, passivation film formation processing,
hydrogen sintering processing, and the like, a
semiconductor integrated circuit device having
transistors or capacitors is completed.

25 Measurement of the effective dielectric
constant conducted on a laminated gate insulation
film thus formed has revealed the value of
approximately 6. Alsb, electric properties and
reliabilitv characteristics, such as leakage current

30 characteristic, breakdown voltage characteristic,
and hot-carrier resistance, were excellent as in
the case of the first embodiment. The gate

insulation film thus obtained showed no dependence



hydrogen sintering processing, and the like, a sem conductor integrated
circuit device having transistors or capacitors is conpleted 2[%{easurement
of the effective dielectric constant conduct ed on a | am ?eﬁ-”\é 08 i nsul ati on
filmthus formed has reveal ed t he val ue approximately 6. Al so, electric
properties and reliability characteri s§| cs, such as | eakage current 30
characteristic, breakdown voltage characteristic, and hot-carrier resistance,

were excel | entorastﬂ@ st &aser dnthei fhrst enbodi mendn Jhesgaiee insulation
filmthus obt al ned showed no dependence 27 JUN 2005 -31 on the surface

ori entation ofl%he 379 ithm Frbstingelaihar Shimthevipd e¥febl 2 fon fil m having

excel l ent  chafrastLitsti £6 MaSH L 1 iBenak SP1 66 dhecisé |4 LoNcOF o@ny surface
orientation other than the (100) surface 5 In this rranner the gate insulation

film having bt SHe 30w I FACEC St AR prioper 1T b0 Qhes‘b&f‘%i"eefl Im and

t he hi gh disel ext riici £ anstadt, cﬂeéa@éwl5ﬁ$@5a@iontfwmmﬁéwﬁegfﬂ>d>mwas
realized. This enbodi ment expl ai ned the two- Ia 10 constructi on of an oxi de

filmand a ni tT1derT I et THREOETPTTT O‘fo"c}hef e tioskti®o the
silicon side. donewves hi@hlcsleedé@t:pnssa:@dletimt @Hrmm@téﬁﬂs@i&erosf t he oxi de

filmand the tride él cording to. the proposes. In addition, it is 15
al so possi bl er!ﬁl'b F o ?;‘r}ﬁalﬁ%\t“é%sf’??%hﬁ% hg nore number of filnms, such as
oxide filmnitride fil mod (tenlicbdmemttexmlkairhédﬂﬂxé devd+lagartride film
and the Tke. A0 (EQEHSEVEOR VN o Nexd » 0 &, deseri P Of, W { Pe given of an

where the oxide £ilm is located closer to the

silicon side. However, it is also possible to

change the order of the oxide £ilm and the nitride

film according to the proposes. In addition, it is

15 also possible to form a laminated film having more
number of films, such as oxide film/nitride
film/oxide film, nitride film/oxide film/nitride

film, and the like.

20 (FOURTH EMBODIMENT)

Next, a description will be given of an
embodiment that uses an oxynitride film formed at
low temperature by using plasma for the gate
insulation film.

25 It should be noted that the oxynitride
film formation apparatus used in this embodiment is
identical with that of FIG. 1. In this embodiment,
Kr is used for the plasma exciltation gas.

First, the interior of the vacuum vessel

30 (processing camber) 101 is evacuated to vacuum, and
an Ar gas is introduced into the preocessing chamber
101 from the shower plate 102. Next, the gas

introduced to the processing chamber 101 is switched



embodi ment that uses an oxynitride filmformed at |ow tenperature by using
pl asma for the gate insulation film 25 It should be notedst
oxynitride filmformation apparatus used in this enbodi mant2 i denti cal
with that of FIG 1. In this enbodi ment ., _Kr is used for the plasma excitation
gas. First, the interior of the vacuum Vvessel 30 (processing canber) 101 is
evacuated to vacuum and an Ar gas is introduced into the processing chanber

101 from the showerzplate A0 NeXtar tdies gasnd NtKOdyeeds § L tN1es pioCessi ng
chanber 101 is switched 27 JUN 2005 -32 to a Kr. gas fromthe Ar gas, and the

pressure insi dé'® ttHe Protiessi Merianbet $&t skr ‘EEIE)C’%ﬂE)ola%3 1833(Pa(1 Torr). In
addition, the 1sjrlli)con substrate 103, 5 subjected to diluted hydrofluoric acid

cl eaning and the sili con dan ling bonds at_ the surface are  term nated by
hydrogen in the preproceSiHifFstepr i Hiedat £F3P betiot 5 2FS thtroduced into the

processi ngschadgye s aml ds1 ptacaty Dot heos{@gec1d d04ahavg ngnd he heating
mechani sm Further,, the terrperature of the é&)eCI nmen is set to 400 C Next, a
i

i crowave havify the T8y SUPPF & t¥The radial |ine sl ot
antenna 106 faexmitdie: Day a{yd/wggwﬁe S dedpdodesniey dSemherein the

m crowave i s i.ntroduce o_the process anber 07 fromthe radial lien
slot antenna IPEHHT %@hr‘h%oro‘?elje%tﬁ% cbcp"gcf 175° 1EJI}F\%reby there is

gener at ed hi glhpensidinglasmibaf 1Kr dnd tihe gﬂrmassmmgttcélasme 101. The
surface 290t ererJ'q{[av:. ytq'[ Ogneat:.nc_g emrré)é/t'leagnzps}lm .eXpEO gget he

temperature of the specimen is set fo 200 C.

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

15 wherein the microwave i1s introduced into the
processing chamber 107 from the radial lien slot
antenna 106 through the dielectric plate 107.
Thereby, there is generated high-density plasma of
Kr in the processing chamber 101. The surface-

20 terminating hydrogen 1s removed by exposing the
surface of the silicon substrate 103 to the plasma
thus excited by the Kr gas.

Next, the pressure of the processing
chamber 101 is maintained at abkout 133 Pa (1 Torr)

25 and a mixed gas of Kr/0,/NH, is introduced from the
shower plate 102 with the partial pressure ratio of
96.5/3/0.5. Thereby, a silicon oxynitride film of
3.5nm is formed on the silicon surface. Upon
formation of the silicon oxynitride film of the

30 desire £ilm thickness, the introduction cof the
microwave power is shutdown and the plasma
excitation is terminated. Further, the Kr/0,/NH,

mixed gas is replaced with the Ar gas and the



surface of the silicon substrate 103 to the plasma thus excited by the Kr
gas. Next, the pressure of the processing chanmber 101 i g faiUh 8§0jed at about
133 Pa (1 Torr) 25 and a m xed gas of Kr/0,/NH3 is introduced fromthe shower
plate 102 with the partial pressure rat_%a_of 96.5/3/0.5. Thereby, a silicon
oxynitride filmof 3.5nmis fornmed on e silicon surface. Upon formation of
the silicon oxynitride filmof the 30 desire filmthickness, the introduction

of the m crowaue, POWEHa ¢ Sos it Soxes angd 1 hecplasiBgxcitation is term nated.
Further, the Kr/02/NH3 m xed gas is replaced wth the Ar gas and the 2 | JUN

2005 -33 oxynitridati onf PFoees’y nghe soxefHi AbtBdform™ii®wm ng the oxide film

formation desgddbethabomeovdy KPNALCaL PP Ry eel LOHEEOT FRLLLP: o R OCESSI NG,
passivation filmfornation processes, 5 hydrogen sintering processes, and the

like, a seni CORRRIDINT ntRYFBYGICEPR chit 1M dEVFRRE heR | PEPCEF aMSi stors or
capaci t orssi s 1R @4 € 0s i MSe SO He &L &5 8, atfechorpatd ongdensity of the

atom c state oxygen 0* as neasured by the 10,€hot oem ssi on anal ysi s does not
change subst art§™&tFPANRHENT tHRESFA T rad FouhF ¥R &e/B2YNIB gas is in the

range of 97/ 3/@ranOHSd2s soVeySicithes Lhecsmpioce®f NH3 is increased
further, the amount of formation  of _the aton c gtate oxygen O* is reduced and
the 15 amount of the at dhf 3%t et hyTt Bgeh i SPF nt? BB #aRtitUl arly, in the
case where thefMiditahi® Hfatd hexKiéOPONHSs gaszssrabaovy OBe 5/ 3/ 0.5, the

| eakage igrreqﬂtb becones, m ni and éhe vvithstﬁnd vol tage andli he resistance
against el ctrq OE&E&%&F*%&G@Q? 515 does not change substantially

when the mixing ratioc of the Kr/0,/NH; gas is in the
range of 97/3/0 - 95/3/2. However, when the ratio
of NH, is increased further, the amount of formation
of the atomic state oxygen 0* is reduced and the

15 amount of the atomic state hydrogen is increased.
Particularly, in the case where the mixing ratioc of
the Kr/0,/NH, gas is about 96.5/3/0.5, the leakage
current becomes minimum and the withstand voltage
and the resistance against electric charge injection

20 are improved.

FIG. 92 shews the concentration
distribution of silicon, oxygen, and nitrogen in the
oxynitride film of the this embodiment as measured
by a secondary ion mass spectrometer. It should Dbe

25 noted that, in FIG. 9, the horizontal axis
represents the depth as measured from the surface of
the oxynitride f£ilm. In FIG. 9, it can be seen that
the distribution of silicon, oxygen, and nitrogen is
changing gently in the film. However, this is

30 caused by non~uniformity of etching and does not
mean that the £film thickness of the oxynitride film
is uneven.

Referring to FIG. 9, it can be seen that



20 are inproved. FIG 9 shows the concentration

oxygen, and ni

nmeasured by a secondary ion mass spectroneter.
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ion process for the purpose of conparison.
embeodiment on the applied electric field. It should

be noted that, however, FIG. 10 also shows the
leakage current characteristic of the oxide film of
the same film thickness in which the exposure
process to the Kr plasma is not conducted before the
oxide film formation by the microwave plasma and the
leakage current characteristic of the oxide film
formed by a thermal oxidation process for the
purpose cf comparison.

Referring to FIG. 10, it can be seen that,
as compared with the oxide film formed by the
conventional technique, 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 this
embodiment in which the oxynitridation processing is
conducted by introducing the Kr/0Q,/NH, gas after
removing the terminating hydrogen by the Kr plasma
irradiation and that excellent low-leakage
characteristics are obtained.

It should ke noted that, in FIG. &
explained before, the relationship between the
leakage current characteristic and the f£ilm

thickness of the oxynitride film thus formed is

represented by H.

formed by a



Referring to FIG 10, it can be seen that, 20 as conpared with the oxide film
formed by the conventional technique, the val ue of the Ie?km current at
the sane electric field is reduced by the order of 2 - éﬂﬂ@xynitride
filmof the this enbodinment in which the oxynitridation processing is 25
conducted by introducing the Kr/Q2/ NH3'§%1‘S after renmoving the term nating
hydr ogen by the Kr plasma irradi ation and that excellent |ow|eakage

characteristics are obtgj sﬂ.pul} noted. that ..in Fl G &, 30 explained
before, the rel ationship etvveen t eakage current ¢ aract erl stl c and the

film thicknesshaf thee aymitridre §ilwn fmmed gpnelhis emxpisemted by . 2 7

JUN 2005 -35 ST ] agai N, -14; sanbe, seen {hpi.fthe oxynitride
filmforned byé¥{1|séecnrrt{;;jo%jclpcfEE3 }%ter cornd%lctln the Kr L?rradallatlon has a

simlar | eakadgekdag adtarasts el 16l ¢ heo okt eleofiden § orirefe hed Siwhsinm | ar

process and, pardiingularlynoddies |§r?d(ag[?ar€i'&'if%ﬂ§l§s Bﬂé}’lela%a -2Acm also in
the case where the filmthickness Ig appJoxi matel y nm Tt should be noted

that the oxyni@¥izRht {43 ABEY thix Ehbddffedlsg da mse%(dﬂﬁﬁt 10 el ectric

properties andy&ldab l{dcielBdacierd shi&sima SUCGH BSe bigakdown vol tage
characteristic and hot carrier resistance, superior to the oxide filmof the

first enbodi ment described TR FUriNeRd thderd WX ObserF 123 no dependence

on the surfacerilig, o %Hlaéi@ﬁb&ilrﬁé}etséis@oih&b@ﬁtéﬁéﬂl@ﬂﬂ thus, it is

possible to forma gate insulation filmof = excellent characteri stic not only
on t he (1é6) electric properties and reliability characteristics,

such as breakdown vocltage characteristic and hot
carrier resistance, superior to the oxide film of
the first embodiment described above. Further,
there was observed no dependence on the surface

15 orientation of the silicon substrate, and thus, it
is possible to form a gate insulation film of
excellent characteristic not only on the (100)
surface of silicon but also on the silicon surface
of any surface orientation.

