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invention relates to a 10 semiconductor device in which an oxide film, a nitride film, an oxynitride film,
and the like, is formed on a silicon semiconductor, and the formation method thereof. 15
BACKGROUND ART The gate insulation film of a MIS (metal/insulator/silicon) transistor is required to
have various high-performance electric propertiescand =isd-RighHliability, such as low leakage
current 20 characteristic, low interface state density, high breakdown voltage, high resistance against
hot carriers, uniform threshold voltage characteristic, and the like. In order to satisfy these various 25

requirements, the technolodg/lgfltﬁg %ﬁ&&r%ﬂ%&%@%@%&ﬁ%ﬂu@@o%ﬁ ﬁglfy as the
formation technology of tiegatomsulation fiimywbereindhe- tbemraliaxidaiondesbuologr uses

oxygen molecules5 or water r’r@ﬁggﬁ&s %]L%IQ%&ETpg@u&g&g@%ﬁ#&%%rgﬁDm%e. t should be

noted that a thermal oxidation “process eeh condu er conducting a
preprocessing process of removing 27 June 2608 CONDUCTOR DEVICE

TECHNICAL FIELD

The present invention relates to a
10 semiconductor device in which an oxide film, a
nitride film, an oxynitride film, and the like, 1is
formed on a silicon semiconductor, and the formation

method thereof.

15 BACKGROUND ART

The gate insulation film of a MIS
(metal/insulator/silicon) transistor is required to
have various high-performance electric properties and
also high reliability, such as low leakage current

20 characteristic, low interface state density, high
breakdown voltage, high resistance against hot
carriers, uniform threshold voltage characteristic,
and the like.

In order to satisfy these various

25 requirements, the technology of thermal oxidation
process has been used conventionally as the formation
technology of the gate insulation film, wherein the
thermal oxidation technology uses oxygen molecules or
water molecules at the temperature of about 800°C or

30 more.

It should be noted that a thermal oxidation
process has been conducted conventionally after

conducting a preprocessing process of removing



2 surface contaminants such as organic materials, metals, particles, and the like, by a conducting
cleaning process. It should be noted that such a conventional cleaning \;Zgazes includegt&érﬁl 5
cleaning process that uses a diluted hydrofluoric acid or hydrogenated water MEHmin e
dangling bonds exiting on the silicon surface by hydrogen. Thereby, formation of native oxide film on
the silicon surface is suppressed, and the silicon 10 substgate thus having a cleaned surface is
forwarded to the following process of thermal oxidation. In the thermal oxidation process, the
terminating hydrogen & fHeé*SGrf&cE GRdergeas detdaplintSd @i theC pfste’s bt taising the

temperature of the siligRit 13 sybgtsateiin podned gas@atmosphere sich-asargan- (Angas
atmosphere. Oxidation of the silicon surface is conducted thereafter at the temperature of about

800C or more in the afmM&EPhErE iIPWRIthSSkygeh HotetleL6r WAl Mbleelles ¥r8 iftroduced. 20 In
the conventional thermal :oxédationn process asatistagierycexdide/siicom duerface icharacteristics, oxide

breakdown characteristics, leakage current chﬁr%cteristics, agd _ILheCIilge, are acpiieved.only in the case
- 5 . C {ll ocess,..tha qufS % U hoyf O LMOXric . .
a silicon surface having henﬁo )rorlentatlon is"used for the formation e silicon oxide film.

Further, it is known thatcth®re arisgs acemarkalle weterioratian okleakage ictiaracteristic in the case
ot S ey ool 30 el gvtor rces
transistor that requiresitydrogen. Thereby, formation of native oxide film on

the silicon surface is suppressed, and the silicon

10 substrate thus having a cleaned surface is forwarded
to the following process of thermal oxidation. In the
thermal oxidation process, the terminating hydrogen
at the surface undergoes decoupling during the
process of raising the temperature of the silicon

15 substrate in an inert gas atmosphere such as argon
(Ar) gas atmosphere. Oxidation of the silicon surface
is conducted thereafter at the temperature of about
800°C or more in the atmosphere in which oxygen
molecules or water molecules are introduced.

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

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

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

decrease of the gate insulation film thickness.



decrease of the gate insulation film thickness. 27 June 2005 3 Further, in the case the silicon oxide
film is formed on a silicon crystal having a surface orientation other thar;t%e googb%rifgéatb)c%or ona
polysilicon formed on an insulation film, there 5 arises a problem of formétion Yaftfe inferf state
density at the oxide/silicon interface as compared with the case the silicon oxide film is formed on the
(100)-oriented silicon surface, and this holds true even when the silicon oxide film is 10 formed by the
thermal oxidation technology. It should be noted that a polysilicon film formed on an insulation film
has a primarily (111) oriented surfab8IFREE suth atéificoiraadé fifin s soor S18éHR propérties in

terms of breakdown 15 ghataeteristiss, lgakage eurrent.charagteristics,@nd thedikes particularly when
the thickness thereof is reduced, and there has been a need of increasing the film thickness of the

silicon oxide film wherdsifig “&UchCa sitSH bxidaiim® 26 MedMWhife’ the be& bPTargé-diameter silicon
wafer substrate or large=argaiglass sulisitate disdncreasingdhese days for impravirg the efficiency of
semiconductor device%l)roduction. In o%dfr to fogm transjcstors on thf entire sugac% of such a large 25

| ilncter

size substrate with uniform characteristics and WitfhoFIIing% th(r)cr)lug%fpu gt %enecessaryat%eform the

insulation film at a lowsemperataresst asdt décrease the/magnitode ohthertéaperatsire change,

which takes place at tfg:%g@g of the heating process 30 ar at.the time of the copling process. Further,
the formed on the (100)-oriented silicon surface, and

this holds true even when the silicon oxide film is

10 formed by the thermal oxidation technology. It should
be noted that a polysilicon film formed on an
insulation film has a primarily (111) oriented
surface. Thus, such a silicon oxide film has poor
electric properties in terms of breakdown

15 characteristics, leakage current characteristics, and
the like, particularly when the thickness thereof is
reduced, and there has been a need of increasing the
film thickness of the silicon oxide film when using
such a silicon oxide film.

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

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

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

conventional thermal oxidation process, it should be



process of forming such an insulation film is required to have small temperature dependence. In the
conventional thermal oxidation process, it should be 27 June 2005 4 nog%thi&t there I?éeBeqﬁen a
large fluctuation of oxidation reaction rate caused by temperature fluctuétion, HdiEha difficult
to conduct the production process of semiconductor devices with high 5 throughput while using a
large-area substrate. In order to solve these problems asspciated with the conventional thermal
oxidation technology, various low-temperature film formation processes have been attempted.
Among others, the tecﬂﬁél%ﬁy@@%isél%é@irﬁ%‘?pé?%%@ 1%id-OpEh Patert PRbicationt 11-279773 or

the technology disclosed i Jechnicak Rigess:of intemnationak Elestrondagidces Meeting, 1999,
pp.249-252, or in 2000 Symposium on VLS| Technolo% Digest of Technical Papers, pp.76-177, 15

achieves relatively godd BRcHhitPropaRidstor TR fiflt BY cOhdhciny thetSkiGatisi s theKicon
surface by using atomjerstatecaxygend¥odbere, @h Hert gas bavinga lacge metastable lavelHs used
for the atomization of the oxygen moleﬁ‘cuies, and for thii, 20 the inert gas.is jcnérotduced into plasma

together with gasSeoust 8)%?91; %%Fec"ﬂ es. ﬂwselsrégteéhnglgai%ééff%ﬁoﬁlﬁbose nGted " that a microwave

is irradiated to the mixed gas formetirofandinerttkryptoh(Kr)tgassang anlokygen 25902). gas,cand a
large amount of atomig, sigle pxyaen, Qe faymsd- Iherehy. e oxidalion ofsliegn js onducted at
i I 1’

a temperature of about 400C, and the properties comparable to those of the conventio
various low-temperature film formation processes have

been attempted. Among others, the technology

10 disclosed in Japanese Laid-Open Patent Publication
11-279773 or the technology disclosed in Technical
Digest of International Electron Devices Meeting,
1999, pp.249-252, or in 2000 Symposium on VLSI
Technology Digest of Technical Papers, pp.76-177,

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

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

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

25 (O2) gas, and a large amount of atomic state oxygen
O* are formed. Thereby, the oxidation of silicon is
conducted at a temperature of about 400°C, and the
properties comparable to those of the conventional
thermal oxidation process, such as low leakage

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

high—-quality oxide film is obtained also on the



thermal oxidation process, such as low leakage 30 current characteristics, low interface state density
high breakdown voltage, and the like, are achieved. Further, according t%&@isr?xidatiorzt@ﬁglogy, a
high-quality oxide film is obtained also on the 27 June 2005 5 silicon surface &Wﬁa

orientation other than the (100) surface. On the other hand, such a conventional silicon oxide film
formation technology, even when 5 using the microwave plasma, could at best realize a silicon oxide
film having electric properties comparable to those of the film formed by the conventional thermal
oxidation process, whightiseSloxehfBlcales o WateH Afctecules Fartigiany, ie tbHas been not
possible to obtain the desired-low laakagescurrent €haracteristics in the case the silicon oxide film has
a thickness of about 2nm or less on the silicon substrate surface. Thus, it has been difficult to realize
high-performance, 15 miniaturized tfahsidtsrsthaf redtmeturtREF Yedread s he YRt insulation film
thickness, similarly toghe case o garentional thermat axide tiantosmation teshnolegyefrurther, there
has been a probIeSm that the 2t0hsilico.n oxide film thus formed shloc\l{vs severe dergeragation of electric
properties in the case the ‘silicon oxide film is Used for a tfansistor, stch a%saegra%laﬁér? of
conductance caused byiRotganrier injectionlor iherease of leakagecurmerp ér thieecase 25 the silicon

oxide film is used in a 98}%8 rSéllgtil 2s.a f{ggg ggergg%%hi%q mie§ O%ditu}ggelt{@%of
conventional thermal oxidation process, which uses
oxygen molecules or water molecules. Particularly, it

10 has been not possible to obtain the desired low
leakage current characteristics in the case the
silicon oxide film has a thickness of about 2nm or
less on the silicon substrate surface. Thus, it has
been difficult to realize high-performance,

15 miniaturized transistors that require further
decrease of the gate insulation film thickness,
similarly to the case of conventional thermal oxide
film formation technology.

Further, there has been a problem that the

20 silicon oxide film thus formed shows severe
degradation of electric properties in the case the
silicon oxide film is used for a transistor, such as
degradation of conductance caused by hot carrier
injection or increase of leakage current in the case

25 the silicon oxide film is used in a device such as a
flash memory, which relies upon tunneling of
electrons caused through the silicon oxide film, as
compared with the case of using a silicon oxide film
formed by the conventional thermal processes.

30 FIG.1 shows the schematic structure of a
conventional flash memory device 10.

Referring to FIG.1l, the flash memory device

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



electrons caused through the silicon oxide film, as compared with the case of using a silicon oxide film
formed by the conventional thermal processes. 30 FIG.1 shows the schematic structure oé)
conventional flash memory device 10. Referring to FIG.1, the flash mem(?;jde ite1 %0 ig T}#ed ona
silicon substrate 11 doped to p 27 June 2005 6 type or n-type and there is formed a floating gate
electrode 13 on the silicon substrate 11 via a tunneling oxide film 12. The floating gate electrode 13 is
covered with an inter-electrode insulation film 5 14, and a control gate electrode 15 is formed on the
floating gate electrode™®Fiathe inteiBRcidde tiRgtRtiOA fiffA A EuRther, 2R 8ddree ¥8§iBn 11B and

a drain region 11C of p-iype etprtypesatgformeddn ithe silicomsubstrate 11 at bgthlateral sides of a
10 channel region 11A right underneath the floatinqagate electrode 13. In the flash memory device 10

of FIG.1, the control gate Bfetirdode 15 CHusEs tapatitancd cduing - With 9R& Ro&ths A Bectrode
via the inter 15 electrode insulatiere ki l4,iamnd as ainesult,-thecpatential afiibe fleating gatelelectrode
is controlled by the congrol voltage applied to the control gate electrpde 15, Thus, in the case
information is written % ’mt%rffgnigﬁogﬁﬁéc gr;z?lt% gl%ct?oc?é ?ncgt%ﬁ aes.hﬁ‘n%erlrfct’)r)}E OcFeIQ/(lec% o) OFE%.L a
predetermined drive vdltage isngpplietcacross theodrainl fegion 11 Gand tierseuree tregin 11B and a

predetermined positivg Wit yoltage is applied tothe,qontrol gate glectrode. 15 [herely, 4
a drain region 11C of n-type or p-type are formed in
the silicon substrate 11 at both lateral sides of a

10 channel region 11A right underneath the floating gate
electrode 13.