20 As described abeve, it is possible to form
a2 silicon oxynitride film of excellent
characteristics and film quality on the silicon
surface of any surface orientation even at the low
temperature of 400 C by conducting the silicon

25 oxynitridation processing by using the Kr/0,/NH,
high-density plasma, after removing the surface-
terminating hydrogen.

The reason why such preferable effect can
be achieved by this embodiment is attributed not

30 only to the reduction of hydrogen content in the
oxynitride film caused by removal of the surface-
terminating hydrogen, but also to the nitrogen

contained in the oxynitride film with a proportion



surface of silicon but also on the silicon surface of any surface orientation
20 As described above, it is possible to form a silicon gxynitride film of
excellent characteristics and filmquality on the sili co% S 2805 of any
surface orientation even at the low tenperature of 400 'C by conducting the
silicon 25 oxynitridation processing by3#%sing the Kr/ O /NH3 high-density

pl asma, after renoving the surface- term nating hydrogen. The reason why such

preferable effect_can _be achi eved by {hj nmbog| i j buted not 30
only to the r et ucstel‘voenraolf %%/rar%%re%e%\gn %njfésslsﬁ' tﬁ@@%n‘%’%ﬁd‘éﬂ? m caused by
renoval of thefislur feltethiereminadimen by drlogeronibritt adSoKx 0% he nitrogen
contained int niL.ri f} .t pr op, i s 05 -36 of
several ten pegrbguerﬁc%gl(%&lréelg.l}linﬂ% %?(%hi%%(gée[&é%%%]%g}?%%genbodi ment, the
content of Kr dxidepprioxiohtety Ai19t opmpesbrast corpdred madetde oxide film
of the first odj NENt L. algh b PLACS; Of o5 s s Al R 96, u nitrogen is
cont ai ned. §Th§{@' :jéls i This %%o%?neln?,o‘% i's _bel?%ved@?ﬁa?f?%g reduction of
hydrogen i n t Hes oxymithrislemibédineriesitretiuveeivoved Weak Bomds in the silicon
oxynitride fildg,dhe £X4stanee,oin Mt rogen causes; d&! axphi 00,0510 stress in
the filmor at ﬂue %i /'Si Q2 I;?E'Lr}%er(?ar::e, and con_se_qujént ly, _trappeds el ectri cal
charges in thedduehiior ehe st fleerdst b etensitiCces PBGUERH dANnd t he

electric propefdigs e tdie; Oxymdd rédeniitonds cdnpsovesh sigpidhcantly.
Particularly, it is 15 believed the reduction of hydrogen concentration in
the oxyni P dS #7950 tiP 1807zcrh®Bro¥ ed’s, thpret /810, interface, and

consequently, trapped electrical charges in the film
or the surface state density is reduced, and the
electric properties of the oxynitride film is
improved significantly. Particularly, it is

15 believed the reduction of hydrogen concentration in
the oxynitride film to 10%%cm™ or less, more
preferably, 10'cm™ or less, and the existence of
nitrogen in the film with a propoertion of several
ten percent with respect to silicon or oxygen

20 contribute to the improvement of the electric
properties and reliability characteristics of the
silicon oxynitride film.

In this embodiment, the oxynitridation

processing is terminated such that the introduction

25 of the microwave power is shutdown at the end of the
oxynitridation processing upon formation of the
silicon oxynitride film with the desired thickness,
and the Kr/0,/NH, mixed gas is replaced with the Ar
gas. On the other hand, it is also possible to

30 terminate the oxynitridation processing by
introducing a Kr/NH; mixed gas with the partial
pressure ratio of 98/2 from the shower plate 102

before the shutdown of the microwave power while



preferably, 101lcnR or less, and the existence of nitrogen in the filmwth a
proportion of several ten percent with respect to silicon gr %Xﬁgen 20
contribute to the inprovenent of the electric properties a dof W i dBB1ity
characteristics of the silicon oxynitride film In this enbodinent, the
oxynitridation processing is term nated’such that the introduction 25 of the
m crowave power is shutdown at the end of the oxynitridation processing upon

formation of t mtsalll{l p%%g‘&d}%%ﬁr% A{nﬂ)é@htfﬁd@ d¥ }ckness a_nd t he

Kr/0z/NH3 m xed gasS 1s r he Ar hand, it is
al so possi bl e amsd 30 arerai sialt ecethen oikayid e rf?dhtll@m W%c%lssfm:)e b:yf i nt r oduci ng a

Kr/ NH3 m xed r r t om t he shower
plate 102 be]g%?ev% ﬂ%t%”#m‘ﬁf%f@r‘ﬁv%@em%ﬁi‘%lg%.@?%g P4 JUN 2005 - 37

mai nt ai ni ng t FPPreEsyur e bt %bbuvn133ﬁ¢%p{Q;q%rt9 thhel fhorhed, stlicon nitride
filmon the SLHnalC@mmeEﬂedé'Ei_ﬁﬁr‘lé’xﬂé‘f&ééd@nftﬂxéné"ﬁﬂ‘aéé‘ o f higkness of

approximately 0.7 nm According to this nmethod, a 5 silicon n|tr|de filmis
farmed on tkma%ﬂh#%ﬂﬂaQ#Ym¢ﬁFl%ﬁlfbbﬁ %&@n@%r%%ﬁ#¥¢¢h@%nﬁlhh insulation film

having a hi ghefa £} e&"ﬂi%h&P@i@IEc&@{'c beod SF4RE. cak RAETEL EMRPDI MENT) 10

Next, a description wll given of a fabrication nethod of a sem conductor
deV|ce according to a fifth embodi nent of the present invention in which
sem conduct or gemife gudbiimedtsal ity silicon oxide filmformed on a corner
part 15 of the device isolation sidewall that constitutes a shallowtrench

i sol ationl8r on a silicdifXlur fackescription will be given of a

fabrication method of a semiconducteor device
according to a fifth embodiment of the present
invention in which semiconductor device a high-
guality silicon oxide film formed on a corner part

15 of the device isolation sidewall that constitutes a
shallow-trench isolation or on a silicon surface
having a surface form with projections and
depressions.

FIG. 11A shows a conceptual diagram of

20 shallow trench isolation.

Referring to FIG. 11A, the illustrated
shallow trench isolaticn is formed by forming an
isplation trench on a surface of a silicon substrate
1003 by conducting a plasma etching, filling the

25 trench thus formed with a silicon oxide film 1002
formed by a CVD method, and planarizing the silicon
oxide film 1002 by a CMP method, and the like.

In this embodiment, the silicon substrate
is exposed to an oxidizing atmesphere at 800 -

30 900 T after the polishing step of the silicon oxide
film 1002 according to the CMP method to conduct
sacrifice oxidation, and the silicon oxide film

formed by the sacrifice oxidation is etched away in



having a surface formw th projections and depressions. FIG 11A shows a
conceptual diagramof 20 shallow trench isolation. Referring to FIG 11A the
illustrated shallow trench isolation is formed by form ng any g{_ﬁplzgﬁi on
trench on a surface of a silicon substrate 1003 by conducting a pl éma
etching, filling the 25 trench thus ford®d with a silicon oxide film 1002
formed by a CVD nethod, and planarizing the silicon oxide film 1002 by a CWP
nmet hod, and the Iﬁ ke. Iln t hi s_enbodi ment .the'}s' |icon substrate is exposed to
an oxi di zi ng at respheiE 4t 900 B0 Jorr 419 e yckrhc’eI pol T shihg Step of the
silicon oxi de THedah 1,002 siciciorah ngu t D= ¢ dret iRl meet dd dw 1 1Oh Cloyditegen sacri fi ce

oxi dation, and the silicon ide film formed by the sacrifice oxidation is
etched away i A2 Eﬁanefg'OS E @“as c%nébn?&c)ﬁ “$o1 u ?%ns%%ﬁ?%? ni ng hydrofl uoric
aci d- Ther eby,te&rsinad oy swwdaoeet et s navededv ibh hydrogeme Ks obtained. In

t hi s enbodi.nent,, e sur.face- 1.hating. r LS ed by using the Kr
5 plasma vm'5t h palapsl'rntc:ace"glu%rheaasipnﬁcg%&%%gt%e %ﬂ%gi%gt eé rgtfggj?ﬁ/e%nb%di ment.g
Thereafter, thEidgy Chigasinent i ntTogucettand the ¥i/0Zopoxitge filmis forned

with the thi .Iggﬁ_s P I.mat - o [ i odi nent, as
shown in 10 ‘Iél %ﬁ%ec?héé{cgﬂ%osﬁi%%(%od‘z I c%néqi gp{rgr%dfﬁ:%%é;wfﬁi form
t hi ckness evertlgn thieckrsrerohanpofximetekhald | W rench i sol ati on wi t hout

ooy ehe ol aom o METEENERI L ks e lhern g e T o
(Char ge téOBréEMHOWHWCJ the silicon oxide film is formed with a
uniform thickness even on the corner part of the
shalliow trench isclation without causing decrease of
silicon oxide film thickness. The silicon oxide
film formed by the plasma oxidation method using the
15 Kr plasma has excellent QBD (Charge to Breakdown)
characteristics including the shallow trench
isolation part, and there is caused no increase of
leakage current even in the case where the amount of
the injected electric charges are 10°C/cm’. Thus,
20 the reliability of the device is improved
significantly.

In the case of forming the silicon oxide
film by the conventional thermal oxidaticn method,
as shown in FIG. 11B, the thinning of the f£ilm

25 becomes severe at the corner part of the shallow
trench iseclation with increasing taper angle of the
shallow trench isolation. However, in the case of
the plasma oxidation of the present invention, no
such thinning of the silicon oxide film is caused at

30 the corner part of the shallow trench isolation even
when the taper angle is increased. Thus, in this
embodiment, by making the taper angle for the trench

near the right angle in the shallew trench isolation



characteristics including the shallow trench isolation part, and there is
caused no increase of |eakage current even in the case where the anount of
the injected electric charges are 102C/ cm . Thus, 20 the r lT?@N '35/ of the
device is inproved significantly. In the case of formng the silicon oxide
filmby the conventional thernmal oxidar?®n method, as shown in FIG 11B, the
thinning of the film25 becones severe at the corner part of the shallow
trench isol ati an d’%th i ncrea5| n Oét_g&e{ {I{?| e gf t[]eh shal | ow, t{ﬁgch i sol ati on.

[
However, in tHe case of’ the pIBESHE x| dati on resen? i Aivention, no

such thi nni ng &fvidme sscbla:‘ommxreei@dimlmdsf@amed amcﬁeaséle corner part of the
shal | ow trenclb{ts &Iﬂo 1 € lé’!?e{htﬂ? tﬁaé%gicgg éat?s agcr&gsed Thus, in

this enbodi nen y maki ng aper angle renc hear the right
angl e in the she |tap4er errohl ¢ sof aabontc 277 JANOD5has I%est rustdire, it is

possibl e tg reduce.fheyyea, of dhe s dphes: 1501 AL oD £.#0 0o AR furt her

increase integration density in the sem conducfor device e taper angle of
about 70 degr edseiwesl beeiaisesh 5t¢@FDQl@J3de\h@<ea¢%@ltaflbeEpart in the

conventi onal ltlh[g_r{gaél&g(igéaﬁé C,Q{plqgjynnpﬁfa&se“pé he--djmtation caused
Xi

by the thinning of the therna he trenc corner part as shown
in FIG 11B. %ﬂéiﬁoﬁlrﬂg“t%ttﬁée pﬁwﬂ FIRENT | L T honese?wn 1R i E1G s possible

to use the angles of 80.glegnesseo Hie de ShOMSLNEn 01095 soptopal view of |t he

silicon oxide filmformed on a silicon substrate having an undul ating surface

form fornmed byt cohdRIF L@ D0- 4R ride atehthPHn’Q HEeET¢¢Eon

FIG. 12 shows the cross-sectional view of
the silicon oxide film formed on & silicon substrate
having an undulating surface form formed by
conducting a 90-degree etching on the silicon

15 substrate, with a thickness of 3 nm according to the
procedure of the first embodiment.