In the flash memory device 10 of FIG.1, the
control gate electrode 15 causes capacitance coupling
with the floating gate electrode via the inter-

15 electrode insulation film 14, and as a result, the
potential of the floating gate electrode is
controlled by the control voltage applied to the
control gate electrode 15.

Thus, in the case information is written

20 into the floating gate electrode in the flash memory
device 10 of FIG.1l, a predetermined drive voltage is
applied across the drain region 11C and the source
region 11B and a predetermined positive write voltage
is applied to the control gate electrode 15. Thereby,

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

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

region 11B, and the electrons in the floating gate



25 there are formed hot electrons as a result of acceleration in the vicinity of the drain region 11C,
and the hot electrons thus formed are injected into the floating gate elecgaoze 3 via thzgﬂﬁgling
oxide film 12. 30 In the case the information thus written is to be erased,“a pred&ternin se
voltage is applied to the silicon substrate 11 or to the source region 11B, and the electrons in the
floating gate 27 June 2005 - 7 electrode 13 are pulled ou. In the case of reading the written
information, a predetermined read voltage is applied to the control gate electrode 15 and the electron
current flowing througlf i ER&1tTel tégish S PEGE?LI%% fHetsourBe FEFioRA9B BithEf&inTtegion 11C

is detected. FIG.2A shoms the bangrstructyrenfthe flash pemesy 40:0f G . L-nthegsasssgectional
view that includes the floating gate electrode 13, the 10 tunneling_oxide film 12 and the silicon

substrate 11, wherein'FIG2R 5hostRe Skite 57 Which nd 2bfitrbi: G6itdgé' s dpplidB%o thé control
gate electrode 15. Refelring: toohnl G:2A rthectunneling dnsiatiaryfiln: 12 ferms.a potendigd barrier and it

15 can be seen that thfllp\jegtlon ofcﬁhe electrons on the coréq%th on band Ig[c of the silicon substrate 11

into the floating ga‘E{te electrode 13 is e%feséﬂ\lferlflebl(r)% edFI sﬂo%v%sﬁhe band structure for the 20

case a write voltage islagplied td¢he cortriol gate electrode 15. Referring to FIG.2B, there is induced

FIG.2A shows the band structure of the
flash memory 10 of FIG.1 in the cross—-sectional view
that includes the floating gate electrode 13, the

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

Referring to FIG.2A, the tunneling

insulation film 12 forms a potential barrier and it

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

FIG.2B shows the band structure for the

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

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

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

30 the form of Fowler—-Nordheim tunneling current.

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

increasing the tunneling probability of the tunneling



modification of the band structure in the tunneling insulation film 12 as a result of application of the 25
write voltage, and as a result, the conduction band Ec forms a triangular te[‘gtial. Thuzﬁ}?3 ot
electrons thus formed in the channel region A are injected into the floatingaéa Ble&rode 13 After
passing through the triangular potential barrier in 30 the form of Fowler-Nordheim tunneling current.
Now, in order to increase the writing speed in the flash.mgmory device 10, there is a need of
increasing the tunneling probability of the tunneling 27 June 2005 - 8 current passing through the
triangular potential in & @l oPPRS 2BI Thist@itPbe BbRievEd ByItécreaBifigthe thitkAdss of the

tunneling oxide film 124l the case the thicknass of the tunneling oxide; 2 filka 113\is decreased, on the
other hand, the electrons in the channel may pass through the tunneling oxide film 12 in the

non-writing state shoWif it BRS 2B%y- Cuding fuitHefifig ahdBfm & Geurrenterd EiE 3 shows
the relationship between tha relectec fielappliedtin the tunneling axice filoni2 1and;thexdureent
density of the tunneling current. passing through the tunneling oxide film 12. Referring to FIG.3, it is
required that a 15 tun%é#ﬁng gl%rrelr?t §%%%%?fi?dmf%aﬁ%l%wot ?gﬁghL?ﬁétunt%er%ng oxide film 12 in
response to an electrie fietct obalsouitrl OM/cohapplied toatheptunsetihg oxigle filimel2 in the writing

state of FIG.2B whenggﬁ%ag'ggr;ae writing time of 15 10p %%ge%%%d§ngquIfllgsg{réecrgory device 10.
In the case of shown in FIG.2B by causing tunneling and form a

leakage current.

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

Referring to FIG.3, it is required that a

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

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

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

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

current characteristic of the tunneling oxide film 12



non-writing state of FIG.2A, on the other hand, it is required that the leakage current through the
tunneling oxide film 12 be suppressed to 10-15 A/ CM2 or less at the ap%lizati&n electriﬁﬁlﬁ%of
1MV/cm2. 25 Thus, the conventional flash memory device 10 realizes the éle fit'tigld € nt
characteristic shown in FIG.3 by a straight line by using a thermal oxide film having a thickness of
several nanometers for the tunneling oxide film 12. 30 Onythe other hand, when an attempt is made
to reduce the thickness of the tunneling oxide film 12 for reducing the write time, the electric field -
current characteristic ofth&tamEtifgooxidERIRT 1227 ine 2605 9° iPehandgetras représénted in
FIG.3 by a curved lineTrlhese, it car g seendbat, whiledhergis causead 2 large dngrease of the
tunneling current in the case the electric field of 20MV/cm is applied, and whijle 5 the conventional
tunneling current denstty 'of LAKGHI2 SR F8alided NThs SEALE bt tiv et field tHeré i§Tabised a large
increase in the leakagecarrebt it tHe-nan-swrdingfStateyandriihus; theinfosaatiem dvrittentiato the
floating gate electrode 13 is no 10 Ignger retajined. DISCLOSURE OF THE INVENTI ccordingly, it
is a general objec% of tﬁjgepr%%gﬁte frlmq\c/elzr?triloar? t?)tblr%r\llle &'a noveland ' %se uf s té m?c%r?d%‘é%? device and
fabrication process thereof avhiereindhe foregeing-problenis arevelimmated.c Ahdthed objgct obthe
present invention is to provide a dielectric r@g‘ showing & small leakage a%r&%nt and is capable of
providing a tunneling

the non-writing state, and thus, the information

written into the floating gate electrode 13 is no

10 longer retained.

DISCLOSURE OF THE INVENTION

Accordingly, it is a general object of the
present invention to provide a novel and useful
15 semiconductor device and fabrication process thereof
wherein the foregoing problems are eliminated.
Another object of the present invention is
to provide a dielectric film showing a small leakage
current and is capable of providing a tunneling
20 current of large current density at the time of
application of an electric field, as well as a
formation method thereof.
Another object of the present invention is
to provide a semiconductor device or a non-volatile
25 semiconductor device that uses such a dielectric film
and a fabrication method of such a semiconductor
device.
Another object of the present invention is to
provide a dielectric film formed on a silicon surface,
30 said dielectric film containing therein a rare
gas element and further containing nitrogen with a
concentration distribution such that a nitrogen

concentration increases at a dielectric film



20 current of large current density at the time of application of an electric field, as well as a formation
method thereof. Another object of the present invention is to provide a semjconductor ;if ice ora
non-volatile 25 semiconductor device that uses such a dielectric film and‘a’fabrication (leo of such
a semiconductor device. Another object of the present invention is to provide a dielectric film formed
on a silicon surface, 30 said dielectric film containing thergin a rare gas element and further containing
nitrogen with a concentration distribution such that a nitrogen concentration increases at a dielectric
film 27 June 2005 - 16 SUHHR &ScSRpaRRERd & Certrdl Parterthedieleetricfilf. Another object of
the present invention ig i to1previdea semiconductor device, comprising: 5 a silicon substrate; an
insulation film formed on said silicon substrate; and an electrode formed on said insulation film,
wherein said insulation film containiig tiétein 183 fHre YhsEIEMBRESAT FurtdEFHak Lhitrbgen
concentration distribution suehvthataaiteegein-eontentrationdnicreases @atadfilmisusface contacting
with said electrode as compared with a Cfntral part of t§daidtfilm. Another object of the present
invention is 15 to provide a non-volgtiI%lseﬁggn(fdlckfgr r%%meo’ry device, comprising: a silicon
substrate; an insulation film formed on said silicon

substrate; and
an electrode formed on said insulation film,
wherein said insulation film containing therein

10 a rare gas element and further has a nitrogen concentration
distribution such that a nitrogen concentration increases
at a film surface contacting with said electrode as
compared with a central part of said film.

Another object of the present invention is

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

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

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

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

25 one of said insulation films containing therein
a rare gas element and further having a nitrogen concentration
distribution such that a nitrogen concentration increases
at the film surface contacting with said electrode as
compared with a central part of said film.

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

forming a silicon oxide film on a surface;



a tunneling insulation film formed on said silicon substrate; 20 a floating gate electrode formed on said
tunneling insulation film; and a control gate electrode formed on said floaéri g gate elec ogi ia an
inter-electrode insulation film, 25 one of said insulation films containing the eigjaﬁpa% é @I ment
and further having a nitrogen concentration distribution such that a nitrogen concentration increases
at the film surface contacting with said electrode as compared with a central part of said film. 30
Another object of the present invention is to provide a method of forming a dielectric film, comprising
the steps of: forming a silicon oxide fift bhvd 8Grface 27t Rsife 2005244 Mddifyity &3urSce of said

silicon oxide film by expasing {he-saye ta hydregessnitiide, radigals MH*. Another-object of the
present invention is 5 to provide a method of forming a dielectric film, comprising the steps of:
forming a silicon oxide & aSuiface: and modifying a surface of said silicon oxide 10 film by
exposing the same to microwave plasmatiermed e ainixedigas of mesivett gasvseledted from Ar or Kr

ST 5 25 oG g i Y 4 s ol mens ATpUe it f e prsen
comprising the steps of:

forming a silicon oxide film on a surface;
and

modifying a surface of said silicon oxide

10 film by exposing the same to microwave plasma formed
in a mixed gas of an inert gas selected from Ar or Kr
and a gas containing nitrogen and hydrogen as
constituent elements.

Another object of the present invention is

15 to provide a method of forming a dielectric film
comprising the step of exposing a silicon surface to
microwave plasma formed in a mixed gas of an inert
gas primarily formed of Kr, a gas containing nitrogen
as a constituent element and a gas containing oxygen

20 as a constituent element, to form an oxynitride film
on said silicon surface.

Another object of the present invention is
to provide a method of fabricating a semiconductor
device, comprising the steps of;

25 forming a silicon oxide film on a silicon
substrate by an oxidation processing;

modifying a surface of said silicon oxide
film by exposing the same to hydrogen nitride
radicals NH*; and

30 forming a gate electrode on said modified
silicon oxide film.

Another object of the present invention is

to provide a method of fabricating a semiconductor



comprising the step of exposing a silicon surface to microwave plasma formed in a mixed gas of an
inert gas primarily formed of Kr, a gas containing nitrogen as a constitu Lz]ele;nent anégﬁ:}s
containing oxygen 20 as a constituent element, to form an oxynitride film sxidSiffco ce.
Another object of the present invention is to provide a method of fabricating a semiconductor device,
comprising the steps of; 25 forming a silicon oxide film_on, 3 silicon substrate by an oxidation
processing; modifying a surface of said silicon oxide film by exposing the same to hydrogen nitride
radicals NH*; and 30 fefifiihg% gae@édttddeor 38idmdBfied  silicon oxide film. Another object of the

present invention is to provide a methed, of fabgicating assersigonducton 27 Jung 2005: ~42 device,
comprising the steps of: forming a silicon oxide film gn a silicon substrate by an oxidation processing;

modifying a surface of 847 5THEST okife®B il By exipusinyg theSsHid % microwave plasma formed in
a mixed gas of an inert gas selectedntsamArioigKe agndret gas comtaining nftogencandkydregen as
constituent elemeglts; %anorkrjnin%ta %ate elecg ode on saig modified 10 silicgn oxideffilm. Acrilother
object of the present invention-is i%ppré’\hag a fabriGation method of a semiconductor device,
comprising the steps afn a mixed gas of an inert gas selected from Ar or Kr

and a gas containing nitrogen and hydrogen as
constituent elements; and

forming a gate electrode on said modified

10 silicon oxide film.