Referring to FIG. 12, it can be confirmed
that a silicon oxide film of uniform thickness 1is
formed on any of the surfaces.

20 The oxide film formed as described above
has good electric properties such as leakage current
or breakdown voltage. Thus, the present invention
can realize a high-density semiconductor integrated
device having a silicon three—dimensional structure

25 that includes plural surface orientations such as a

vertical structure.

(SIXTH EMBODIMENT)
Next, a description will be given of a
30 flash memory device according to a sixth embodiment
cof the present invention that uses the formation
technology of oxide film and nitride film or that of

oxynitride film at low temperature by using plasma.



15 substrate, with a thickness of 3 nmaccording to the procedure of the
first enbodi nent Referring to FIG 12, it can be confirmed that a silicon
oxide filmof uniformthickness is formed on any of the sgr 00 0 The
oxide filmfornmed as descri bed above has good electric prg ?@ﬁé@ uch as
| eakage current or breakdown voltage.‘?%ﬁs, the present invention can
realize a high-density sem conductor integrated device having a silicon

t hr ee- di nensi I r 4 Jcl entations such

as a verti ca?ﬂgt rrﬁef:ture J?%%%)B Aﬁﬁﬂ%ﬁ'@%%esﬁééﬁ%ﬁ%n will be given

of a 30 flash trt'earrmrsplem\ﬂ@eora@c%rr@ﬁ% Dy waking he efbodlh meentorof the present

i nvention thatgdiss nge ré‘i?a‘iﬁ | teshnol ogy. 9 %ylp ég‘_gmf_lj[méarpg Htride film
f|

or that of oxynltrl m at W t enperat ure usin asma. 2 7 JUN 2005
-40 In the desicaruamnldrpald@l%v@lw fsChoEﬁ%p%% n%@%%p%atanq% h@ﬁ%x}oﬂrl@matl on is made

by taking g flash rrem)ryFI(gevij:eS@@w@ntﬁé(agpA&na@pg\e&egssi he present invention
is applicable also to EPROV, EEPROVS, and the like. 5 FIG 13 shows the

schemati c cros%ec’fslémaﬂori‘a#e‘mfé@v%fflaaf’rl? aBIMPBNTAGY HRY i 2REELOI By to this
enbodi ment. Refigrd idihdPidd & 13, the flash nenory device is constructed on a
silicon substrate 1201 10 and includes a tunneling oxide film 1202 forned on
the silicon substrate 1RALeH ¥3F st0 pPol§sili comYyate? sl BREPDHe 1203 forned on

the tunneling qxiide fid o202 @@ 44 0atd N0 G4 es @bectsoderzu silicon oxide
film21204 and a silicon nitride fi|m 1205 forped
10 and includes a tunneling oxide f£ilm 1202 formed on
the 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 & silicon nitride film 1205 formed
15 consecutively on the polysilicon gate electrode 1203,
and a second polysilicon gate electrode 1206 formed
on the silicon nitride film 1205 as a contrel gate
electrode. In FIG. 13, illustration of the source
region, drain region, contact hole, wiring patterns,
20 and the 1like, is omitted. It should be noted that
the silicon oxide film 1202 is formed by the silicen
oxide film formation method explained in the first
embodiment, and the laminated structure of the
silicon oxide film 1204 and the nitride film 1205 is
25 formed by the formation method of silicon nitride
film explained in the third embodiment.

FIGS. 14 - 17 are schematic cross-
sectional views for-explaining the fabrication
method of the flash memory device of this embodiment

30 step by step.

Referring to FIG. 14, a silicen substrate

1301 includes a flash memory cell region A, a high-

voltage transistor region B, and a low-voltage



15 consecutively on the polysilicon gate el ectrode 1203, and a second
polysilicon gate el ectrode 1206 formed on the silicon n|tr|Se film1205 as a
control gate electrode. In FIG 13, illustration of the sou ckl Neﬂmﬁn drain
region, contact hole, wiring patterns, 20 and the like, is omtted. It should
be noted that the silicon oxide filmI362 is formed by the silicon oxide
filmformation nethod expl ai ned |n the first enbodinment, and t he™ | am nat ed
structure of the Sl|100n oxi de ¢ %29§8a8€ the nj tr|d In11205 is 25

formed by the Tortuti on- net hod Trcon: ni In1exp dined in the third

enbodi nent . Fqéiida4film7lam% snhenaincacs©$seoseotudﬂaf vnel808or expl aining

the fabrication %$E§1§§ ﬁﬂg £$9§$Cgﬁg9ry gegif§°8§3%q$§t§ odi ment 30 step

by step. Referrlng a sifrcon su str i ncl udes a flash
menory cell reffdbnim, e@cﬂmcgﬁ thvel regeons ahst stor Tegi 6heBl emtda | ow vol tage 2

TN 20055 - 4di {f anse SRl 1801 PR fed DAY &1 Lo fEbLled DY datisnd oxide T1Im

1302, mhereln a silicon oxide f| orne e surface of the
silicon substrkn%?egﬂl(L%C@%CMebhOdheD¥egh@h%ow\tr€DCWhES¢l@tEOQX|de 5 film
1302 may be forded.py a sel ective oxidation process (LOCOS nethod) or shallow
trench isolation nethod. In this enbodinment, Kr is used as the plasna
excitation gas for the ré@nv%}so¢m$%%l%®ﬂ§ur$acest@?ﬁ@n@ﬁ|h@ehydrogen or for

t he fornﬁilC”lﬁias$$ee£%19§tié$n&@@df$Petﬂét£éH§v£1|ar dhe oxide film and
nitride filmformation apparatus is identical wth that of FIG 1.
10 surface—-terminating hydrogen or for the formation of

the oxide film and the nitride film. The oxide film
and nitride film formation apparatus 1is identical
with that cf FIG. 1.
Next, in the step of FIG. 15, the silicon
15 oxide film 1303 is removed from the memory cell
region A, and the siliceon surface is terminated by
hydrogen by diluted hydrofluoric acid cleaning.
Further, a tunnellng oxide film 1304 is formed
similarly to the first embodiment described above.
20 That is, as in the above-described first
embodiment, the vacuum vessel {processing chamber)
101 is evacuated to vacuum and the Ar gas is
introduced into the processing chamber 101 from the
shower plate 102. Wext, the Ar gas is switched to
25 the Kr gas and the pressure in the processing
chamber 101 is set to about 1 Torr.

Next, the silicon oxide film 1303 is
removed and the silicon substrate subjected to the
diluted hydrofluoric acid treatment is introduced

30 into the processing chamber 101 as the silicon
substrate 103 of FIG. 1 and is placed on the stage
104 having the heating mechanism, Further, the

temperature of the substrate is set to 400 C.



Next, in the step of FIG 15, the silicon 15 oxide film 1303 is renoved from
the menory cell region A and the silicon surface is terT WH@! “hydr ogen
by diluted hydrofluoric acid cleaning. Further, a tunneli ng film 1304
is formed simlarly to the first enbodi nent descri bed above. 20 That is, as
in the above-described first enbodi nepd2-the vacuum vessel (processing
chanber) 101 is evacuated to vacuumand the Ar,gas is introduced into the
processi ng chanber 101 fromthe shower plate 102. Next, the Ar gas is
switched to 25 the Kr gd&htPIhe Hesay e MawHrideesbierentanber 101 is

set to about LTof fes Nexd s d Neusili &P ik dend | 4 50 4308 dsvediermwed and the
silicon substrate subjected to the diluted hydrofluoric acid treatnment is

i ntroduced 30 404% & HE HriRcEissl nig thaiity aaenia tHP fe5 dorfi ™4t rat e 103 of

FIG 1 and is . aead ahd e stagsre 1104 havidadde head inge mechani sm  Furt her,
the tenperature of the substrate is set to 400 7 JUN 2005 -42 Furt her,

C 2
a nicrowave hBARITFEIHET rdiidiiy 1&f 29 B 538 @bhpt it $¥Ym t he coaxi al
wavegui de 10%dt@dme redidd rdddie slotdantenna dGoLdes dom nuge, wherein the
m crowave i s introduced into the 5 processi ng chanber 101 fromthe radial |ine
slot ant enna SR T DU tHE W% é@? e p'-’!laJtlecch‘bfuerB’yt”e%o]ﬁ% the surface

of the silicorcuwrsd matgh-ki¥hs 1 410 Kahep i G dansd tfptiedlasmend hus forned in

the processing chamber 1Q1, the term.nnating hydrogen are 10 renmpved fromthe

silicon surfad Oﬁestsrfé’%fg'ﬁ"}kbetre 10%301? erhtee%m{%t%g d'&‘sf%?%eri He Tz gas are
10 removed from the silicon surface of the substrate

1301,

Then, the Kr gas and the 0, gas are
introduced from the shower plate 102, and the
silicon oxide film 1304 used for the tunneling

15 insulation film is formed on the region & with a
thickness of 3.5 nm. Subsequently, a first
polysilicon layer 1305 is deposited so as to cover
the silicon oxide f£ilm 1304.

Next, the first polysilicon layer 1305 is

20 removed from the high voltage and low voltage
transistor formation regions B and C, respectively,
by a patterning process, such that the first
polysilicon pattern 1305 is left only on the
tunneling oxide £ilm 1304 in the memory cell region

25 A,

After this etching, cleaning is conducted
and the surface of the polysilicon pattern 1305 is
terminated with hydrogen.

Next, in the step of FIG. 16, as in the

30 third embodiment described above, an insulation film
1306 having an ON structure of a lower oxide £film
1306A and an upper nitride film 1306B is formed so

as to cover the surface of the polysilicon pattern



i ntroduced fromthe shower plate 102, and the silicon oxide film 1304 used
for the tunneling 15 insulation filmis formed on the region Awith a

t hi ckness of 3.5 nm Subsequently, a first polysilicon |aygr7180b2605
deposited so as to cover the silicon oxide film 1304. Next, the first
polysilicon layer 1305 is 20 renoved #¢®m the high voltage and | ow vol t age
transistor formation regions B and C, respectively, by a patterning process,
such that the first polysilicon pattern 1305 is left only on the tunneling

oxi de film 1304 4% e fenor e ethe ridyioh i mefter this etching, cleaning

is conducted and the sui{aaGay Of i 106 POt yShdd CoN pattern 1305 is term nated
with hydrogen. Next, in the step of FIG_ 16, as in the 30 third enbodi nent

described above, an insUit iAFYIT eSS0 RAATRE ST OF SRR ur'® bf a | over

oxide film 13Q6AattdhatedpRervddddn dend idHe 130684 sidordme-&0 as to cover
the surface of the#%{eysilicon pattern 27 JUN 2005 43 1305 simlarly to the
third enmbodi nérfic™ AeH5T RIEES orted SSH OIS, Torhe s dEu Ui essel

(processing chanberdi tikh, ithevRedad et tinyaddl R anskddes Angas i ntroduced 5
fromthe shower plate 102 is switched to the Kr gas.. In_addition, the
pressure insi cfé‘a?’PPéerprJt?cess%fi N achffé%elr?:? sPase{g‘ t"igJOIé\IHout N%SE P Torr)  Next,

the silicon sulistgoat esulk30dr oy ryiany daerypinly/ sidd aly patiesm 1305 in the
srate hat (e ANTAgn Al eI AL | SR SIIRoed | nto the

10 termination is made is introduced into the
processing chamber 101 and is placed on the stage
104 having the heating mechanismn. Further, the
temperature of the specimen is set to 400 C.

Next, a microwave having the freguency of

15 2.45 GHz is supplied to the radial line slot antenna
106 from the coaxial waveguide 105 fer about 1
minute, wherein the microwave is intreoduced into the
processing chamber 101 from the radial line slot
antenna 106 through the dielectric plate 107, and

20 there is generated a high-density Kr plasma. 2as a
result, the surface of the polysilicon pattern 1305
is expcsed to the Kr gas and the surface terminating
hydrogen is removed.

Next, a Kr/0, mixed gas is introduced into

25 the processing chamber 101 from the shower plate 102
while maintaining the pressure inside the processing
chamber 101 to about 133 Pa (1 Torr), and a silicon
oxide film is formed on the polysilicon surface with
a thickness of 3 nm.

30 Next, after the supply of the microwave is
shutdown temporarily, the introduction of the Kr gas
and the ©, gas is interrupted. The interior of the

vacuum vessel (processing chamber) 101 is evacuated,



104 having the heating nmechanism Further, the tenperature of the specinen is
-set to 400 C. Next, a mcrowave having the frequency of 15 2.45 GHz is
supplied to the radial line slot antenna = 106 fromthe coaxi? TV\w%ﬂﬁde 105
for about 1 mnute, wherein the mcrowave is introduced int he™ processing
chanmber 101 fromthe radial line slot ~&ftenna 106 through the dielectric
plate 107, and 20 there is generated a high-density Kr plasma. As a result,

t he surface of tcpeho SI | i con Jattern 1305 is. expo/sjed t.0 the Kr gas and t he
surface term a9 ng h ArEgert 1S $embired2SNELE, 14 KkPPEE S $687gas i s

i ntroduced i ntahe Zﬁctvtee: mhct%slm;g camberrdddufa amd e sttomer plate 102

whi |l e mai nt ai n| ! the 1_‘Dre surbeell lde the roces scimn,g é:hjalgt%oegl 1 to about 133
Pa (1 Torr), CRSR oxide til'm or e pol y 1 con surface

with a thi cknres:;rrof asammhfson:l‘demwaweé tcﬁ Zhescs&qapilsy ofplieedn crowave is
shut down tg”p n'yméohetrt tp{lﬁdéécéé Ct{hjoénér&ee @RS, 5 2nd d he cPlr%gas 'S

i nterrupted. & it er or vacuum vesse proceSS| ng ch er) 101 is
evacuat ed, 2 7AiJN 2005 ara:rﬂjntdnel% g&herrbian INHB gésnarey imtgoduced fromthe

shower plate 1 ﬂ)eeforr%eéslq{et %P&cééﬁn&é@?@?&%ﬁéﬂ‘@bﬂ J[ng)c;ll_lls set to

about 13. 3Pa ( oF and the 'm crowave Is supplied 5 again
into the procelslenrrﬂgi&:t'@}rﬁb@rlslcﬂom@ tdre ¥Rlisdliddmecxsidr fntenna 106.

Ther eby, hi gh- NBL e 1S Q8NELAL ede i 4he processing chanber and a
silicon nitride fi mls ormed on the silicon oxide film surface with the

t hi ckness18f 6 nm 10 W?@tﬁfhrﬁmbfiﬂirﬁ%‘titﬁhéttﬁftwgﬁs%fo@ hrMmwas fornmed as
descri bed abovgs thigfdd Md MednessePfabove, the film thickness of

the ON film thus obtained was uniform, and no
dependence on the polysilicon surface orientation
was observed, Thus, it was realized that the

15 extremely uniform film could be obtained.

After such a process of formation of the

ON film, the insulation film 1306 is removed from
the high-veoltage and low—-voltage transistor regions
B and C, respectively, by patterning in the step of

20 FIG. 17, and then, ion implantation for threshold
voltage control is conducted on the high-voltage and
low—-voltage transistor regions B and C, respectively.
Further, the oxide film 1303 formed on the regions B
and C is removed, and a gate oxide f£ilm 1307 1is

25 formed on the region B with a thickness of 5 nm.
Thereafter, a gate oxide film 1308 is formed on the
region C with a thickness of 3 nm.

Then, a second polysilicon layer 1309 and

a silicide layer 1310 are formed consecutively on

30 the entire structure including the field oxide £ilm
1302. In addition, gate electrodes 1311B and 1311C
are formed in the high-voltage transistor regicn B

and the low-voltage transistor region C,



the ON filmthus obtained was uniform and no dependence on the polysilicon
surface orientation was observed. Thus, it was realized that the 15 extrenely
uniformfilmcould be obtained. After such a process of for t.'ll@\f‘ m?. the ON
film the insulation film 1306 is renoved from the high-voltag 5

| ow-vol tage transistor regions B and €>respectively, by patterning in the
step of 20 FIG 17, and then, ion inplantation for threshold voltage control
is conducted on the hjgh-voltage and |ow voltage transjstor,. regions B and C,
espectivel y. TTRTRer Lo YRR 1717 18057 of RERP OrP L HE T bhfShs B and C i s
renmoved, and agaie DXideadd | thd 3N ici@s Ioyardidnot heruegheon, Bawith a

t hi ck f 5 Th t t ide film1308 is, f d th
ogion © wi 1 h 3 Thi BRSO 2t Thero M CotbriP Bt SRITIEHIE | Sr 1309 and

a silicide | aygre I8dtoay ecd 0 nmeslyiconskecuti vely on 30 the entire structure
including the field oxide.film.,1302. In jtion, gate electrodes 1311E and
1311C ar etsformed in tth%T%ﬁ'u-Vb? tsageept?gn3|ééto ‘resg‘-i”%)rnC 2%hd the | ow vol t age
transi stor regmoniC régiondN2)0E rmeld acespiitg vied ya dyapddt@rni ng t he second

polysilicon | g 9.a e . silici er 1310.. Fu gate
el ectrode 13115?@5‘:#%?0%% [ r#%oocre?geés’poén%gn%@t%ewt e lrr&!éfrréo(%rﬁﬁeeﬁ?dregi on A. 5
After the stepwfcdidiictlifg surmeetiamd octrairerbgyeonsimseldoremed according to a

standard semﬁolr}gglucatlp& cpglggzregéi%%r@? }ﬁdﬁgﬂ} £ 15n COFRL L ¢, by conducting

formation of interlayer 1nsulat contact holes and formation of
Wi ring 101lfat tRtiserns.

In the present invention, it should be
noted that the insulation films 1306A and 1306B
maintain good electric properties even when the
thickness thereof is reduced to about one half the

15 conventional thickness of the oxide film or nitride
film. In other words, these silicon oxide £ilm
13062 and silicon nitride film 1306B maintain good
electric properties even when the thickness therecf
is reduced, are dense, and have high guality.

2Q Further, it should be noted that, because the
silicon oxide film 1306A and the silicon nitride
film 1306R are formed at low temperature, there
occurs no thermal budget or the like at the
interface between the gate polysilicon and the oxide

25 film, and good interface is obtained.

The flash memory device of the present
invention can perform writing and erasing operations-
of information at low voltage and suppress the
generation of substrate current. <Thereby,

30 detericration of the tunneling insulation film is
suppressed. Hence, a non-volatile semiconductor
memory in which the flash memory devices of the

present invention are arranged in a two-dimensional



tn the present invention, it should be noted that the insulation filnms 1306A
and 1306B nmintain good electric properties even when the giﬂgqum t her eof
is reduced to about one half the 15 conventional thickness of the oxi'de film
or nitride film In other words, these silicon oxide film 1306A and silicon
nitride film 1306E nmai ntain good el ectrlbe properties even when the thickness
thereof 1is reduced, are dense, and have high quality. 20 Further, it should
be noted that, because the silicon oxide film 1306A and the silicon nitride
film 1306B ar e*¥57 hetPat O oiF Penpefat tF R, Pidkr 8iebdcard HC¥her mal budget or

the like at thetamnéeéﬁaﬁgcb@fme3ﬂc£he gate polysilicon and the oxide 25 film
and good interface is obtained. The flash nmenory deV|ce of the present

i nventi on can perform w f%ihg® aﬁha%?aﬁ?ﬁ@rﬁp%?éf?%ng brei RFBFRREi on at | ow
vol tage and suppressishe t@enﬁéaka@@ ofirs&hst £ at emeUI r @né . tahemeby, 30

deterloratlon of t n ng 1 npsul at | filmi p sed
non-vol ati PPe s%ﬁ?%gﬁ%ﬁgtg n&“%f§tYn éh?%ﬁ fﬂﬁuf?g néhg 5%@? es of t he
present inventamd Bﬁeenrramg@d iﬂta1$mpedsﬂﬁnéiﬂ@aie@uaeJtBEZEDBm -46 array

can be produc 1ckne Sg% ¥I6|d ancrgggln % abie gharacterlstlcs In the
flash nemory devieeets thetpPasehtC Fhventi bh® R T LaKkage etrrent is smal
due to the 5 exoed | ent 5e¢@mqma@m$glbieth® pastibati ome fvEheid306A and 13065.

Also, it is p055| t ce the fil hi ckness_ w t kN ing the
| eakage curren ﬁéklgblfag%%%n%g p%sg%%% at Onaer¥%¢%$$%e°k C?lné or erasing
oper ati on 18t aﬁvopemaiaoneﬁubblta@e @émabnutetentlon time oI the

flash memory device is increased by the order of 2
or more as compared with the conventional one, and
the number of times of possible rewriting coperation
is increased by the order of 2 or more.

13 I+ should be noted that the film structure
of the insulation f£ilm 1306 is neot limited to the ON
structure explained above, but it is also possible
to use an 0 structure formed of an oxide film
similar to that of the first embodiment, an N

20 structure formed of a nitride film similar to that
of the second embodiment, or an coxynitride £ilm
similar to the one in the fourth embodiment.
Further, the insulation film 1306 may have an NO
structure formed of a nitride film and an oxide film,

25 an ONO structure in which an oxide film, a nitride
film, and an oxide film are laminated consecutively,
or an NONO structure in which a nitride film, an
oxide film, a nitride film, and an oxide film are
laminated consecutively. Cheoice of any of the

30 foregoing structures can be made according to the
purpose from the viewpolnt of compatibility with the
gate insulation film in the high voltage transistor

or low voltage transistor in the peripheral circuit



10 5V. As a result, the nenory retention tine of the flash nmenory device is

i ncreased by the order of 2 or nore as conpared with the conventional one,
and the number of tines of possible rewiting operation 2s/ JUNr#fsed by the
order of 2 or nore. 15 It should be noted that the filmstructure of the
insulation film1306 is not linmted to-the ON structure expl ai ned above, but
it is also possible to use an O structure forned of an oxide film simlar to
that of the firstfenboq{nenl, an, ZQEstruc$ure.for dof anitride film
simlar to that™ 9% He'Secont erfbodi heits s ot ah-oxhi T e i3 sinilar to
the one in the fourth enbodinent. Further, the insulation film 1306 nmay have

an NO structu GEJEWF%@&@%%@' de filmand an oxide film 25 an ONO

structure in Ich an oxi antride film and an oxide filmare
| am nat ed consecutivel y, It crharn d\GNO sitarttheet ithewWiacdmat vt rafde film an

oxide fil anitride fil nd _an. oxi filmar | am nated consecutively.
Choi ce of mz:-iny Bf° t%ag:%omfscr;ﬂrleagtojionngnfs‘itjfr(nbjgrfeiﬁruessmc nﬁb% %%%Eegoa%%%r ding to the
pur pose from thwe' i ewpoprevefegoipatl biilght-ygewstih vt péasgat exi el ation filmin

t he high volt ' r., or V. r i.stor. | ripheral
circuit 2 7 J%%eré%%%% fi%potrh rgoflrr%,vhne%}it%gv\%o%ln%pg#fplggsls%%i%]%y;p%f shared use.
( SEVENTH ENVBODIGVENTE)! /NH;sHoul . Oié ) notiad oveate -tehxe ifterdmidiahr deins i3 vt he gat e

insulation fi |pTa®ﬁ1a”§:i{'Q15tir}ﬁ;[ FQ L0901 -2 44 QP MH g OWavigs exci ted hi gh-density
f

plasma or the™ formation o he gate nitride filmby using the Ar  (or Kr)/NHS
(or N2/ H2} Oni ercedavabdeciteeditd dirdensiay oplasirnigeididie,® he appar at us of

FIG 1is integrated circuit device on a silicon-on-insulator
(metal-substrate SOI) wafer including a metal layer
in the underlying silicon in which metal-substrate
S0I conventional high temperature process is not

15 possible. Particularly, the effect of removal of
the terminating hydrogen appears conspicuously in
the 30I structure having a small silicon film
thickness and performing completely depleted
operation.