Another object of the present invention is
to provide a fabrication method of a semiconductor
device, comprising the steps of:

exposing a silicon substrate surface to

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

20 forming a gate electrode on said oxynitride
film.

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

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

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

the oxide film is changed to a structure



exposing a silicon substrate surface to 15 microwave plasma formed in a mixed gas of an inert gas

primarily formed of Kr, a gas containing nitrogen as a constituent elemeglznd E%?.S cggzt@i@i)gg
oxygen as a constituent element, to form an oxynitride film on said silic u 1Gn ming a

gate electrode on said oxynitride film. According to the present invention, the surface of the oxide film
is modified by exposing the surface of the oxide film formed on a surface of a 25 silicon substrate or
the like to microwave plasma formed in a mixed gas of an inert gas primarily formed of Ar or Kr and a

gas containing nitrogeARINEC hydirdgehy afdhittajentaretdthceRfrated (64 stirface® ¥egivAof the oxide

film within the depth ofrseveral30 nanemeters Nitrogen shug sorcentrated tosthe exide Jitmggurface
form a substantially layered nitride region on the oxide film surface, and as a result, the oxide film is

changed to a structure"27 June 2005 - 13 approximately similar to the one in which a nitride film is
laminated on the surface of the silicam oxigle filne.1ladhe dieleatnis filrahawtngssush & 5 structure, there
is provided a regi%n ofsscrg%létbagdgag i%ggrrggpondoe‘p{:gég tge nitriq%rrle%i%n ?nq;i(ient toa regi_on of
large bandgap cofresponding 0 e siliGar oxidetim region, and because of the tact that the nitride
region has a specific Iadigleetriciconstantdargen trarcthat of thessihiddn okedertidp, ¢he dielectric film
structure shows an adjacent to a region of large bandgap corresponding
to the silicon oxide film region, and because of the
fact that the nitride region has a specific
10 dielectric constant larger than that of the silicon
oxide film, the dielectric film structure shows an
effectively large film thickness with regard to the
electrons in the channel region 11A in the state that
no control voltage is applied to the control gate
15 electrode 15, and the tunneling of the electrons is
effectively blocked.

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

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

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

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

non-volatile semiconductor memory device such as a

flash memory, and the like, it becomes possible to



effectively large film thickness with regard to the electrons in the channel region 11A in the state that
no control voltage is applied to the control gate 15 electrode 15, and the gjnel' of th%edeﬁ%r?ns is
effectively blocked. In the case a write voltage is applied to the control géate el 15,-onthe other
hand, the band structures of the oxide film region and the 20 nitride region constituting the dielectric
film structure are changed. Thereby, the effective thicknegs of eth oxide film region is reduced with
the formation of the nitride region, and as a result, the hot electrons in the channel region 11A are 25
allowed to cause tunnéfiitFreGgH tHe diefettit fiRftutiurd fitEnty BetRESE thePRifride region

formed on the surface-pf the g¥idgilmdegion, has A<nall bandgan; itdoes eotifungtioneas a potential
barrier to the hot electrons to be injected. 30 As a result of using such a dielectric film structure for the

tunneling insulation filfi B tR& Ton-volatile semiconductor memory device such as a flash memory,

and the like, it becomes possible to 27 Jkine 2005 e 14oinsteasesthewicng spees tisedudanthe

operational volta%e while sikrlnulrﬁlneousl reducing the leakage current. It shoulc%be noted that such
: which tThe catlsed tr

an oxide film, 5 in which thereJs cause nlltlsogen conceﬂtlrg io &t the surface %aﬁt(%ﬂer%of, can be
formed also by exposirtgethewsiliconesurface tohsicrowavecplasima formestinal mixédygas of an inert

gas primarily formed Qf.Kr, 2,995 GQNIADING AINQIEA AS A-c +o microwave plasma

formed in a mixed gas of an inert gas primarily
formed of Kr, a gas containing nitrogen as a

10 constituent element and a gas containing oxygen as a
constituent element. The oxide film thus formed has
the composition of an oxynitride film as a whole,
while it should be noted that a part of nitrogen are
concentrated in such a structure to the interface

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

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

25 effectively blocked. Thus, the oxynitride film
obtained according to such a process has an extremely
high film quality. In such an oxynitride film, it is

preferable that the hydrogen concentration contained

2 2

in the film is 10™cm? or less, preferably 10cm™? or
30 less in terms of surface density.

As the formation of the dielectric film can

be conducted at a low temperature of 550°C or less in

the present invention, it is possible to recover the



10 constituent element and a gas containing oxygen as a constituent element. The oxide film thus
formed has the composition of an oxynitride film as a whole, while it Sh?«?”ﬂ be_noted W£rt of
nitrogen are concentrated in such a structure to the interface 15 betweert'the gg&)ﬁ}tﬁd d the
silicon surface for relaxing the stress, while other nitrogen are concentrated to the film surface and
form the desired nitride layer region. In the oxynitride film gf such a structure, there is caused stress
relaxation by the 20 nitrogen concentrated to the interface to the silicon substrate, and because of
this, the density of the &kt CHar§ES frapped itfthelfilih orithB Uehsiy CGFtRé IMErface states is

reduced and the leakageqcurrent pathptherthag the tunneligg mechamis is 25 effectivelyiblocked.
Thus, the oxynitride film obtained according to such a process has an ex,tremelg high film quality. In
d

such an oxynitride film® {ti& ‘préferSbRIRALHE KyHPGger? cohcent/atiba chhtaifidd G the film is
1012cm2 or less, preferablyi Hl lemzhob 30dess it terans of surface deasibkAssthedormatienof the
dielectric film canSbe conducted at a low temperature of 550C or less in the present invention, it is
possible to recover the 27 June 2005 - 15 oxygen defects in the film without decoupling the
hydrogen terminating thieIdahding Bones ivtheaxidsEfilnRAWMIsapplied also to the formation of the

nitride film or oxynitride film to be e%r]%d later, %P@EE@%%Q&EE'QNQ%JF‘& PRAWINGS

FIG.1 is a diagram showing the construction
of a conventional flash memory device;

FIGS.2A and 2B are diagrams explaining the
10 operation of the flash memory device;

FIG.3 is a diagram explaining the problems
of the conventional flash memory device;

FIGS.4A - 4C are diagrams showing the
formation process of an oxide film and the

15 fabrication process of a semiconductor device
according to a first embodiment of the present
invention;

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

20 line slot antenna and used in the present invention;

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

25 obtained by infrared spectroscopy;

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

FIG.8 is a characteristic diagram showing

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

FIG.9 is a characteristic diagram showing

the current versus voltage characteristic of the



of a conventional flash memory device; FIGS.2A and 2B are diagrams explaining the 10 operation of
the flash memory device; FIG.3 is a diagram explaining the problems ofg; convention Iﬁ.ﬂsﬁ
memory device; FIGS.4A - 4C are diagrams showing the formation proc 2 o] alﬁ%%dg d the
15 fabrication process of a semiconductor device according to a first embodiment of the present
invention; FIG.S is a diagram showing the schematic construction of a plasma apparatus having a
radial 20 line slot antenna and used in the present invention; FIG.6 is a characteristic diagram
showing the exposure’éfféGVt theb8fd forhied between the surface-terminating hydrogen at the

silicon surface and silicon caused byexppsurestoKeplagmaass 28 wbtajned by infrared spectroscopy;
FIG.7 is a characteristic diagr,am showing the dependence of silicon oxide film thickness on the gas

pressure of the processing’ B8R I EH IS BhdraGel B¢ Yy ram <iidwing f3d tHe depth
distribution profile of thei Kt densityxidactheisitcamaexide éilm;ikFlG:91s achatactedsticfdiagram showing
the current versus voltagig1 c@gracgeri'stict?f 'thE 27 June 2005 - 16 silicon oxide film; FIG.10 is a
diagram showing the Fe ations%ip Bef{}veenlt%erigglf’dge current of the silicon oxide film and the silicon
oxynitride film 5 and the film thicknésgss.11A - 11C are diagrams showing the

formation method of a nitride film and a fabrication
method of a semiconductor device according to a
second embodiment of the present invention;

10 FIG.12 is a characteristic diagram showing
the dependence of the silicon nitride film thickness
on the gas pressure of the processing chamber;

FIGS.13A - 13D are diagrams showing the
formation method of an oxide/nitride laminated

15 dielectric film and a fabrication method of a
semiconductor device according to a third embodiment
of the present invention;

FIG.14 is a diagram showing the nitrogen
distribution in the oxide/nitride laminated

20 dielectric film;

FIG.15 is a band structure diagram of the
oxide/nitride laminated dielectric film;

FIGS.16A - 16C are diagrams showing the
formation method of an oxynitride film and a

25 fabrication method of a semiconductor device
according to a fourth embodiment of the present
invention;

FIG.17 is a diagram showing the
photoemission intensity of atomic state oxygen and

30 atomic state hydrogen at the time of formation of the
oxynitride film;

FIG.18 is a diagram showing the elemental

distribution profile in the silicon oxynitride film;



FIGS.11A - 11C are diagrams showing the formation method of a nitride film and a fabrication

method of a semiconductor device according to a second embodiment

oé:?e esent i ian; 10
FIG.12 is a characteristic diagram showing the dependence of the silico |trig£qﬁh$thr%,l§1r§% on the
gas pressure of the processing chamber; FIGS.13A - 13D are diagrams showing the formation
method of an oxide/nitride laminated 15 dielectric film and a fabrication method of a semiconductor
device according to a third embodiment of the present invention; FIG.14 is a diagram showing the
nitrogen distribution in the oxide/nitfidé tarinated26 dieléctiie fifnd th&. 45 39 aHand stitichste
diagram of the oxide/nitride-laminated-gielggtsicfibni FiES 16A-16C Are diagramsghowing the
formation method of an oxynitride film and a 25 faprication method of a semiconductor device
according to a fourth etridodimRn?s¥ the gre€ént” invBhtion; FIG.17 is a diagram showing the
photoemission intensity of atomic statesoxy@ensand 3¢atomicistateikypragers abihentiimeiof formation
of the oxynitride film; EI.G.lSAs a di% rilm glploawing th% .elergental distribgg%n riofiiec!)nnthe silicon

oxynitride film; 27°Juné 2005 17 F

voltage characteristic ofitheigidican oxynitride film;

isa cﬂgrac?erlsrh%: cﬁé)gr%rrln %Howmg € current versus

FIGS.21A - 21C are schematic diagrams

showing the shallow trench isoclation

according to a

fifth embodiment of the present invention;

10 FIG.22 is a cross-sectional diagram of a

three—-dimensional transistor formed on a silicon

surface having projections and depressions according

to the fifth embodiment of the present invention;

FIG.23 is a diagram showing the

15 construction of a flash memory device according to a

sixth embodiment of the present invention;

FIG.24 is a band structure

diagram showing

the writing operation of the flash memory device of

FIG.23;

20 FIG.25 is a diagram showing the leakage

current characteristics of the tunneling insulation

film in the flash memory device of FIG.23;

FIG.26 is a schematic diagram showing the

cross—sectional structure of a flash
25 according to a seventh embodiment of

invention;

memory device

the present

FIGS.27-30 are schematic cross—sectional

diagrams showing the fabrication process of the flash

memory device of FIG.26 step by step;

30 FIG.31 is a schematic diagram showing the

cross—sectional structure of a MOS transistor formed

on a metal substrate SOI according to an eighth

embodiment of the present invention;



FIG.20 is a schematic diagram showing the 5 time-dependent change of nitrogen in the silicon nitride
film; FIGS.21A - 21C are schematic diagrams showing the shallow trenc?aiz]o(lﬁtion aczg(r]@riﬂéto a fifth
embodiment of the present invention; 10 FIG.22 is a cross-sectional diag & e sional
transistor formed on a silicon surface having projections and depressions according to the fifth
embodiment of the present invention; FIG.23 is a diagram ghowing the 15 construction of a flash
memory device according to a sixth embodiment of the present invention; FIG.24 is a band structure
diagram showing the writing operatfotCofthe ¥ash nicimBRAdedcE bR FIaP DOAFIE- 25T a diagram
showing the leakage eurgetLharactaristics-afthe unnslingipsulation filmdn the.flash meamory device
of FIG.23; FIG.26 is a schematic diagram showing the cross-sectional structure of a flash memory
device 25 according t65 $&Venit &HBOUIMBNESIthe préseént Lifid8ntior: FIGSI27-3D are schematic
cross-sectional diagrasn® shewing the fabrcation propessafthe flash memory device of FIG.26 step
by step; 30 FIG.31 is a schematic dikag&ar’gj 3showing the cro s.—secéional struct%re of a MC%S transistor
formed on a metal substrate SOI according to Sénaeié’ﬁt ~Erhbodimentiof the Sf:)r((e)sv.qelnrf?nven?ion; 27
June 2005 18 FIG.3Zis@sschemdticodiagranm ofatplasmatf a polysilicon transistor

on an insulation film formed according to the plasma
processing apparatus of FIG.32; and
FIG.34 is a schematic diagram showing the
10 cross—sectional diagram of a three-dimensional LST
according to a tenth embodiment of the present

invention.

BEST MODE FOR IMPLEMENTING THE INVENTION

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

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

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

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

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

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

and the Kr gas, which is used for the plasma



processing apparatus according to a ninth embodiment of the present invention applicable to a glass
substrate or plastic substrate; 5 FIG.33 is a schematic diagram showing tg crgss-secti a(g ructure
of a polysilicon transistor on an insulation film formed according to the pl zna &Qc%ss?% 1stparatus
of FIG.32; and FIG.34 is a schematic diagram showing the 10 cross-sectional diagram of a
three-dimensional LS| according to a tenth embodiment otthe present invention. BEST MODE FOR
IMPLEMENTING THE INVENTION 15 Hereinafter, various preferable embodiments to which the
present invention is agfpfied vilt belegildined if tRtAPRER FeferéncetdiRe taRingS T RIRST

EMBODIMENT)] FIGS:4A - 46 shaw the low-tempetature2Q,formatign psecess afran oxide film that
uses plasma as well as the fabrication process of a semiconductor device that uses such an oxide

film according to a_first eiESHimeRt B the PredeMtiAvERioh: Further, FIG.S shows an example of a
plasma processing 25 apparatus used i3 the preseatimventieizand havingea sadml liheslot aptenna in
a cross-sectional viewldq the present ejgnbé)dimen the lﬂ%dro en terminatin%the dar‘l:(%ll@g bonds at a
silicon surface is first removed in't (éus?ef)e of Hb.til > More sﬁjerc?flcc%ﬁysl,lt% refrova proscess of the
surface- terminating hydrogéf andahéd oxidationgarecess aret codduetad i trretsamerpracessing

chamber continuously;;angthe Ky gas. which is,used for, the plasma 24,1une 2005 13 .
gas. Further, the pressure inside the processing
chamber 101 is set to about 133Pa (l1lTorr).

10 Next, a silicon substrate 103 is placed on
a stage 104 having a heating mechanism, and the
temperature of the specimen is set to about 400°C. As
long as the temperature of the silicon substrate 103
is in the range of 200-500°C, the same results

15 explained as below are obtained. It should be noted
that the silicon substrate 103 is subjected to a
treatment in a diluted hydrofluoric acid in the
preprocessing step immediately before, and as a
result, the dangling bonds on the surface of the

20 silicon substrate are terminated by hydrogen.

Next, a microwave of 2.45GHz is supplied to
a radial line slot antenna 106 from a coaxial
waveguide 105 with the frequency of 2.45GHz, wherein
the microwave thus supplied is introduced into the

25 processing chamber 101 from the radial line slot
antenna 106 through a dielectric plate 107 provided
on a part of the wall of the processing chamber 101.
The microwave thus introduced cause excitation of the
Kr gas introduced into the processing chamber 101

30 from the shower plate 102, and as a result, there is
induced high-density Kr plasma right underneath the
shower plate 102. As long as the frequency of the

microwave thus supplied is in the range of about



excitation gas in the subsequent oxide film formation process, is used in the removal process of the
surface-terminating hydrogen. First, a vacuum vessel (processing chamb r,}n 5101ise ?d in the
plasma processing apparatus of FIG.5 and an Ar gas is introduced first fZ) a %@erﬁé{ﬁ 02.
Then, the gas is changed to the Kr gas. Further, the pressure inside the processing chamber 101 is
set to about 133Pa (1Torr). 10 Next, a silicon substrate 193 is placed on a stage 104 having a heating
mechanism, and the temperature of the specimen is set to about 400C. As long as the temperature of

the silicon substrate 168 G5 tHFrdPeof200-500C Atheaiid fesuite U5 exiaiféd a3 Betsiv are

obtained. It should be pateds that the silicen substratentQB issubiactad to-a teatmentdn a diluted
hydrofluoric acid in the preprocessing step immediately before, and as a result, the dangling bonds

on the surface of the 20 silicon substraté Bfe &rHiEE by Wy drdgén. Next, & Microwave of 2.45GHz
is supplied to a radial diege slettantennae 106 font acoaxiak avavepuide 102 withdhedrequency of
2.45GHz, wherein the mi rgvrva\t/%(;g 33%@“5%"5 jcn(groguced intp.the 25 FO%%SSé%CI&amber 101

iCc
from the radial lin@ slof ‘Ahtenna rough EX electriccﬁtfat%enl Sro]?/lr ed on a par? ofrfheen\/tvall of

the processing chambémnaQ1 e I helmicrawavesthusdntroducecheauselexcitation of the Krtgas
introduced into the prqggﬁéilgg SChf.%theé §01E%Qrg%? | the shoyer plate éxogs (?Hg agn%ge%%eglgre is
t A

induced high-density Kr plasma right underneath e Shower plate 102. As long as the frequency of
the microwave thus sgpglied ishe tiesrtigbcofabolit l1m formation by using the

plasma apparatus that uses a radial line slot antenna,

10 it should be noted that the plasma may be induced by
introducing the microwave into the processing chamber
by other ways.

By exposing the silicon substrate 103 to
the plasma thus excited by the Kr gas, the surface oc

15 the silicon substrate 103 experiences bombardment of
low energy Kr ions, and as a result, the surface-
terminating hydrogen are removed.

FIG.6 shows the result of analysis of the
silicon-hydrogen bond on the surface of the silicon

20 substrate 103 by means of infrared spectrometer and
shows the effect of removal of the surface-
terminating hydrogen at the silicon surface by the Kr
plasma induced by introducing the microwave into the
processing chamber 101 under the pressure of 133Pa

25 (1Torr) with the power of 1.2W/cm?.

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

30 conducted for only 1 second. Further, after
continuous irradiation for thirty seconds, this
optical absorption is almost completely vanished.

This means the surface-terminating hydrogen on the



27 June 2005 - 20 900MHz or more but not exceeding about 100GHz, almost the same results
explained as below are obtained. In the construction of FIG.S, the separg?&m fl‘;r)qetweeng I?Jower
plate 102 and the 5 substrate 103 is set to 6cm in the present embodimeft.” S HieGh gﬁag
separation, the film formation rate becomes faster. Further, while the present embodiment shows the
example of film formation by using the plasma apparatus,that uses a radial line slot antenna, 10 it
should be noted that the plasma may be induced by introducing the microwave into the processing
chamber by other ways: J%Wfpo%ﬂﬁfﬂ‘%esil‘ﬁh Sibstieme 108 t&vthegtadmha BFSBXcited by the Kr

gas, the surface oc 15 thessilican substrate 108Lxpesences hembardiment-efJowanergy Kr ions, and
as a result, the surface- terminating hydrogen are removed. FIG.6 shows the result of analysis of the

silicon-hydrogen bond®rFthe urfdi8 6t e Siticoh 50 SUBTALE 163y Mdhhs f hirired =™
spectrometer and shows thengffiect of remeval vt the surdaceiterminafingHaydregen asthe silicon
surface by the Kr 5plasma incgucted bl)( i?trodL#]:ing theC microwave into the processing chamber 101
under the pressure of 153895 (ﬁoorr) with empélvl@efedf 1.2W/cm2. Referring to FIG.6, it can be seen
that the optical absorption at about’2480cminwhich istelraracteristic #dtheasikicotthydriogen bond, is

more or less vanished, after the K plasma Jgdiafign 30 condugied for poly.1 sgeond. fHyrtper, after
continuous irradiation for thirty seconds, this
partial pressure ratio of 97/3. Thereby, the pressure

of the processing chamber is maintained at about

10 133Pa (1 Torr). In the high-density excitation plasma
in which the Kr gas and the 0, gas are mixed, Kr* in
the intermediate excitation state and the O,
molecules cause collision and there is caused
efficient formation of atomic state oxygen O* in

15 large amount.

In the present embodiment, the atomic state
oxygen O* thus formed are used for oxidizing the
surface of the silicon substrate 103, and as a result,
there is formed an oxide film 103A. In the thermal

20 oxidation process conducted conventionally on a
silicon surface, the oxidation is caused by the 02
molecules or H;0 molecules and a very high
temperature of 800°C or more has been needed. In the
oxidation processing of the present invention

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

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

to the 0, molecules. Thus, there exists an optimum



optical absorption is almost completely vanished. This means the surface-terminating hydrogen on the
27 June 2005 - 21 silicon surface can be removed by the Kr plasma irrﬁj?tio conducted far about
30 seconds. In the present embodiment, the surface-terminating hydrogén’ is &ﬁb?ete%ﬁ oved by
conducting the Kr plasma 5 irradiation for 1 minute. Next, in the step of FIG.4B, a Kr/0, mixed gas is
introduced from the shower plate 102 with a partial pressyye ratio of 97/3. Thereby, the pressure of
the processing chamber is maintained at about 10 133Pa (1 Torr). In the high-density excitation
plasma in which the K¥jastaritPthe 72 gas are mixed, Kr* in the intermediate excitation state and the

02 molecules cause collision and there is;causags efficientfommationsefialopue state oxygen 0* in 15
large amount. In the present embodiment, the atomic state _oxygen 0* thus formed are used for

oxidizing the surface &1 the'SiRoREUbRratd 208 aritFad 4 8sdit >therd iofmElSh 6Xide film 103A.
In the thermal 20 oxidatian process eongducied coaverttiartadly whoa siiconsurtepebthe @ddation is
caused by the 02 molg%ules or HZCC?1 molecules and a very hi%h temperature, of 800C or more has
been needed. In the oxu?atf(:)%sﬁroceéesiﬁgr of %rgreégﬁ’tl in(\e/entklléen B5 tondicted b(§/ fie atomic state
oxygen 0%, the oxidatibhlbecomesspassiblelat Aaveng iow temperaturee oKatiout #06C smmrder to

Largigézt;;gecﬁg'gsggp LKL and 02t is preferable to use A high PIESSWR,fQr (e Rrggsure of the
silicon substrate 103 is set to 400°C and the
oxidation processing is conducted for 10 minutes.

10 Referring to FIG.7, it can be seen that the
oxidation rate becomes maximum in the case the
pressure inside the processing chamber 101 is about
133Pa (1 Torr) and that this pressure or the pressure
condition near this is the optimum condition. This

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

20 After the silicon oxide film 103A is thus
formed to the desired film thickness, the
introduction of the microwave power is shutdown and
the plasma excitation is terminated. Further, the
Kr/0, mixed gas is replaced with the Ar gas, and with

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

30 recovered and reused.