20 FIG. 18 shows a cross—-secticnal view of a
MOS transistor having a metal-substrate SOI
structure.

Referring to FIG. 18, 1701 is a low-
resistance semiconductor layer of n'-type or p‘-type,

25 1702 is a silicide layver of such as NisSi, 1703 is a
conductive nitride layer such as TaN or TiN, 1704 is
a metal layer of such as Cu, 1705 is a conductive
nitride laver of such as TaN or TiN, 1706 is a low-
resistance semiconductor layer of n -type or p —type,

30 1707 is a nitride insulation f£ilm such as ALlN, Si,N.,
and the like, 1708 is an S$iQ, film, 1709 is an 510,
layer or a BPSG layer or an insulation layer

combining these, 1710 is a drain region of n -type,



10 applicable to the formation of a sem conductor integrat ed ci rcuit device
on a silicon-on-insulator (netal-substrate SO) wafer i ncI tal |ayer
in the underlying silicon in which netal -substrate SO co ven hi gh
tenperature process is not 15 possible. Particularly, the effect of removal of
the term nating hydrogen appears conspr&dously in the SO structure having a
smal | silicon film thickness and perform ng conpletely depl et ed operation.
20 FIG_ 18 shovs}s a cross-sectional, view of a MOS tran5| stor,  having a

met al - subst r at’e 'S0*S & RS T9EG I hdFtoHE U8 2 AR iFHT ow

resi stance sem@&due;tﬁ)rp*l-ayee ofi7m3- type 8bupcet Yp@ion2bflp02tisep silicide

| ayer of such 35 Ni _Si i S a.canductive nlréc[l de Ig%/er such as TaN or Ti N,

1704 is a metdti &t b 1 S fF a6 1A O AN O S ORRuct A ¥ S nitri de | ayer of
such as TaN Oror'lild\i‘*e]cVQﬁl ithea 410> rdeistesd tinee, seni eadunt agid,ayer of n--type
or p'-type. 3 707.is a nitride jnsulation filmsuch as Si3N,, and the
li ke, 1708° |sOf ot iFHG RY M0 4r5/%1énmé oA avgygl?“:&rteg §|5§g | ayer or an

i nsul ation | aylems iconp Ird sxg: tarfesae: rlefldr irey echdly adux fagi-on of n--type, 2 7 JUN

2005 -48 171 |s aurce r f n+-type, 1712 j drain region of
p' -type, 1713]t| S sagcur ETllrecgr']% g} rk l sma17]1r a(f atllf)ﬁs are silicon
sem conduct or alcaapexdsmg)ruceml'ead prmdd@rellolﬁ e eﬁ::tnam erbfibinen@an SIQZ 5 film

formed by the Kr/.Qz anrcerd5 "%@cveirﬁ?%. 56 hllgﬂ-,, density 8olaa‘.tsﬁma after renoving the
r y Kr

surface- termnating ogen ‘asme i rradiation according to the
procedur el6f tﬂﬁ@ﬁeiqtsweembddlerrmﬂte electrodes of an n-MOS

transistor and a p-MOS transistor and formed of Ta,
Ti, TaN/Ta, TiN/Ti, and the like, 1719 is a source
electrode of the n—-M0OS transistor, and 1720 is a

drain electrode of the n-MOS5 transistor and a p—-MOS

15 transistor. Further, 1721 is & source electrode of
a p—MOS transistor and 1722 is a substrate surface
electrode.

In such a substrate including a Cu laver
and protected by TaN or TiN, the temperature of

20 thermal processing has to be about 700 C or less
for suppressing diffusion of Cu. The-source or
drain region of n'-type or p'-type is formed by
conducting the thermal processing at 550 C after
ion implantation of As”, AsF,, or BF, .

25 In the semiconductor device having the
device structure of FIG. 18, it should be noted that
the comparison of the transistor sub-threshold
characteristics between the case where a thermal
oxide film is used for the gate insulatien film and

30 the case where the gate insulation film is formed by
the Kr/0Q, microwave-excited high-density plasma
processing after removing the surface-terminating

hydrogen by the Kr plasma irradiation, has revealed



of the present invention, 1717 and 1718 are 10 respectively the gate

el ectrodes of an n-MOS transistor and a p-MOS transi stor and fﬁknﬁ.@ of Ta,
Ti, TaNTa, TiNTi, and the like, 1719 is a source el ect r odel dN; 285 n- MOS
transistor, and 1720 is a drain electrode of the n-MOXS transistor and a p- MOS
15 transistor. Further, 1721 is a sourcé®electrode of a p-MOS transistor and
1722 is a substrate surface electrode. In such a substrate including a Cu

| ayer and protected by, TaN or TiN, the tepperature of 20 thermal processing
has 1o be about F00F & of 14 bs T Hr RRPBFeshr Ry oF f1TRTBHE of " CH-S The sour ce. or
drain regi on ofubrthypeholrd pthiypetesifororvdyvbyn toadgeteng the t hermal
processi ng at 550 after_.jon, inplantation_of AsF2' ..or BF2'. 25 In the
sem conduct or jd%?/‘f%%th%\]/i %bir{lh]es e]\:/T%(g RYr %?uﬁ%éf)[fla I?Bil‘%%?l??'shoul d be
noted that theionparison ois¢ hehe¢ranshstoatsubnshreshob df L chaisct eri stics

bet ween the case re, a.thermal X] frlmis used for the gate insulation
[l mand 30 ¢ nEoEes Pharhs theen e HZer b P T Ter 1 6% ot e by the Ko 07
m cr owave- exci tiede firghd demsT 3 gt of bshiacs paoeesstagnadt er renoving the

surface-termnating hy n e p i iation, has revealed 2 7
JUN 2005 the fact that qﬁlﬁ%r?ea g{)%ge‘gr%%? n‘lli&ﬁ@?e%iggée@%éﬁgt he sub-threshold

characteristi cstuheuthel gateedi nsul etoohd fiv¢ moted orlned byerde t her nal
oxi dati on, V\/r'légﬁeéflstglesf -g[eo ){m%p%;gg 199@%1({; ngu%]@{.fggefl Imis 5 forned by
e - thresho

the present invention, excellent s d characteristics are obtained.
VWen a nedd-typeliemivaceor sdlbi¢nert stremt tiheti of ytke, stiietmwuftabe noted t hat

there surface part, at the sidewall part of the mesa
device isolation structure. By forming the gate
insulation film by the plasma oxidation using Kr,
the oxidation of the mesa device isolation sidewall
15 is achieved generally uniformly similarly to the
flat surface part, and excellent electric properties
and high reliability are obtained.
Further, it is possible to produce a
metal-substrate S0I integrated circuit device having
20 excellent electric properties and high reliability
also in the case of using a silicon nitride film
formed by Ar/NH, according to the procedure of the
second embodiment for the gate insulation f£ilm.
In this embodiment, too, it is possible to
25 obtain good electric properties even in the case
wnere the thickness of the silicon nitride film is
set to 3 nm {eguivalent tec the oxide film thickness
-of 1.5 nm}), and the transistor drivability is
improved by about twice as compared with the case

30 where g silicon oxide film of 3 nm thickness is used.



appears a silicon surface having a surface 10 orientation different fromthat
of the silicon flat surface part, at the sidewall part of the%]rpeg ng/i ce

i solation structure. By formng the gate insulation filmby the plasm

oxi dation using Kr, the oxidation of the nmesa device isolation sidewall 15 is
achi eved generally uniformy sinilarly"#8"the flat surface part, and
excellent electric properties and high reliability are obtained. Further, it

is possible to -substrate SO integrated circuit device having
20 excel | ent ei&%%ﬁ%ﬁ%@ and high reliability also in the case of
using a silicon nitride Fidm19 oshexws by dodddBractodtaggatto t he procedure of
the second e i d&smenttfrpr érpee ate énsyl\%é OPal];Ii:lt.%.tj{cr)]ntQi S_ & ggi ment, too,
it is possibleto obtai f goocfn%]rec ri C properties 2VefP T 1he case where
t he thickness afcdimisg | tcoan neightle ¢mbedimensedftohd pmegequi val ent to the
oxi de filmet hi chkngss,o ofs e S0, AN A AGCL r A0S 00, dLLYAREL Iy 1 | mproved

by about tw ce as conpared w e case ere a siTicon oxide filmof 3 nm
t hi ckness i s usidkidst JUN 095 ss 509 ( B GHH EVBCDIAVENT) Fi@Ged9inhows a

conceptual di agy ame  H4istrat ng; Al exARLe of b6, [ BbILEA) A gopar At US

according to an el I ment pr esent invention intended to
conduct oxi datdrorg pratgEssiegtangiilzy dP R procEsSI MRS drabxgMitri dati on

processi ng  on, g polysd 1 dcon 91 » 2608 PhoYSLLLL COM ik [opgd o a large

rectangul ar substrate such as a glass substrate or a plastic substrate on
which i qéifd 197 b3ty e oib 5pt ofe 6ess T e’™ R PR ybhi el @F €T 0-

luminescence devices are formed.
Referring to FIG. 19, a wacuum vessel
(processing chamber) 1807 is evacuated to a low
pressure state and a Kr/0, mixed gas is introduced
15 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 133 Pa (1 Torr). Further, a glass substrate 1803
20 is placed on a stage 1804 having a heating mechanism,
and the temperature of the glass substrate is set to
300 C.
The processing chamber 1807 is provided
with a large number of rectangular waveguides 1805
25 and a microwave is introduced into the processing
chnamber 1807 from respective slits of the large
number of rectangular waveguides 1805 described
above via a dielectric plate 1806, and high-density
plasma is generated in the processing chamber 1807.
30 On this occasion, the shower plate 1801 provided in
the processing chamber 1807 functions also as a
waveguide for propagating the microwave emitted by

the waveguide in the right and left directions in



| um nescence devices are forned. Referring to FIG_ 19, a vacuum vesse
(processing chanber) 1807 is evacuated to a |low pressure statfelJdRd08 Kr/ Oz

m xed gas is introduced 15 froma shower plate 1801 provided in the processing
chanber 1807. Further, the processing chanber 1807 is evacuated by a | ead
screw punp 1802 such that the pressuré5ﬂﬁside t he processing chanber 1807 is
set to 133 Pa (1 Tarr). Further, a glass substrate 1803 20 is placed on a

stage 1804 hayj i N S and the tenperature of the glass
él{‘egt%oﬂgg%f 69 %?Pé‘é‘é M yve

substrate is se € processing chanber 1607 is provided wth a
| ar ge nunber of rectanguf B . waVegtewiesarl 8@%5amPRbe ande me nd cr owave i s i ntroduced

into the proc Walek er, 1807. fro Y {ts t | arge nunber of
rect angul ar mgéggﬁ?ﬁggg%goghégs%?%%eg}égigggétigTiihie %% r?%rplate 1806, and
high-density {tasimgis bemerdteryspai hélppbeesdenycehanber 1807. 30 On this
occasion, the showes. péﬁt@l&ggé?pwyme&'ewcetgﬁ pspcessi ng ghanber 1807