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

on the oxide film 103A, and a semiconductor



30 However, the use of excessively high pressure facilitates mutual collision of 0* thus formed, and
the atomic state oxygen 0* thus formed are returned to the 02 molecules. Thus, there exists an
optimum 27 June 2005 - 22 gas pressure. FIG.7 shows the relationship% tweenite tﬁi@k@lgsses of
the oxide film 103A thus formed and the internal pressure of the processing chamber for 5 the case
the pressure inside the processing chamber 101 is changed while maintaining the Kr/02 pressure
ratio to 97/3. In FIG.7, the temperature of the silicon substrate 103 is set to 400C and the oxidation
processing is conductéd Fst HPthited. T REfEHANG &6 FIG 7L R ERPche-§érs thidlt e Giitfhtion rate

becomes maximum indhe gase thes pressusedrside the pracsssingchagmberA034s about 133Pa (1
Torr) and that this pressure or the pressure condition near this is the optimum condition. This 15

optimum pressure is nBEiMAEH 10 the*CASEMWHIEN thesilidBn Sibstate 108 FasTRE t160) surface
orientation but is valid gdsasimvetbeeasesiin whiekhdbe siiconstsfacehas anydatbgesurface
orientations. 20 Agter the silicon oxide film 103A is thus chr edltokthe desired film thickness, the
introduction of the mic?olﬁa\?erpl)g\%eip isshutdowr and' the p dsma excitation is terminated. Further, the
Kr/02 mixed gas is replaced with thel Ae gas sand-with 2bethis; tirenoxidatidn protessig is terminated. It

should be noted that the use of the Ar gas before and  giter the;foregoing step.is intended tq gnable
the

the foregoing process indicates that the hydrogen
content is about 10??/cm® or less in terms of surface

10 density in the case the silicon oxide film has a
thickness of 3nm, wherein it should be noted that the
foregoing measurement was conducted by measuring the
hydrogen release caused with temperature rise.
Particularly, it was confirmed that the oxide film

15 characterized by a small leakage current shows that
the hydrogen content in the silicon oxide film is
about 10''/cm? or less in terms of surface density. On
the other hand, the oxide film not exposed to the Kr
plasma before the oxide film formation contained

20 hydrogen with the surface density exceeding 10%?/cm?.

Further, the comparison was made on the

roughness of the silicon surface before and after the
oxide film formation conducted according to the
process noted before wherein the measurement of the

25 surface roughness was made by using an atomic force
microscope. It should be noted that the silicon
surface was exposed after the oxide film formation,
by removing the silicon oxide film thus formed. It
was confirmed that there is caused no change of

30 surface roughness. Thus, there is caused no
roughening of silicon surface even when the oxidation
processing is conducted after the removal of the

surface-terminating hydrogen.



use of low-cost Ar gas cheaper than Kr for the purging gas. The Kr gas used in the present step is 30
recovered and reused. Following the foregoing oxide film formation proc;s?, t@e %ate eclﬁgtﬁt)%e 103B
is formed on the oxide film 103A, and a semiconductor 27 June 2005 - in er &d evice
including transistors and capacitors is formed after conducting various patterning processing, ion
implantation processing, passivation film formation processing, hydrogen 5 sintering processing, and

the like. The result of measurement of hydrogen content in the silicon oxide film formed according to
the foregoing process indicates that®the hydrtehs chbrtent &Pabolt 192242 br fessdf terhts of

surface 10 density in the cage the silieem oxidediimasa fdbicknass et3nn; wherein4tshould be
noted that the foregoing measurement was conducted by measuri%the hgdrogen release caused

with temperature rise. Parfidliamy? iRkAS eoffimTed it tHe Oxigd il S15 Rharactérized by 2 %mall
leakage current showscthas ythe hydregernceantepiinthesdicen oxide fihvis1 about lalhfem? or less in

terms of surface density. On g other hand, the oxide film not exppsed ta the Kr é a before the
oxide film formation cotrxl{?ﬁ%eg %'r?ydsrgﬁgﬁe’ th]fﬁhé %ﬁﬁi\rge g%ﬁsi%/g ng’elgld}r?gofof ?E:SQZ Further, the
comparison was madesomr flregouginidss daftthe sitieon Surfase eforé iandcaftertthe toxide film

e il i M 1 gLt 2
in other surface orientations.

In the experiment of FIG.8, the partial

10 pressure of oxygen in Kr 1is set to 3% and the
pressure of the processing chamber is set to 133Pa
(133 Torr). Further, the plasma oxidation processing
is conducted at the substrate temperature of 400°C.

Referring to FIG.8, the Kr density in the

15 silicon oxide film increases with increasing distance
from the silicon surface and reaches the value of
about 2 x 10'‘'/cm? at the surface of the silicon oxide
film. This indicates that the silicon oxide film
obtained according to the foregoing processing is a

20 film in which the Kr concentration is constant in the
film in the region in which the distance to the
underlying silicon surface is 4nm or more and in
which the Kr concentration decreases toward the
silicon/silicon oxide interface in the region within

25 the distance of 4nm from the silicon surface.

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

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

in which no exposure to the Kr plasma was conducted



microscope. It should be noted that the silicon surface was exposed after the oxide film formation, by
removing the silicon oxide film thus formed. It was confirmed that there i?e uzﬁd no Cﬁbﬁf 30
surface roughness. Thus, there is caused no roughening of silicon surfa n rdation
processing is conducted after the removal of the surface-terminating hydrogen. 27 June 2005 - 24
FIG.8 shows the depth profile of Kr density in the silicon gxide film formed according to the foregoing
process as measured by the total reflection X-ray fluorescent spectrometer. It should be noted 5 that
FIG.7 shows the resulbfof & sifie6n {002 5tface WhilkethiEresalt fs Adt-limited to the (100) surface

and a similar result is obtained also Ha qtherisuface arientatjons. dn thesexparinent.of fHG.8, the
partial 10 pressure of oxygen in Kr is set to 3% and the pressure of the processing chamber is set to

133Pa (133 Torr). Fulthér e fiasiia Sxidatidn processing lisTondticlet'at the subsirars
temperature of 400C. Refertiag ta G Bsithe Ke density/initbat 15 silicas oxigdefireincreaseswith

increasing distancSe frgw t@e stil(iecogsstulrfacg far%t rgacg(rel% ;[ehnet\{a})lyle ff te}lbeout azlx 1(>)<Jilc{gm12ialt the
surface of the silicon oxide film. This indicates that the silicon oxide film' obtained according to'the

foregoing processing i31ai20 fikm irswhithtthe & doncentration disvesrstantianthe cfitoriathé mggion in
which the distance to the_undeylyingsilicon sprfacs is gnm.or mere.and in, which the;K geneentration

decreases toward the
of the oxide film thus obtained very much. On the

other hand, in the case the oxidation processing is

10 conducted by the present embodiment in which the
Kr/0, gas 1is introduced after the Kr plasma
irradiation processing, it can be seen that the
leakage current is improved by the order of 2 or 3 as
compared with the leakage current of the silicon

15 oxide film formed by the conventional microwave
plasma oxidation processing when measured at the same
electric field, indicating that the silicon oxide
film formed by the present embodiment has excellent
low leakage characteristics. It is further confirmed

20 that a similar improvement of leakage current
characteristic is achieved also in the silicon oxide
film having a much thinner film thickness of 1.7nm.

FIG.10 shows the result of measurement of

the leakage current characteristics of the silicon

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

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

leakage current characteristic of the silicon oxide



silicon/silicon oxide interface in the region within 25 the distance of 4nm from the silicon surface. FIG.9
shows the dependence of the leakage current on the applied electric fiel?effrt e silico ide film
obtained according to the foregoing process. It should be noted that the fesul P@I@.Qr%g@ or the
case in which the thickness of the silicon oxide film is 4.4nm. For the purpose of comparison, FIG.9
also shows the leakage current characteristic in which ng gxposure to the Kr plasma was conducted
27 June 2005 - 25 before the formation of the oxide film. Referring to FIG.9, the leakage current

characteristic of the sificolfoxide Filtf ot BRFESeCTH e RE Plashia iEeftivatént 8 thefdakage
current 5 characteristig gf thercanveational theemaloxide film s Thissmeans dhatdbe K4/Q2microwave

plasma processing does not improve the leakage current characteristics of the oxide film thus
obtained very much. Ori'fhe” btier HIAd; inthe'cade the bxidHtioh Hlob&sding 10 BaidUctEd by the
present embodiment iristhich-ther Ks2tgas isynmodsiced aften thel Ke plagaacirradiation processing, it

can be seen that the legkade cumrent s improved by the order,of 2.01 3 as, compared with the leakage
current of the silicon 15 6xide film formed by the con ntional microwave plasma oxidation processing

when measured at thelsame .electric field, indicating that the silicon oxide film formed by the present

embodiment has excellent low Ieakﬁg% gpg@%er{séic&g; isl rthle£ cgg@}rr%%d gg élglatt%gignilar

improvement of leakage current characteristic is achieved also in the silicon oxide
the leakage current characteristic of the silicon

oxide film represented by © and formed by the plasma

10 oxidation processing while omitting the exposure
process to the Kr plasma coincides with the leakage
current characteristic of the thermal oxide film
represented by 4, while it can be seen also that the
leakage current characteristics of the silicon oxide

15 film of the present embodiment and represented by ®
is reduced with respect to the leakage current
characteristics represented by © 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

20 current of the thermal oxide film having the
thickness of 2nm, is achieved in the silicon oxide
film of the present embodiment in the case the oxide
film has the thickness of about 1.5nm.

Further, the measurement of the surface

25 orientation dependence conducted on the
silicon/silicon oxide interface state density for the
silicon oxide film obtained by the embodiment of the
present invention has revealed the fact that a very
low interface state density of about 1 x 10%cm?ev*

30 is obtained for any silicon surface of any surface
orientation.

Further, the oxide film formed by the

present embodiment shows equivalent or superior



film having a much thinner film thickness of 1.7nm. FIG.10 shows the result of measurement of the
leakage current characteristics of the silicon 25 oxide film of the present \zn})oé(ﬁiment fo 1@ se the
thickness of the silicon oxide film is changed variously. In FIG.10, ~ shows'th Iéla@ggeﬁc rf')e%a{
characteristic of a conventional thermal oxide film, 0 shows the leakage current characteristic of the
30 silicon oxide film formed by conducting the oxidation prpcessing by the Kr/02 plasma while omitting
the exposure process to the Kr plasma, while shows the leakage current characteristic of the silicon
oxide 27 June 2005 - 2B2fifT b theSireSénfembaainTeitdn Which tHecoxi@atittn s eariducted by the

Kr/02 plasma after expassrento the Kaplasma. RG.9dysheuld bewnoted thatdhe datasepresented
by ~ shows the leakage current 5 characteristic of an oxynitride film to be explained later. Referring to

FIG.10, it can be seenhdt Tfie fedkhge Curfeht CR&TaRTerRtic OF tha'Slica? dXidéifiPebresented by

0 and formed by the plasmant8 oxitetion processingawhie emiiting dhe exposueaprpeess to the Kr
plasma coincides with. the Iefé'i\ age CL[erent characteristic of t&uﬁ th%%m%lhoxide film regrgese@ted by ~,
a Pstics Of the Sil

. . 5 r n electric ¢ rges COrrespo . ©)
while it can be seén algo?ﬁ1 Relea age curren Sharacte icon oxide 15 Film of the

present embodiment aridkrepiesented:by hisrrpelsiced with respecttd the deakagetcurent icon

h teristi : Ry t f2,- t i b t k t of
haceresrepeseiey s e Bt o age curens

etot eakage
As noted above, it is possible to form a

silicon oxide film on a silicon surface of any

10 surface orientation at a low temperature of 400°C by
conducting the silicon oxidation processing by the
Kr/0, high-density plasma after removal of the
terminating hydrogen. It thought that such an effect
is achieved because of the reduced hydrogen content

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

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

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

Particularly, it is believed that the

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

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

contributing to the improvement of electric



20 current of the thermal oxide film having the thickness of 2nm, is achieved in the silicon oxide film
of the present embodiment in the case the oxide film has the thickness ﬁéa/bo 1.5nm0.%F ﬁ%}:r the
measurement of the surface 25 orientation dependence conducted on the ‘sili dhfsfiic gl

interface state density for the silicon oxide film obtained by the embodiment of the present invention
has revealed the fact that a very low interface state density of about 1 x 1010cm2eV 1 30 is obtained

for any silicon surface of any surface orientation. Further, the oxide film formed by the present
embodiment shows edqUiPRER IrsupeTior 22 JtRe o5y - 27 Ehsradtetisiesas €offpatéd With the

conventional thermal oxide film withr regard 46- variousglectric and rebakility characteristics such as
breakdown characteristics, hot carrier resistance, charge-to 5 breakdown electric charges QBD, which

corresponds to the el&CtAc Sharges Wi o he faitire 'of tAe SficBR Soxile filnk Und&Fadtress current,
and the like. As noted abaxe.it isrpassiile torforppa rsilicon oxide filmiomra silieon serface whany 10
surface orientation at a Io%a%’r)geraé%re of 4OOCSb¥hcond_1[Jct|n%the silicon oxidation processing by the

Kr/02 high-densit;? plaslrrﬁa er rémovallcgﬁﬁe atermln%tf%g%sil%ro en. It tﬁ%ﬁﬁﬁt At Sich an effect is

achieved because of themeducetilnydrogen cantéat 15 imtheoxide fitm causédwas a result of the

removal of the terminating hydrogen of the fact that th ide film contajns Kr. Because
of the" inating hydrogen and because of the.fact thatthe,oxid film ¢ontain u

possible to use a two-stage shower plate-type plasma
processing apparatus in which there are provided a

10 first gas release structure for releasing Kr for
plasma excitation by a microwave and a second gas
release structure different from the first gas
release structure for releasing the oxygen gas.

In the present embodiment, it should be

15 noted that the feeding of the microwave power is
shutdown upon formation of the silicon oxide film to
a desired film thickness, followed by the process of
replacing the Kr/0O;, mixed gas with the Ar gas. On the
other hand, it is also possible to introduce a Kr/NHj3

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

25 the silicon oxide film upon termination of the
processing. According to such a process, 1t becomes
possible to form an insulation film having a higher
specific dielectric constant by forming a silicon
oxynitride film in which a silicon nitride film is

30 formed on the surface thereof.

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



reduced amount of hydrogen in the oxide film, it is believed that weak element bonding is reduced in
the 20 silicon oxide film. Further, because of the incorporation of Kr in thgjt}l the strezsfdrtzjgpe the
film and particularly at the Si/Si02 interface is relaxed, and there is causéd’a r diictfon ed
electric charges or reduction of interface state 25 density. As a result, the silicon oxide film shows
significantly improved electric properties. Particularly, it is believed that the feature of reducing the
hydrogen concentration in the film to the level of 1012/cm2 or less, preferably to 30 the level of
1011cm?2 or less, and theéfeatdrécof inddtparatibAbf KETROIAE YA ith & ScoliEentraiiBi of 5 x loll

lcm2 or less are thought as regntgbutingstosthe dmprevermentef electric 2 Jupe2005: - 28 properties
and reliability of the silicon oxide film. In order to realize the oxide film of the Eresent invention, it is

also possible to use a PIEEMaIBcesting’ Gpparitud Bthet BNt o8 sHGHA 89n F1G™, as long as
the plasma processingsapparatits €an conducidbetaxide filsrformatinn at low temperatures by using
plasma. For example, it is possible to use a two-stage shower. plate-type plasma_processing
apparatus in which there are provide‘I[ a%l?befir‘%ff Sgée gé%egénég gtcriggfﬁflet foﬁgl%as%% Kr for plasma
excitation by a microwave andtaisecondigas rélease strovture differentfrémahé fiist gaserelease
structure for releasing the oxygen gas..In the presept emhodiment, it should be 15 noted that the

feeding of the microwave power is
present embodiment, it is preferable to use Ar or Kr

for the plasma excitation gas for removing the
10 terminating hydrogen and for the nitride film

formation, in order to form a high-quality nitride

film.
Hereinafter, an example of using Ar will be
represented.
15 First, the interior of the wvacuum vessel

(processing chamber) 101 of FIG.5 is evacuated to a
vacuum state in the step of FIG.11A and an Ar gas 1is
introduced from the shower plate 102 such that the
pressure inside the processing chamber is set to

20 about 13.3Pa (100mTorr).

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

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

30 results similar to the one described below are
obtained.

Next, a microwave of 2.45GHz is supplied

into the processing chamber from the coaxial



shutdown upon formation of the silicon oxide film to a desired film thickness, followed by the process
of replacing the Kr/02 mixed gas with the Ar gas. On the other hand, it izaiso ossibleée%)iat duce a
Kr/NH3 20 mixed gas from the shower plate 102 with the partial pressuré rati ot 8872 1sefo shutting
down the microwave power while maintaining the pressure at about 133Pa (1 Torr). Thereby, a
silicon nitride film of about 0.7nm thickness is formed on the surface of 25 the silicon oxide film upon

termination of the processing. According to such a process, it becomes possible to form an insulation
film having a higher spédifiddieléctri€ eoistant B¢ ferAting 4 sticoh xgritrtfe™MATR Wiieh a silicon

nitride film is 30 formeggn the surface-thereef. LFSEEOND EMBQDIMENH -FHE6S:114 - 11C show the

formation method of 27 June 2005 - 29 a nitride film at low temperature by using plasma according
to a second embodiméhtbFThe Bledeht ‘ifiveltithcas well &L fheFaBhESfor e BFg - 2s
semiconductor device thaidises sueh e nitdde-tiley: Solh thegpresent emboditnentWaocan sapparatus
similar to the one 5shovt\_{tplin FIG.5is u;ed for the%Biéri film formatiog. Eurth%r, in the gresent
embodiment, it is prefera%lert%nl?see Rrof RP Hor the p as$ma ‘excitation ﬁas for re(rlﬁ%(\:/(leneg 6710
terminating hydrogen ahchfor the Gitride fitn uformation,iihardéototfoemenkigbeguatifyoritride film.

Hereinafter, an exampﬂ)%?%%gggér%uQ?nreecp.re§%ntgg'e present embodiment, the
separation between the shower plate 102 and the
substrate 103 is set to 6 cm. With decreasing

10 separation, faster deposition rate becomes possible.
While the present embodiment shows the example of
film formation by a plasma apparatus that uses the
radial line slot antenna, it is also possible to
introduce the microwave into the processing chamber

15 Dby other methods.

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

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

Next, in the step of FIG.11B, an NH; gas is
mixed to the Ar gas from the shower plate 102 with a
partial pressure ratio of 2%. Thereby, the pressure

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

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

on the surface of the silicon substrate 103.



15 First, the interior of the vacuum vessel (processing chamber) 101 of FIG.S is evacuated to a
vacuum state in the step of FIG.11A and an Ar gas is introduced from th%(yu%l/ier Iatt)a(gla%g ch that
the pressure inside the processing chamber is set to 20 about 13.3Pa (160m HYRext a Sificon
substrate 103 is introduced into the processing chamber 101 and is placed on the state 104 in which
there is provided a heating mechanism, wherein the silicgp substrate is subjected 25 to a cleaning
process conducted in a hydrogenated water and the silicon dangling bonds at the substrate surface
are terminated by hydrogen. FurtheHRR& tERipeRature oPthetdjfecimén et 1o 5obES Aslibig as the

temperature is in the range of;300-5506r S9Jesults siular ta therenre deseribed bgloy aye obtained.
Next, a microwave of 2.45GHz is supplied into the processing chamber from the coaxial 27 June 2005

- 30 waveguide 105 vidfheragia iR SIdt AREENNE"1 68 EndHe didi8ctitpISRTII7an®E Hidh-density
plasma of Ar is inducetHa the processingrchanibert As . longrasithe frequensy of the sugppked
microwave is in 5 the rangeiosf abouigOOMHz.(%rhmgﬁeb%rnot excee%in hfélb%ut 10.GH%,.resuIts similar

to the one described 5&16w arero?:ﬁalngﬁ.d]nwtﬁe present embGdiment, the seplatrarlﬁor‘%1 &tween the

shower plate 102 and theo sabstrate 103 issset to &teml..With decreasing 10 separation, faster
O e P, AU [ e At g o i
silicon nitride film 103C thus formed by the nitride
film formation process in the step of FIG.11C is used
10 as a gate insulation film and the gate electrode 103D
is formed on the gate insulation film 103C. Further,
various patterning processes, ion implantation
processes, passivation film formation processes,
hydrogen sintering processes, and the like are
15 conducted, and a semiconductor integrated circuit
that includes therein transistors and capacitors is
obtained.
While the present embodiment showed the
case in which the nitride film is formed by the
20 plasma processing apparatus that uses the radial line
slot antenna, it is also possible to introduce the
microwave into the processing chamber by other ways.
Further, while the present embodiment uses Ar for the
plasma excitation gas, similar results are obtained
25 also when Kr is used. Further, while the present
embodiment uses NH; for the process gas, it is also
possible to use a mixed gas of N; and H, for this
purpose.
In the silicon nitride film formation
30 process of the present invention, it is important
that there remains hydrogen in the plasma even after
the surface-terminating hydrogen are removed. As a

result of existence of hydrogen in the plasma, the



radial line slot antenna, it is also possible to introduce the microwave into the processing chamber 15
by other methods. The silicon surface thus exposed to the plasma excite%,?as don azabg is
subjected to bombardment of low energy Ar ions, and the surface- termi ingﬁﬁ%@r@g r% emoved
as a result. In the 20 present embodiment, the Ar plasma exposure process is conducted for 1 minute.
Next, in the step of FIG.11B, an NH3 gas is mixed to the-Ar gas from the shower plate 102 with a

partial pressure ratio of 2%. Thereby, the pressure 25 of the processing chamber is held at about

13.3Pa (100mTorr). IR ARMLAEHEIHBIESMATT WhFcH- (R A gas hdthe NiIS ghs Hie fixed, there are

caused collision of Ar{;imthe ptermediaie excited state; and thed\H 3 yealeguwles sand NH* radicals are
formed 30 efficiently. The NH* radicals thus formed cause nitridation of the silicon substrate surface,

and as a result, there i€ TOPHEU S SiliBdn hitride fiffn 16370k 19 Suifdcd of theBifton dibstrate 103.
27 June 2005 - 31 Upersformation«f the silicen pidride élne 1103C withaa pregetermaned thickness, the
supply of the microwave power is shutdown_and the itation of the plasma is terminated. Finally,
the Ar/NH3 mixed’s gés’sllslr%(ﬁféc%%\ﬁ %%ef&génasag%ﬁleeni%rﬁl&a?iro%é)ﬁ(reo'cessing is terminated.
Further, in the step of FIG.11C, the Bilieomnitsiderfitm 103G thussforiied doydhemitride efilfr-fbrmation

process in the step of FIG.11C s usgd 10,as a gate insulafion film and, the.gatg electrade 103D
spectroscopy and by X-ray photoelectron spectroscopy.
As a result of existence of hydrogen, the hysteresis
10 in the CV characteristics is eliminated and the
interface state density at the silicon/silicon

nitride film is suppressed to 2 x 10*%m™2.

In the
case of forming the silicon nitride film by using a
rare gas (Ar or Kr) and an N,/H, mixed gas, it is

15 possible to suppress the traps of electrons or holes
in the film drastically by setting the partial
pressure of the hydrogen gas to 0.5% or more.

FIG.12 shows the pressure dependence of the
silicon nitride film thickness formed according to

20 the process noted above. In the experiment of FIG.12,
it should be noted that the Ar/NH; partial pressure
ratio was set to 98/2 and the deposition was
conducted for 30 minutes.