functions also as a waveguide for propagating the mcrowave enmtted by the
wavegui de in tHeessyMnaneitefit divecieonedihy 2fgrging 2005 gasd the formof a

surface wave. &l Qe 20; SHOWS A &XaWPE Ladhel ndor POAYShEESOR thin film
transistor (TFT), used for driving a liquid crystal display device or an 5

organi ¢ EL photEsh 53D reyeds v ofh ¢ orPR®2 s af pfbeesking circuit, is fornmed
by formng the gate oxige-di] M Gaifonétsidecthlmyofnd hesPrgsent invention
by using the apparatus of FIG 19. First, the exanple of form hg and using a
10 silicon oxide film will be explained.
Referring teo FIG. 20, 1901 is a glass
substrate, 1902 is a Si,N, £ilm, 1903 is a channel
layer of a polysilicon n-MOS having a predominantly
{111) —oriented surface, 1905 and 1906 are
i5 respectively a source region and a drain region of
the polysilicon n—-MOS, 1904 is a channel layer of a
polysilicon p—-MQOS predominantly oriented in the
(111} surface, and 1907 and 1308 are respectively a
source region and a drain region of the polysilicon
20 p—MODS. Further, 1910 is a gate electrode of the
polysilicon n~MCS, and 1911 i1s a gate electrode of
the polysilicon p-MOS, 1912 is an insulaticn film of
such as SiQ,, BSG, or BPSG, 1913 and 1914 are
respectively the source electrode of the peolysilicon
25 n-MO5 {and simultaneously the drain electrode of the
polysilicon p-MOS), and 1915 is the source electrode
of the polysilicon p-MOS.
It should be noted that a polysilicen film
formed on an insulation film becomes stable, and is
30 dense and well crystallized and thus provides high
gquality, when having the (l111l) surface orientation
in the direction perpendicular to the insulation

£ilm. In this embodiment, 1909 is a silicon oxide



10 silicon oxide filmw |l be explained. Referring to FIG 20, 1901 is a gl ass
substrate, 1902 is a Si3NV film 1903 is a channel layer of a polysilicon
n-MOS having a predominantly (111)-oriented surface, 1903 RrigN1Z0® are 15
respectively a source region and a drain region of the polysilicon n-M3S,
1904 is a channel |ayer of a polysili€®h p-MOS predom nantly oriented in the
(111) surface, and 1907 and 1908 are respectively a source region and a drain
region of the polysilicon 20 p-MXS_ Further, 1910 is a gate el ectrode of the
pol ysi | i con n'fiNGS 1efRF BF1 LS REGFRE et BT odR: did Ve Pt ysili con p- MOS,

1912 is an insyl@iigyd idmefz suchnas s5-42q BSGrner pBBSG4uLa13 and 1914 ar
respectively the source el ectrode of ﬁhﬁ%g)l%m l.icon 25 n- MOS (and

si mul t aneous| y* t™He 4t di%h Ele@Todet P g $0oI 5495 ¢ - Sihd 1915 is the
source el ectrage: afpdhecywlysidicon - MG 14 shawdd de tod editiiat a
polysilicon film formed on an insulation Bbi | m becomes stable, and is 30
dense and wel I°ErSRsted RSP HnidF ThRt prdvi e§’lﬁihgﬁh6uéflhilf€f,“e\ﬁi’?eﬁrhavi ng the
(111) surface mrentation in the direction perpendicular to the insulation
film In this enbodi nent, 190d9. S 2 si.licon oxitde. 2v7 Jt_'ull\(ImZOOSrf r-F__52 filmlayer
of the present inventi ofWRATTIHE YH Areed o0 P G and 16r%ed by the
procedure simdarrden trre tonienrnimd hef foxsie efblodiatenthdyshesirpg t he appar at us
of FIG 19, and is faormed on the (111) 5 oriented polysilicon at 400 'C wth
the thickness of ~ 3 n%r}etAcoc%rt |engc£‘:‘i"'rol %elsp#le%’eln " ilﬁe :yn r}o%rﬁcrorﬁcgr e occurred no
t hi nni ng &b oXiedwrddrd mied Hdensiwirqrs, and it was confirmed that

the silicon oxide film is formed with uniform film
thickness on the polysilicon in any of the flat part
and edge part. The ion implantation process for
forming the source and drain regions was conducted

15 without passing through the gate oxide film, and the
electrical activation was made at 2400 T. 2as a
result, the entire process can be conducted at a
temperature of 400 C or less, and it was possible
to form a transistor on a glass substrate. The

20 transistor had the mobilility of approximately 300
cm?’/Vsec or more for electrons and approximately 150
cm’/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

25 voltage. A high-speed operation exceeding 100 MHz
became pessible in the transistor having the channel
length of about 1.5 - 2.0 nm. The leakage
characteristics of the silicon oxide film and the
interface state characteristics of the

30 pelysilicon/oxide film were good.

By using the transistor of this embodiment,

the liguid crystal display devices or organic EL

photoemission devices can provide large display area,



corner part of the device isolation region fornmed 10 between the transistors,
and it was confirnmed that the silicon oxide filmis formed with uniformfilm
t hi ckness an the polysilicon in any of the flat part and eddge pidiN 2006he i on

i npl antation process for formng the source and drain regions was conducted
15 wi thout passing through the gate oxi88-film and the electrical activation
was made at 400 C. As a result, the entire process can be conducted at a

tenperature of 400 C or less, and it was possible to forma transistor on a
gl ass substrat¥¥ RS20 ¥HEHsIRET PRI heChobR Tt LR Bppt R HEERI y 300

cn2/Vsec or nore for el egiipDasciand enps@xhentely 4RO ogaliysegien nore for
hol es. Further, a voltage of 12V or nore was obtajned_for the source and

drain breakdoW VI tagestGhdt O Phe B2t 82 bF eZktbhie 251 VBl PagE?® A hi gh- speed
oper ati on exceegh $6h 100h Mzt i Hecodea Possed| €0 i & pheyi1anssst otnhbhaving the
channel I%ngth of about 1.5 - The | eakage characteri s%i cs of the

20 n I
silicon oxiPde $THMHFE hes ?E’ﬁjejr?%ltg}ee s?ht? Thartet@PretPesdofftHR 30

pol ysi | i con/ oxéelegfiéd nwver edgopdim Byf Ush Ngnd hehdiansi stesn ofhifi s enbodi nent,

the liquid crystal display devices or_organic. E ot oem ssi on devi ces can

provi de | arge %I%@F%Je%t,oﬁ bT%f]N 285 PeESITY ‘Eg%t ,%hi gh- speed operati on,

and high reli abtdgderedWype tihis-ehhodinentissot herpne, iwhiihchs the gate

oxide filmor the gate nj'd.trid fil mo{ resent inventjon ilskgppl ied to a
0

pol ysi licon, tHE 5 enbodt BErt T35 2pp i‘%g%ﬁ’le LIS e 1 et ghle okfGe film or
gate nitrilde fil mof an anorphous silicon thin- filmtransistor (TFT), and
particularly, Biryry gmeoDIMENT)

Next, a description will be given of an
embodiment of a three-dimensional stacked LSI in
which an SOI device having a metal layer, a

15 polysilicon device, and an amcrphous silicon device
are stacked.

FIG. 21 is a conceptual diagram of the
cross—section structure of the three-dimensional LSI
of the present invention.

20 Referring to FIG. 21, 2001 is a first SOIL
and wiring layer, 2002 is a second S0OI and wiring
layer, 2003 is a first polysilicon device and wiring
layer, 2004 is a second polysilicon device and
wiring layer, and 2005 is an amorphous semiconductor

25 device, a functional-material device, and a wiring
layer.

In the first SOI and wiring layer 2001 and
also in the second SOI and wiring layer 2002, there
Iare formed digital processing parts, high-precision

30 and high-speed analeg parts, synchronous DRAM parts,
power supply parts, interface circuit parts, and the
like, by using the S0I transistors explained in the

seventh embodiment.



staggered-type thin-filmtransistor (TFT), which is wused in a liquid crystal
di splay device and the like. 10 (N NTH EMBODI MENT) Next, a description wll
be given of an enbodinent of a three-dimensional stacked LSl in? MKHI&N 50
device having a netal layer, a 15 polysilicon device, and an anorphous silicon
device are stacked. FIG 21 is a conceptual diagramof the cross-section
structure of the three-dinensional LSI of the present invention. 20 Referring
to FIG 21, 2001 is a first SO _. and wiring |layer, 2002 is.a second SO and
wiring layer, 2003 is a%iT® DPHASSIHIEGH ‘?f%lrbedea‘ﬁuc%arrﬁg‘“ﬁjaf%r, 2004 is a
second pol ysi hiay@tr g xe Biuke Wrd N oyt rpamdld 2006 ¢ iscan anor phous

sem conductor 25 device, a functional-materi aI]i 35;/41 e, and a wring layer. In

the first SO AHF3Mirihdaeyer JOTE HfC @ ¥y SESHRIFE0 and wiring

| ayer 2002, t heres ameerfarymetkwliqy trd ripy pcessi e darks, b ghe frigci si on 30 and
hi gh- speed _anal.o rts,,.synchronous DRAM par power supply parts,

interface Qi rgiﬂ%g ll:%’;erfssl,llac‘ync}d"t eansili?%?rsbyé)ﬂs%f%sq HE"8I %% ansi st or s expl ai ned
in the seventdxpdrbodidrent .t/ IN2001 and 4 ilghtherfiodsimgrolsysi | i con devi ce and

wiring layer 2003, ther re fornmed, parallel. digital. operation parts,
i nter-functional block rlgnpgta eersecpoanrc% gﬂn‘/esrr%rlycod-gvﬁ;ecvelcpear I}sc? and the |ike, by
usi ng 5 the poliysidd doyydr ¥l st ortser dteasfrrmearroaes: 1 ledlaialedy in t he sixth

and ei ghth em%%%ﬂgﬂﬁéh parts such as an amplifier, A/D converter,

10 and the like, by using the polysilicon transistor
explained in the eighth embodiment. Optical sensors,
sound sensors, touch sensors, radic wave transceiver
parts, and the like, are formed in the amorphous
semiconductor device and functional-material device

15 and wiring layer 2005.

The signals of the optical sensors, scund
sensors, touch sensors, and radio wave transceiver
parts that are provided in the amcrphous
semiconductor device and functional-material device

20 and wiring layver 2005 are processed by the parallel
analog operation part such as an amplifier or A/D
converter provided in the second polysilicon device
and wiring layer 2004 and using the polysilicon
transistor, and are forwarded further to the

25 parallel digital operation parts and the memory
device parts provided in the first polysilicon
device and wiring layer 2003 or the second
polysilicon device and wiring layer 2004 and using
the peolysilicon transistors and flash memory devices.