Referring to FIG.12, it can be seen that

25 there occurs an increase of deposition rate of the
nitride film by reducing the pressure in the
processing chamber and thus by increasing the energy
given to NH; (or N,/H,). Thus, from the viewpoint of
efficiency of nitride film formation, it is

30 preferable to set the gas pressure to the range of
6.65 — 13.3Pa (50 - 100mTorr). On the other hand,
from the viewpoint of productivity, it is preferable

to use a unified pressure suitable to the oxidation



is formed on the gate insulation film 103C. Further, various patterning processes, ion implantation
processes, passivation film formation processes, hydrogen sintering processes, and the li re 15
conducted, and a semiconductor integrated circuit that includes therein tfansi &§§1d%b§§§tors is
obtained. While the present embodiment showed the case in which the nitride film is formed by the 20
plasma processing apparatus that uses the radial line slof-antenna, it is also possible to introduce the
microwave into the processing chamber by other ways. Further, while the present embodiment uses
Ar for the plasma excRatRSIEGES Kimidilestifts Are BBtaited 25 Also WhRER KF s @$dd. Futther, while

the present embodimentusesNH3 for-thepreeess;gas,dt is:alse Possible-ta-use axgixgd gas of N2
and H2 for this purpose. In the silicon nitride film formation 30 process of the present invention, it is

important that there rém&ins HyGoGen i thB Bt4& S BV8n Gfr B Yurrhke-t8iniating R§drogen are
removed. As a result ekexistenee of hydrogendn dhe plasma; the 27shne2005n+ 82 dangling bonds
inside the silicon nitrid]g filrphas Welltas.the dan Iingkg)]c_)ndton the in(%eFr‘face ar%tei_minated b)é forming
Si-H bonds or N-H bon ‘and a "result, gieétron Frgps are eﬁmis’n%tfe ront the 5 Silicr Ritride film and
the interface. The existendétaf therSintl/bond andtthe N=Hrbopd is confirhmedrespectivielyl by infrared

absorption spectroscagy,and By X-{ay ANOIoelectron SPRErosGopy. o¢ » - 65,
It should be noted that the silicon nitride
film 103C thus obtained by the present embodiment
10 showed the specific dielectric constant of 7.9, while
this value is about twice as large as the specific
dielectric constant of a silicon oxide film.
Measurement of the current versus voltage
characteristics of the silicon nitride film 103C
15 obtained by the present embodiment has revealed the
fact that the film shows a leakage current
characteristic smaller by the order of 5 - 6 than
that of a thermal oxide film having the thickness of
1.5nm in the case the film has a thickness of 3.0nm
20 (equivalent to the oxide film thickness of 1.5nm),
under the condition that a voltage of 1V is applied.
This means that it is possible to break through the
limitation of miniaturization that appears in the
conventional transistors that use a silicon oxide
25 film for the gate insulation film, by using the
silicon nitride film of the present embodiment.
Further, it should be noted that the film
formation condition of the nitride film noted above
as well as the physical and electrical properties are
30 not limited to the case of forming the silicon
nitride film on the (100) oriented silicon surface
but are valid also in the case of forming the silicon

nitride film on the silicon of any surface



As a result of existence of hydrogen, the hysteresis 10 in the CV characteristics is eliminated and the
interface state density at the silicon/silicon nitride film is suppressed to 2 O)éOcmZ. I tbe se of
forming the silicon nitride film by using a rare gas (Ar or Kr) and an N2/ #i &Ilgj]a%, R% PsgSossible
to suppress the traps of electrons or holes in the film drastically by setting the partial pressure of the
hydrogen gas to 0.5% or more. FIG.12 shows the pressurg,dependence of the silicon nitride film
thickness formed according to 20 the process noted above. In the experiment of FIG.12, it should be
noted that the Ar/NH3atfdl préssiite Lrafib Wiad SettBD8/2 Ahd tFe 8ER6Sition was conducted for 30

minutes. Referring to FIG.12, it can be sgesthat 25 there-ecauks andaeregse of dgpoasition rate of the
nitride film by reducing the pressure in the g[\)Ar,gcessing chamber and thus by increasing the energy

given to NH3 (or N2/HZ5 StHUsS i tHeiewBsint OF efiGancy of Mt i formaGioR Atis 30
preferable to set the gas pressute imthe tangerod 6.60cvi3.3B& (520« 100mTony £ Ondghe other hand,
from the viewpoint of productivity, it is preferable to use a unified pressure suitable to the oxidation 27
June 2005 - 33 p?rocgls%mrgo&?c% kusi?aéliig?l Drr h Earﬁéﬁlg%lﬁ??rg The %a%g o?(r:o%éuc]tlrrl]ggt)é%
oxidation processing amdt thiedgitridation processing cohtnuausty, &s will be explained with reference

to other embodiments, 3 Further, it is preferable tg set the partial pressure, of NH3 (o N2/H2) in the
rare gas to the range (l)%‘ 1- ’
relaxes the stress inside the nitride film or at the

silicon/nitride film interface. As a result, the

10 fixed electric charges in the nitride film or the
interface state density is reduced, and this
contributed also to the remarkable improvement of the
electric properties and the reliability of the
nitride film.

15 Particularly, it is thought that the
existence of Ar or Kr with the surface density of 5 x
1011/cm2 or less 1is effective for the improvement of
the electric properties and reliability of the
silicon nitride film, Jjust like the case of the

20 silicon oxide film.

In order to realize the nitride film 103C
of the present invention, it is also possible to use
other plasma processing apparatus than the one shown
in FIG.5, as long as it enables low temperature oxide

25 film formation by using plasma. For example, it is
possible to use a two-stage shower plate type plasma
processing apparatus that includes a first gas
release structure for releasing an Ar or Kr gas for
excitation of plasma by microwave and a second gas

30 release structure different from the first gas

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

(THIRD EMBODIMENT)



10%, more preferably to the range of 2 - 6%. It should be noted that the silicon nitride film 103C thus
obtained by the present embodiment 10 showed the specific dielectric cogséanktjof 7.9, \/é:a&gis value
is about twice as large as the specific dielectric constant of a silicon oxide film: MéHsur of the
current versus voltage characteristics of the silicon nitride film 103C 15 obtained by the present
embodiment has revealed the fact that the film shows a legkage current characteristic smaller by the
order of 5 - 6 than that of a thermal oxide film havin% the thickness of 1.5nm in the case the film has a

thickness of 3.0nm 20 (equivalent t& & oxidte film’thickAese of REnAH I imeer hé'edrithfforrthat a
voltage of 1V is applied. ditis-megas thatit isspassibie ta braakitbreugh the, imitation of i ng
miniaturization that appears in the conventional transistors that use a silicon oxide 25 film for the gate
insulation film, by using®hé difcar it i 6 the preséit embGGifent "EGRh&R Tt sHbuld be noted
that the film formation wbnditioaof thae adride filkh aatednahovedas elkas thevehysical end electrical
properties are 305not H;rgit(_eg t(I)n tr(leerg%se 8f foirginﬁathersglci:cgg nitrirde f!'nggmorrl1 ta e goog oriegtffl silicon
surface but are valid alS0 in the Case gf]?orrﬁlng% 8 dilicon “nitride film on thé' sificon o?awy surface 27
June 2005 - 34 orientatioa ificlbdingahe ¢hl Prsurtace. tishoukkbe notedlithab thedpreferable results

achieved by the presept gmbgdiment arg not .Qply altained by the removal g the tegminating
structure.
It should be noted that the apparatus used

10 for the formation of the oxide film and the nitride
film in the present embodiment is identical with the
apparatus of FIG.5. In the present embodiment, Kr is
used for the plasma excitation gas at the time of
formation of the oxide film and the nitride film.

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

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

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

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

30 of the specimen is set to 400°C.

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

the coaxial waveguide 105 for 1 minute, wherein the



5 hydrogen but also by the existence of Ar or Kr in the nitride film. Thus, in the nitride film of the
present embodiment, it is believed that Ar or Kr relaxes the stress insideéhf nrg_ride film O@egt he
silicon/nitride film interface. As a result, the 10 fixed electric charges in the nitr il 012’( interface
state density is reduced, and this contributed also to the remarkable improvement of the electric
properties and the reliability of the nitride film. 15 Particulgsly, it is thought that the existence of Ar or
Kr with the surface density of 5 x 1011/cm2 or less is effective for the improvement of the electric
properties and reliabilBGfRE2Sificd HitrideHiRd, jast Iike the ease'of fitk 20 sfticbRdxide film. In order

to realize the nitride filg-103G safithe present invention; ¥ is alsopossible to use, 10ther plasma
processing apparatus than the one shown in FIG.S, as long as it enables low temperature oxide 25
film formation by using PREMA Fof Bkample® itiBPEsshIB 16 U8 H to-§tajE ShbWEFPIaB type
plasma processing appasattisdhatsncluges edfistbgas release strusture ferfeteasing an Ar or Kr gas

for excitation of plas aeb rinrilcé{g\{vave and a second gas %8 relgaée structure differ gt from the first
gas release structure for re easmgrfﬁe f)o(ﬁ\IHZ/Il-li) gas. Y‘? IRE EMBODIME 27 June 2005 -

35 FIGS.13A - 13D show freformatiohenethdd of na svb-tayer taminated dietéctrip $tractaike according
to a third embodiment of the presenﬁiéyggtiqqlinche step of FIG.13B, the pressure
inside the processing chamber 101 is maintained at
133Pa (1 Torr) and a Kr/02 mixed gas is introduced
10 from the shower plate 102 with the partial pressure
ratio of 97/3. Thereby, there is formed a silicon
oxide film 103A on the surface of the silicon
substrate 103 with a thickness of 1.5nm.
Next, in the step of FIG.13C, the supply of
15 the microwave is shutdown momentarily and supply of
the 0, gas is terminated. After purging the interior
of the vacuum vessel (processing chamber) 101 with Kr,
a mixed gas of Kr/NH; is introduced from the shower
plate 103 with a partial pressure ratio of 98/2.
20 Further, the pressure of the processing chamber is
set to about 133Pa (1 Torr) and the microwave of
2.56GHz 1is introduced again to form the high-density
plasma in the processing chamber 101. With this, a
silicon nitride film 103N is formed on the surface of
25 the silicon oxide film 103A with the thickness of 1nm.
Upon formation of the silicon nitride film
103A with the desired thickness, the microwave power
is shutdown and the plasma excitation is terminated.
Further, the Kr/NH; mixed gas is replaced with the Ar
30 gas and the oxynitridation processing is terminated.
Next, in the step of FIG.13D, the
oxynitride film thus obtained is used for the gate

insulation film and a gate electrode 103B is formed



which an oxide film and nitride film formed by the 5 low-temperature plasma process are laminated, as
well as a fabrication process of a semiconductor device that uses such %/(r)ﬁf er Iar;:’rbxgi%
dielectric structure. It should be noted that the apparatus used 10 for the*formati f ide film
and the nitride film in the present embodiment is identical with the apparatus of FIG.S. In the present
embodiment, Kris used for the plasma excitation gas at the time of formation of the oxide film and
the nitride film. 15 First, in the step of FIG.13A, the vacuum vessel (processing chamber) 101 is
evacuated to the vacUuti 588 antd dr- AP §as RYinfroatEed iftd the preésshig ER&MbBE101 from the

shower plate 102. Neyty Hhe-gas te;be introducedthe pexpisswitched 20 to-tbe Krgassfkom the initial
Ar gas, and the pressure of the processing chamber 101 is set to about 133Pa (1 Torr). Next, the

silicon substrate 103, preprot8s8etihthelpreffotassifly steplineniately t55 bBfbre by conducting
the diluted hydrofluoriepaciddeeatment totderrhiaating e suriace: danglingdaondsn otsiliear: by
hydrpgen, IS intrpduceg .intguthg g)&fgsing rcharnlberolg)% %nrd %Igcgg on Otge stage %%air}laevciﬂg a
heating mechanism. Further, the ‘%empel%tureaﬁbgofgt e specimen et 4%)OJC5.gl\?ex , @ microwave of
2.45GHz frequency is introduced tdkhesadiahéing slof antenrnafIR6-frome thiel edaxianiaveguide 105
for 1 minute, wherein tgg Al dune 2005 - 36 Cﬁni%ovg%v&thgs f&ggﬂgqgsdinggggced into the
insulation film ahs revealed the value of about 6.
Further, the film showed excellent electric
10 properties and reliability such as leakage current
characteristic, breakdown characteristic, hot-carrier
resistance, similarly to the case of the first
embodiment. The gate insulation film thus obtained
showed no dependence of surface orientation of the
15 silicon substrate 103, and excellent gate insulation
film was formed also on the silicon of any surface
orientation other than the (100) surface.

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

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

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

FIG.14 shows the nitrogen concentration
distribution in the two-layer laminated structure
obtained by the present embodiment.