30 Further, the signals are processed by the digital
processing parts, high-precision and high-speed
analog parts, or the synchronous DRAM parts provided

in the first S0T and wiring layer 2001 or second SOOI



In the second polysilicon device and wring |ayer 2004, there are forned
paral |l el anal og operation parts such as an anplifier, A/ D converter 10 and
the like, by using the polysilicon transistor explained in ZHEJUNgHm

enbodi ment. Optical sensors, sound sensors, touch sensors, radio wave
transceiver parts, and the |like, are #8Baed in the anorphous sem conductor
devi ce and functional -material device 15 and wiring |ayer 2005. The signals
of the optical sensors, sound sensors, touch sensors, and radi o wave
transcei ver paRd sTHRERY ak@Y BF 04F PRJANA PAENGNBRPHDYE SERRELABRESor devi ce and

functional -material devigg 138:8n6nW £h8J:ihYLL £ 20001 8% L1 PEOSERSEd by the
paral l el anal og operation part such as an anplifier_or A/D converter

provided in tkﬁ?@ﬁﬁ%ﬁﬁiRﬁﬁ?s?¥?%b$e%eﬁ?theaﬁﬂr%}rP%bY$h§é?°@004 and using the

polysilicon tdanstéstoid angidgeripemarded dess hesctocthsy 25 pargélel digital
operation parts and the nmenory device %arts provided in the first polysilicon

devi ce andwi rfitP |35 2003 %Pe?h%r%%t Fd “Hot yRIFFRon ¢BRFER and wiring

| ayer 2004 andant$iing id heoPolysé | 60841 ianss ph Ok soangdatlashofrenory devices. 30

Further, the signals are processed by the digital processing parts,

hi gh- preC|S|ch%ﬁRF%ﬁgﬁF%ﬁ%%%r EE%I%% parts, or the synchronous DRAM parts

provided in the fi rst ST ﬁmﬂumrb@gnd)ﬁy@rtﬂé)ﬂlpﬂdidﬁeﬁﬂdﬂﬂ &S 2c JUN 2005
tranS|stors In addition, the

-55 and wiring_ | ayer 02 and he ch
i nter-functionl® ?%%k lw%%%h?%? ggﬁi BEOVP AT PIRR P F sT5 pdl ysi | i con
devi ce andow riexgulayef 20803teoesohody oet uplye aptasget Sicheptasea even when
provided wth glufalnegnbgrgétail in the above-described
embodiments.
In the above, the description are given of
the present invention with respect to the preferred
15 embodiments. However, the present invention is not
limited to such specific embodiments, and wvariations
and modifications may be made without departing from

the scope of the present invention.



and it is possible to adjust synchronization of signals all over the LSI. It
shoul d be noted that production of such a three-dinensional LSl has becone
possible as a 10 result of the technol ogy of the present i nven? i7odUN 8§ ai ned
in detail in the above-described enbodinents. In the above, the description
are given of the present invention witht Tespect to the preferred 15

enbodi ments. However, the present invention is not limted to such specific
enbodi nents, a j i cations nay be nade without departing
from the scope 0 ntfon. 2 7 JUN 2005 -56 | NDUSTRI AL

APPLI CABI LI TY Accord|nghurdﬂﬂimgesenmﬂlﬁMEEamnllnwenmmnnnaszp055|ble to
conpletely remn r rmn t| rogen even. at. Iom/tenperature of 5
about 400 C orﬁ%§§§érPcoﬁtlnu§%§%br é%%%ﬂbq\m%ﬁﬁnﬁu%rea i ng vacuum and

Wi t hout degr adiergitnize: iny anatnd@emfexeemat clorw sthrim:reatu-iemc:e: it is possible
to forma §I|I on.oxjde-fi Lm silicon nitride film and silicon oxynitride
film havi &haracterlgflégsané rePlab|FPP§ ?uﬁgFﬁgr "Po those of a
silicon OX|deWMﬂMQdﬁnhnﬁﬁﬁnnqaWﬁﬂnnmnanﬂuﬂ’thdﬁﬂrﬂﬂgnﬁdxnﬁ|thepwocess or

m crowave pla : s IdJ ol Of rf rientation at |ow
tenperature o?’ angﬁl O%SEIC%?) J"Icicralsci}ms145LJ Consé(;qucaa}[r%%{-|f/e,U |lta('cg_esgorres possible to
realize a m Hoatsibilzeda rfar ¢t Gl liimcdyratiatk didleui tshadary high reliability
and hi gh perfermancR AISO AEYAING L 48 P REEH L INVEJiQRy It becones

possible to forma thin and high-quality
10 characteristics and reliability superior to those of

a silicon oxide film formed by a conventional
thermal oxidation process or micreowave plasma
processing, on a silicon of any surface orientation
at low temperature of about 500 °C or less.

15 Consequently, it becomes possible to realize a
miniaturized transistor integrated circuit having
high reliability and high performance.

Also, according to the present invention,
it becomes possible to form a thin and high—-quality

20 silicon oxide film, silicon nitride film, and
silicon oxynitride film having good characteristics
such as leakage current and breakdown wvoltage even
on a silicon surface of a corner part of a device
isolation sidewall cof, for example, a shallow-trench

25 isolation or on a silicon surface having a surface
form with projections and depressions. Consequently,
it becomes possible to achieve high-density device
integration with a narrowed device isolation width
and high-density device integration having a three-

30 dimensional structure.

In addition, by using the gate insulation
film of the present invention, it was possible to

realize a flash memory device and the like capable



20 silicon oxide film silicon nitride film and silicon oxynitride film

havi ng good characteristics such as |eakage current and breakdown vol t age
even on a silicon surface of a corner part of a device £sblJHNi25si deval |
of, for exanple, a shallowtrench 25 isolation or on a silicon surface having
a surface formw th projections and depfessions. Consequently, it becones
possi ble to achieve high-density device integration with a narrowed device
isolation w dt and .hi.gh- gnsij.tr}/ device integration having a three- 30

di mensi onal stTudtWE ST Saddi tiT0H, " by Usi hg the gat & 1 nsulation filmof the
present inventdewxidiingvas possible to realize a flash nmenory device and the
| i ke capable 27 JUN 200 -b7 of significantly .ncreasi the nunber of tines
of rewiting. Further, %é“’crctglrecﬁ ’ngaqt 0 Ii%lem%&eosetn < p|rnevseennrigon, it becones

possi bl e to fammenthiaqgh 5 wusddnesipaco lgate ddde & iligtand silicon gate
nitride fikm ; pal ysi || r 3 insul at | filmand having a
pr edom nan'%l yg%ﬁ%%f)% %rﬁaénl%lozdd ur a%gl.&?Agf%% Za[glu t, SllLit degé(;arf'e% possible to
realize a di splidy igigpdridinus teratoruse Pl Y0 polopsifddmgd tararmsi st or havi ng hi gh
driving ability, furd:her, t : i%nin_sej i, Jegrated circuit  device
in which a pl ul?ﬁalﬁltad&qc?fl tfﬁlralﬁiiasr?dorﬂsyvglﬁiagd unctﬁﬁﬂér{o}lel\?cgsﬁgre stacked, which
provi des gr eatoriteadiasolsogyf asysi | | dverd effsetts. X PSRINEDOPSsHICLAIMS 1. A

sem conduct or (Jevies G iSidi A apparatus that uses a

10 polysilicon transistor having high driving ability,
and further, a three-dimensional integrated circuit
device in which a plurality of tramsistors and
functional devices are stacked, which provides great

technology spillover effects.



silicon conmpound |ayer fornmed an a silicon surface,

5 wherein said silicon

conpound | ayer <contains at |least a predetermned inert gas and has a
hydrogen content of 1011/cne or less in ternms of surface dgnfyﬂm}zgﬁ'Z. The
sem conductor device as clainmed in claiml1, wherein the inert gas

one kind of argon (Ar), krypton (Kr),-a%d xenon (Xe). 3. A sem conduct or
menory device 15 conprising, on a conmon substrate, a transistor

polysilicon filmfornmed on a silicon

| ayer, and a

su
capacitor including a Sl silicon conpound | ayer

I's at | east

i ncluding a

rface via a first silicon conpound

formed on a

pol ysilicon surface, 20 wherein each of said first and second silicon
conpound | ayers contains, at, | east a lPredetfrm'ned inert gas and has a
e

hydrogen content of |ol%7 c¢he® BHGuEd

TR

TOF UM AR Herfsity. 25 4. A

sem conduct or sdelviiczen heanipgrgurad Jpotersifoaord layer oflaomt photiBacd | i con | ayer

for med on.a substrate as, ane.actiav.le | a
containing at |east a preaeelf i Sed |

yer, wherein a.silicon conmpound | ayer
i St tC YasS A “%S%%’(ﬁ%g a hydrogen

content of 10kfrcreiror dtesisedst tereddtaurfmee Uenst tyas saddrimed on a surface
of said sili caor}]})daiygerﬁrséd1 and sai.d sgr@oaopgrgxtoqrp\lgegs\éslr ;;len drdyes a di-splay 27 JUN

2005 -59 device
sem conduct or swehda@e damsitsil i con surf ace,

for on e substrate. 5.

exposing said silicon surface to a first

10

15

20

25

30

2. The semiconductor device as claimed in
claim 1, wherein the inert gas is at least one kind

of argon (Ar), krypton (Kr), and xenon (Xe}.

3. B semiconductor memory device .
comprising, on a commen Substrate, a transistor
including a polysilicon £ilm formed on & silicon
surface via a first silicon compound layer, and a
capacitor including a second silicon compound layer
formed on a polysilicon surface,

wherein each of said first and second
silicon compound layers contains at least a
predetermined inert gas and has a hydrogen content

of 10"/cm? or less in terms of surface density.

4, A semiconductor device having a
polysilicon layer or amorphous silicon layer formed
on a substrate as an active layer,

wherein a silicon compound layer
containing at least a predetermined inert gas and
having a hydrogen content of 10''/cm’ or less in
terms of surface density is formed on a surface of

said silicon layer, and

said semiconductor device drives a display

cation nmethod of a
conprising the steps 5 of:



plasma of a first inert gas so as to renove hydrogen existing on at |east a
part of said silicon surface in advance; and-10 generati @Tajlzwqglpp pl asma of
a m xed gas of a second inert gas and one or a plurality of i nds of gaseous
nol ecul es, and form ng, on said silicon surface, a silicon conpound | ayer
containing at least a part of elenents5%onstituting the gaseous 15 nol ecul es
under said second plasnma. 6. The fabrication nethod of a sem conductor device
as claimed in claim5, wherein, prior to the hydrogen renoving step, the
silicon 20 surdHEes sLATRET RF byh‘g fehF BhA FRicl udi ng hydrogen. 7. The
fabrication nethod of a sem conductor device as clainmed in claim®6, wherein
the mediumis a hydrogengt edn%\%g er. 25 8. Thlg\%%ab ication nethod of a

semi conduct or device as i at TR T B ENRR It P THR tnt?s a dil uted
hydrof |l uori c atdwhice30b19.a Thel { & | oot £ e 1ot dsl D i Bg  Siedn congikict or devi ce as
clainmed i nscl aim5, wherein the silicon surface is a single-crystal silicon
surface. 277 2005; -60 10. The fabrication nethod of a sem conductor
device as clained in cl axpdivhereid sihecsi |l scofaserf@ace fisrat (100)-oriented
surface. 5 11._.The fabtri ca%j on nethod of a _sem conduct or deé(i ce as clained in

claim9, wher @ Thesiticon” subtace 93° a2 110) S or1 05 P T24% 10 12. The
fabrication nmethiogtiofg aon at least a part of said silicon surface

in advance; and

10 generating a second plasma of z mixed gas

of a second inert gas and one or a plurality of

kinds of gaseous molecules, and forming, on said

silicon surface, a silicon compound layer containing

at least a part of elements constituting the gaseous

15 molecules under said second plasma.

6. The fabrication method of a
semiconductor device as claimed in claim 5, wherein,
prior to the hydrogen removing step, the silicon

20 surface is treated by a medium including hydrogen.

7. The fabrication method of a
semiconductor device as claimed in claim 6, wherein

the medium is a hydrogenated water.

25
8. The fabrication method of a
semiconductor device as claimed in claim 6, wherein
the medium is a diluted hydrofluoric acid.
30 9. The fabrication method of a

semiconductor device as claimed in claim S5, wherein
the silicon surface is a single-crystal silicon

surface.



sem conductor device as clained in claim9, wherein the silicon surface
includes a plurality of different crystal faces. 15 13. ']%Mgﬁ cation

net hod of a sem conductor device as clainmed in claim 122 t he
plurality of different crystal faces define a device isolation trench. 20 14.
The fabrication nmethod of a sem conducé®¥r device as clainmed in claimb5,
wherein the silicon surface is a polysilicon surface. 15. The fabrication

net hod of a 25 sem conductor device as clained in claimb5, wherein the
silicon surface is an anorphous silicon surface. 16. The fabrication nethod

of a sem conductor devicg asprd atdmd AN AaieShophesein 30 each of the first
and second inert gases is at |least one kind of gas selected froma group

consi sting of S SATGHIF ¥y )dqytsce @ krafm Ored K Yesim dhd H1s&®ion  (Xe) gas. 2

7 JUN 2005 - 6hel7ss 1hhed ahid catd ons net hash jofo @ e Siedd canducdor device as
clainmed in _claim116, wherein the first inert gas is identical with the second

5 inert gaé. 18. The fabrication nmethod of a sem conductor device as clained

in claimb5, wherein the secad dneritcgasod sn@tl-{gyp;tprg (Kr) gas, the 10
gaseous nol ecul es, are oxygen (0,) nolecules, and a silicon oxide filmis
formed as the G UTRTOARY Ldeyfet .Clioimethel T obrd Chtd otk of a 15

sem conduct or WevisGa @asorClAldRad nLlal m5) Wherdited the-saeond inert gas is
an argon (Ar) gas, a krypton
10 12. The fabrication method of a
semiconductor device as claimed in c¢laim 9, wherein
the silicon surface includes a plurality of

different crystal faces.

15 13. The fabrication method of a
semiconductor device as claimed in claim 12, wherein
the plurality of different crystal faces define a

device isolation trench.

20 14. The fabrication methed cf a
semiconductor device as claimed in c¢laim 5, wherein

the silicon surface is a polysilicon surface.

15. The fabrication method of a
25 semiconductor device as claimed in claim 5, wherein

the silicon surface is an amorphous silicon surface.

i6. The fabrication methed of a
semiconductor device as claimed in ¢laim 5, wherein
30 each of the first and second inert gases is at least
one kind of gas selected from a group consisting of
an argon (Ar) gas, a krypton (Kr) gas, and a xenon

(Xe) gas.



(Kr) gas, or a mixed gas of argon and krypton, the gaseous nDIecuIes are

ammoni a ( NH3)
nmol ecul es, 20

nol ecul es or nitrogen (N,) nol ecul es and gyg ﬁﬂ@g

and a silicon nitride filmis formed as th conpound

| ayer. 20- The fabrication nethod of a sem conductor device as clained in
claim5; wherein 25 the second inert g&s is an argon (Ar) gas, a krypton (Kr)
gas, or a mxed gas of argon and krypton, the gaseous nol ecul es are oxygen
(02) nol ecul es and ammonia (NH3) nol ecul es, or oxygen (02) nol ecul es,

nitride (N2) nol ecul es, and hydrogen (H2) nol ecules, 30 and a silicon
oxynitride filmis fornﬂd.aﬁﬂﬁufahdﬂdaxﬂbmonpﬂunﬁ<dﬂy£r 21. The fabrication

met hod of a 2

wherein the fiTstc

7 JUN 2 ﬁ senlcondqftor eV|cg% ? nqg |n cIa|n15
Sem ce as C 1in allll
& second plasma are excl edq*%y M crowave. 5

22. A fabri cattll'cm ﬂmtsttodi.rcffr‘a gasems:o:nimctmalrrs-rmtrry devisscdrh@at i ncludes, on a

conmbn substr
surface via a

L& a ran5|stor having a polysilicon filmformed on a silicon
iTst 2Gisul ation filmand a capacitor including a second 10

insulation filmformed on a polysilicon surface, conprising the steps of:

exposing the silicon surfacepto ﬁaa
renmove hydrogen existing on at ast a part

Jgfégtlggéﬁggk G first inert gas so as to

e silicon surface 15 in

advance; and geEvercRrnidws tep s eborid 9l sl ofmed minedl afas S ofwheseiond inert gas
and one or a Py alddohdfinddNdi Ofs Y35 a0U5BH egil ez &nd.forning, on the

10

15

20

25

30

gaseous molecules are oxygen (0Q,) molecules, and a
silicon oxide film is formed as the silicon compound

layer.

19. The fabrication method of a
semiconductor device as claimed in claim 5, wherein
the second inert gas is an argon (Ar) gas, a krypton
{Kr)} gas, or a mixed gas of argon and krypton, the
gasecus molecules are ammonia (NH,} molecules or
nitrogen (N,) molecules and hydrogen (H,) mclecules,
and a silicon nitride f£film is formed as the silicon

compound layer.

20. The fabrication method of a
semiconductor device as claimed in claim 5; wherein
the second inert gas is an argon (Ar) gas, a krypton
(Kr) gas, or a mixed gas of argon.and krypton, the
gaseous molecules are oxygen (02} melecules and
ammonia (NH3} molecules, or oxygen {02} molecules,
nitride (N2) molecules, and hydrogen (H2) molecules,
and a silicon oxynitride film is formed as the

silicon compound layer.

21. The fabrication method of a



silicon surface, a silicon conmpound | ayer containing 20 at |east a part of

el ements constituting the gaseous nolecules as the first insulation film
under said second plasma. 23. The fabrication nmethod of a Z57s# ¢8fiduct or
device as clainmed in claim?22, further conprising the steps of: exposing the
polysilicon surface to a third plasma-68-a third inert gas so as to renove
hydr ogen existing on at |east a part of the silicon 30 surface in advance;

and form ng asfé)réj.réoh CPI a,;onla c?f a m'a>_<§d pgas of . a qurr%h5i nert_gas and one or a
plurality of KT OB Gaseots’ Hof el 257 BRA tBrit AE" dn YREE2'Y JUN 2005
-63 pol ysilicomhsuffece, pastd | Zod cloapoendnd aykismeoatai axongtad | east a part

of elenents cqpstrH u;gcinp ethe gaseous nol ecul es as the second insulation film
under said foufrth plasma. 5 24. The fabrication nmethod of a sem conduct or

device as clained in claim23, wherein the first and third inert gases are at

| east one ckind of gas Sﬁecz%ePaHP@é&%Orh'é’t}?&gsééténg of Ar, 10 Kr, and Xe.
of a

25. The fabrication nethod sem conductor device as clainmed in claim 23,
wherein the sevonthrhd: fourtdéme nerdegasestiaze Kncladest hen1d first and second

| nsul ati on {1l apugse Torerb by & Sildgonoxige (il 26 The. fabri cation

net hod of a sem conduct or devi ce as ained in _cI . ereln 20 the
second and foufiimifrrnedaress asel Igonrswrtagydvia a first

insulation f£ilm and a capacitor including a second
10 insulation £ilm formed on a polysilicon surface,
comprising the steps of:
exposing the silicon surface to a first
plasma of a first inmert gas 50 as to remove hydrogen
existing on at least a part of the silicon surface
15 in advance; and
generating a second plasma of a mixed gas
of a second inert gas and cone or a plurality of
kinds of gaseous molecules, and forming, on the
silicon surface, a silicon ceompound laver containing
20 at least a part of elements constituting the gaseous
molecules as the first insulaticon film under said

second plasma.

23. The fabrication methed of a
25 semiconductor device as claimed in claim 22, further
comprising the steps of:
exposing the polysilicon surface to a
third plasma of a third inert gas so as to remove
hydrogen existing on at least a part of the silicon
30 surface in advance; and
forming a fourth plasma of a mixed gas of
a fourth inert gas and one or a plurality of kinds

of gaseous molecules, and forming, on the



the first and second insulation filns are forned by a nitride filmor an
oxynitride film 27. The fabrication nethod of a 25 sem conductor device as
claimed in any of clains 22- 26, wherein the first and secodd? plis#i§ are
excited by mcrowave. 28. A fabrication nethod of a 30 sem conductor device
having a polysilicon layer or anorphot®3silicon |ayer on a substrate as an
active |ayer, corrprisi ng the steps of: formng, on said substrate, a silicon

2 7 JUN 2005 64 vler_,ronozlsusr ac(_jt)olﬁyssl‘l 19 nlcacyr%fmg{dal et)]_hous | ayer;

exposing a surface of sal icon 1ayer asima of” a first inert gas so
as to renove dwd:raagemcemtst]ieragsmra aiaﬂ‘feavt Algmittofcamdituwirre 5 of said

silicon | ayer %a%ee%qfsatﬂlgrﬂ%(é‘l Asm 9f, a cujl%lo‘;t 33? secopd inert gas

and one or ity of 0 gaseous no ormng, on said
surface of saardiescl |siacigh flcayerh Al asing con conmpound | ayer 10 including at | east
a part of Sl enments constituting said gaseous nol ecules. 29. The fabrication
met hod of sem conductor device as clainmed in claim?28, wherein 15 the
first inert gas is at | ddst Thee Gabil et igus madiert exf foorm a group consi sting

of Ar, Kr, an%e%?acm’a%ctme Jewaecaég Qo B0 0f e 3 1 5 & CopdUt gy device as

claimed in claim 28, wherein 20 the second inert gas Is Kr, and the silicon
conpound | ayé&ms; $ix s |ancbrtheadde ¥91mIaPes Bre fabriastt sihaet hod of a

seni conduct or 1de\ oF ALl AIMRA D S M ProWh & &disting of ar,
10 Kr, and Xe.

25. The fabricaticn method of a
semiconductor device as claimed in claim 23, wherein
the second and fourth inert gases are Kr, and the

15 first and second insulation films are formed by a

silicon oxide film.

26. The fabrication method of a
semiconductor device as claimed in claim 23, wherein
20 the second and fourth inert gases are Ar or Kr, and
the first and second insuvlation films are formed by

a nitride film or an oxynitride £film.

27. The fabrication method of a
25 semiconductor device as claimed in any of claims 22-
26, wherein the first and second plasmas are excited

by microwave.

28. A fabrication method of a
30 semiconductor device having a polysilicon layer or
amorphous silicon layer on a substrate as an active
layer, comprising the steps o©of:

forming, on said substrate, a silicon



25 the second inert gas is Ar or Kr, and the silicon conmpound |ayer is a
nitride filmor an oxynitride film 32. The fabrication nethpg fﬂﬁNaﬂﬂfﬁ)

sem conductor device as claimed in claim?28, wherein the first and second
pl asmas are excited by mcrowave. ABSTRACT In a fabrication nethod of a
sem conductor device including a pl uré"?‘ﬁy of silicon-based transistors or
capacitors, there exist hydrogen at least in a part of a silicon surface in

advance, and ,t.he hydraqgen, i S .r.engv.e Y S| siJicon .surface to a
first inert gealflyﬁlraéj%ra.sq’fhderpec’a%%sﬁlcdop alsa eoﬁosog%ri%r}%he&djéb&agerﬁ‘xed gas of a
second inert gas and onexgrostore gasuoilss el ecdias, sldnidan sidveon  conpound

| ayer contai nipg At | east & pard; Afc the el @enls £ONS iddildang the gaseous
nol ecules is or on the surface of the Silicon gas.

hydrogen existing on at least a part of said surface

5 of said silicon layer; and
generating a plasma of a mixed gas of a

second inert gas and one or a plurality of kinds of

gaseous molecules, and forming, on said surface of

said silicon layer, a silicon compound layer

10 including at least a part of elements constituting

said gaseous molecules.

29. The fabrication method of a
semiconductor device as claimed in claim 28, wherein
15 the first inert gas is at least one kind of gas

selected form a group consisting of Ar, Kr, and Xe.

30. The fabrication method of a
semiconductor device as c¢laimed in claim 28, wherein
20 the second inert gas 1is Kr, and the silicon compound

laver is a silicon oxide film.

31. The fabrication method of a
semiconductor device as claimed in c¢laim 28, wherein
25 the second inert gas is Ar or Kr, and the silicon
compound layer i1s a nitride film or an oxynitride

film.

32. The fabrication method of a
30 semiconductor device as claimed in claim 28, wherein
the first and second plasmas are excited by

microwave,
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ABSTRACT

In a fabrication method of a semiconductor
device including a plurality of silicon-based
transistors or capacitors, there exist hydrogen at
least in a part of a silicon surface in advance, and
the hydrogen is removed by exposing the silicon
surface to a first inert gas plasma. Thereafter,
plasma is generated by a mixed gas of a second inert
gas and one or more gaseous molecules, and a silicon
compound layer containing at least a part of the
elements constituting the gaseous molecules 1is

formed on the surface of the silicon gas.