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

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



processing chamber 101 via the dielectric plate 107. Thereby, there is induced high-density Kr plasma

in the processing chamber 101, and the surface 5 terminating hydrogen jstemoved by ing the
surface of the silicon substrate 103 to the plasma. Next, in the step of Fléj3®?%%re2§?@§nside

the processing chamber 101 is maintained at 133Pa (1 Torr) and a Kr/02 mixed gas is introduced 10
from the shower plate 102 with the partial pressure ratio af97/3. Thereby, there is formed a silicon
oxide film 103A on the surface of the silicon substrate 103 with a thickness of 1.5nm. Next, in the step
of FIG.13C, the supply’8f- 15 thé ®fierowvens shatdowrRvmerfasy st uppRfof e 029as is

terminated. After purgingitbe interier-@f the vacuura vesseldprocessingchamber) 401 with Kr, a
mixed gas of Kr/NH3 is introduced from the shower plate 103 with a partial pressure ratio of 98/2. 20

Further, the pressure &1tA& Procedsthg EfdmBerist 5&t16 dott 133P5 (L orfaiftht Mikrowave of
2.56GHz is introducedsagain ¢ farmt thedhgh+density gaasma in tnpraocessing chamber 101. With
this, a silicon nitride film 103N is fo%n%] d ?g tg%gurfa of %%érée silicon oxide fiIrP ]t 3A with the

t m

thickness of Inm. "Upon formation of the ‘silicon Mitride TillT v@i%hrfh%tdlerselre% thickness, the

microwave power is shatdowmand the-plasmacexcitation ¢s. te?miratedn Faithey the«r/NH3 mixed

gas is replaced with t_hg I%rs%o_ gas gg_ th %ynig(ﬂatigﬁ progessir q]isetgﬁrphnl%% uNext, in the step of
FIG.13D, the oxynitride film thus obtained is used for the gate insulation film and a gate electrode
103B is formed 27 June 2005 Referring to FIG.15, there is formed a
nitride layer 103N of small bandgap adjacent to the
10 silicon oxide layer 103A of large bandgap, and the
gate electrode 103B is formed adjacent to the nitride
film layer 103N. Further, the silicon substrate 103
exists adjacent to the silicon oxide film layer 103A.
In such a band structure, it should be
15 noted that the conduction electrons in the silicon
substrate 103 are blocked by the thick dielectric
film formed of the silicon oxide film 103A and the
nitride film 103N as long as the semiconductor device
is in the non-driving state in which no voltage is
20 applied to the gate electrode 103A, and there 1is
caused no leakage of the conduction electrons tot eh
gate electrode 103A. As will be explained later with
reference to the flash memory device, the band
structure of FIG.15 is extremely effective for
25 suppressing the leakage current and simultaneously
increasing the current density of the tunneling

current.

(FOURTH EMBODIMENT)

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

present invention and a fabrication process of a



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

passivation film formation processing, hydrogen sintering processing, ar%dgthe ike, a s?z(?@?ductor
n

integrated 5 circuit having transistors or capacitors is obtained. Measure

t SithEeff

ive-dielectric

constant conducted on such a laminated gate insulation film ahs revealed the value of about 6.
Further, the film showed excellent electric 10 properties apgl reliability such as leakage current
characteristic, breakdown characteristic, hot-carrier resistance, similarly to the case of the first
embodiment. The gateSEliRABA YR Hus BHimTed shbwedSto deséhdehca ofstiFfaéédrientation of

the 15 silicon substrate 103, and exeelient gate insulatiophfilm was fermed alsoan theisilicon of any

surface orientation other than the (100) surface. While the present embodiment

two-layer construction it WHIch 87 oXRIfim-BEated® 20 tibder fo e Sifiddn itk

explained the
%C?gd“:?ﬁﬁride?’ film are

laminated, it is also posaibie: to-ehangetthetordevok lashination of esoxide fiimtand the atgide film
depending on theyopozgeb Further, it is also pogggle to fo{%‘ the structure of E]Cug

. . (S}
such as oxide/nitride oxi

dr]ﬂﬁle(fé%xi glnftﬁdél, and t%%rlike. F18.12°5hows the 1i

rog

?I.Iaminated 25 films
10

n as. .
en %oncentratlon

distribution in the two-layer laminatedistricturehebtained by the preseat embodiments 36 Referring to
FIG.14, it can be seen that there s gausgd conaeyiratiop of pitrageryin, gongspangenge to the nitride

film 103N at the depth

vacuum state in the step of FIG.1l6A, and an Ar gas 1is

introduced into the processing chamber 101 from the

10 shower plate 102. Next, the gas introduced to the

processing chamber 101 is switched to a Kr gas from

the Ar gas, and the pressure inside the processing

chamber is set to about 133Pa(l Torr).

Further, the silicon substrate 103,

15 preprocessed in the preprocessing step conducted

immediately before by a diluted hydrofluoric

treatment for terminating the dangling bonds of

silicon on the surface by hydrogen, is introduced

into the processing chamber 101 and is placed on the

20 stage 104 having a heating mechanism.

temperature of the specimen is set to 400°C.

Further,

the

Next, a microwave of 2.45GHz frequency is

supplied to the radial line slot antenna 106 from the

coaxial waveguide 105 for 1 minute, wherein the

25 microwave thus supplied is introduced into the

processing chamber 107 from the radial lien slot

antenna 106 through the dielectric plate 107.

Thereby,

there is formed high-density plasma of Kr in the

processing chamber 101. The surface-terminating

30 hydrogen is thus removed by exposing the surface of

the silicon substrate 103 to the plasma thus excited

on the Kr gas.

Next, in the step of FIG.1l6RB,

the pressure



of 2-3nm from the surface of the dielectric film, 27 June 2005 - 38 while there occurs no further
penetration of nitrogen. Thus, according to the present embodiment, it is s;jble to fo itride
region at the oxide film surface with the thickness of 2-3nm stably. 5 FIG.21 shows the %@r@lgtructure
of the semiconductor device of FIG.13D taken along the cross-section A-A' for the thermal
equilibrium state. Referring to FIG.15, there is formed a nityide layer 103N of small bandgap adjacent
to the 10 silicon oxide layer 103A of large bandgap, and the gate electrode 103B is formed adjacent to
the nitride film layer 103Nt EGrtR&P #56 Siiton SOBSPaE 103! ekstadiatant ®tha silkbAwxide film

layer 103A. In such a hang stryature, it-shauldi bg 5 petedsthat the eanduction, elegtrons in the silicon
substrate 103 are blocked by the thick dielectric film formed of the silicon oxide film 103A and the

nitride film 103N as lord' b8 W& SEMidondlictor devite” i inthé ronidiiving statd fwhthtigWVoltage is
20 applied to the gate electrodecl 034, anddhersiss gausedno feakageof the sandueiion electrons tot
eh gate electrode 103A. As.\giélibfee@I?ine_gd%tEr Withfrerf%[eeé]ce tott e flg:sﬂ :tpcemor%/ dre ail%eé the

band structure of FIG.75 1<’ éxtremely effective for 25 suf))pressmarfhe éeakage current an

simultaneously increasinghthelcurtent densitysofthe3uanelingirearreft {ROURTH EMBOOIMENT) 30
FIG.16A - 16C show the farmgtion,meted of .an oxyniride film conducted-at low temperatuce by
the supply of the microwave power is shutdown and the
plasma excitation is terminated. Further, the
10 Kr/0,/NH; mixed gas is replaced with the Ar gas and
the oxynitridation processing is terminated.

Next, in the step of FIG.16C, the
oxynitride film 103E thus formed is used for the gate
insulation film, and a gate electrode 103F is formed

15 on the gate insulation film 103E. Further, by
conducting various patterning processes, ion
implantation processes, passivation film formation
processes, hydrogen sintering processes, and the like,
are conducted, and a semiconductor integrated circuit

20 device having transistors and capacitors is obtained.

FIG.17 shows the relationship between the
density of atomic state oxygen O* formed in the
processing apparatus of FIG.5 measured by
photoemission analysis and the mixing ratio of the

25 NH; gas in the Kr/0,/NH;3 gas.

Referring to FIG.17, the density of the
atomic state oxygen O* as measured by the
photoemission analysis does not change substantially
when the mixing ratio of the Kr/0,/NH; gas is in the

30 range of 97/3/0 - 95/3/2, while when the ratio of NHj
is increased further, the formation of the atomic
state oxygen O* is reduced and the amount of the

atomic state hydrogen is increased. Particularly, in



using plasma according to a fourth embodiment of the present invention and a fabrication process of a
27 June 2005 - 39 semiconductor device that uses such an oxynitride fi Itﬁhould b% ﬁqﬁ that
the oxynitride film formation apparatus used in the present embodiment s ‘ide {3 Rwit ne
shown in FIG.S. In the present 5 embodiment, Kr is used for the plasma excitation gas. First, the
interior of the vacuum vessel (processing camber 101) of FIG.S is evacuated to the vacuum state in
the step of FIG.16A, and an Ar gas is introduced into the processing chamber 101 from the 10 shower
plate 102. Next, the gasintroduced to e prddesshigidrutrber01'R swikthebts dRigasfrom the

Ar gas, and the pressurgdnside the peocessing, shamhes is setiosabouy 4 38Pa(bTery). Rurther, the
silicon substrate 103, 15 preprocessed in the preprocessing step conducted immediately before by a

diluted hydrofluoric tré&thent fe&Fminatiig the daRgimPBorrds 3F RiticBi ONtRE SUHRCEHY
hydrogen, is introducegn int® then proeessingrchambes 0 lvaric isqdacedion ke 28 stageah@4 having a
heating mechanisgn. Further, the tﬁ]méoéerature gf the specimen is set to 400C. Next,da microwave of
2.45GHz frequency is aﬁjaplprﬁ% t0 the radial IhesIot antenna bgrfroarlﬁﬁﬁemé%ﬁ%xé?waveguide 105 for
1 minute, wherein the 25 microwaverthusstipplied s intreduced st tiee iprocessing charnbenl107
from the radial lien sIo#) @négr%rlac%gfj tt})rgy%g Iw% ielectric plate 195 Ig%reg}\{% rgq%r]g_eiia Jormed

o

high-density plasma of Kr in the processin amber 101. The surface-terminating

film of the present embodiment as measured by a
secondary ion mass spectrometer, wherein the

10 horizontal axis of FIG.18 shows the depth as measured
from the surface of the oxynitride film. In FIG.18,
it can be seen that the distribution of silicon,
oxygen and nitrogen is changing gently in the film,
while this merely means non-uniformity of etching and

15 does not mean that the thickness of the oxynitride
film is non-uniform.

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

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

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

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

contributes to the reduction of the leakage current.



30 hydrogen is thus removed by exposing the surface of the silicon substrate 103 to the plasma thus
excited on the Kr gas. Next, in the step of FIG.16B, the pressure 27 Jun %OO -40 of tlaﬁﬁ_é
processing chamber 101 is maintained at about 133Pa (1 Torr) and a miked g%él&?(r/@z is
introduced from the shower plate 103 with the partial pressure ratio of 96.5/3/0.5. Thereby, a silicon 5
oxynitride film 103E is formed on the silicon surface with the thickness of 3.5nm. Upon formation of
the silicon oxynitride film of the desire film thickness, the supply of the microwave power is shutdown
and the plasma excitation is termin&tefd: FartAér e 10KAFIRMEARRIYas!isF8pIERed with the Ar

gas and the oxynitridatippjarecessing istesminated.iNextsimthestep REFIGA6&, the oxynitride film
103E thus formed is used for the gate insulation film, and a gate electrode 103F is formed 15 on the
gate insulation film 10SEPRGRAE. by ¥onbl&ifPvarists Fatterhing procédsts, 1B+ Tfipfantation
processes, passivatior fitm formation processes,hytkegenysintaringprocesses, andithe tike, are

conducted, and a semiconductor integrated circyit 20 device having transistors and capacitors is
obtained. FIG.1753hov(\)/§O tﬁgl (reelgfi{olrgs%i?)%ﬁg Weoe%ln t %edgﬁg}?y?)%/fl g%mglgl %tca%él (%)“(\w’()“(?w’gelnnO’W Fblrr%ﬁed in the
processing apparatus ohElGSomeaseredryc gphotdgemissionkanabysisand the mpmxingedtio of the 25

NH3 gas in the Kr/02/NH3 gas. Referring 1 FIG;17, E@%HS@?%O‘EPS ~atomig };tegg oxygen 0* as
measured by the
microwave plasma and further the leakage current
characteristic of the oxide film formed by a thermal

10 oxidation process for the purpose of comparison.

Referring to FIG.19, it can be seen that
the value of the leakage current at the same electric
field is reduced by the order of 2 - 4 in the
oxynitride film of the present embodiment in which

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

20 thus formed has excellent low-leakage characteristics.

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

25 Referring to FIG.10 again, the oxynitride
film formed by the present embodiment after
conducting the Kr irradiation has a similar leakage
characteristic to the oxide film formed with a
similar process and that the leakage current is only

30 1 x 10?A/cm® also in the case the film thickness is
about 1.6nm.

It should be noted that the oxynitride film

of the present embodiment also showed excellent



photoemission analysis does not change substantially when the mixing ratio of the Kr/02/NH3 gas is
in the 30 range of 97/3/0 - 95/3/2, while when the ratio of NH3 is increaszdﬂu(rﬂﬁper, the %@:ga;gigon of
the atomic state oxygen 0* is reduced and the amount of the atomic state hy (])Jg@ﬁis ed.
Particularly, in 27 June 2005 - 41 the oxynitride film obtained in the case the mixing ratio of the
Kr/02/NH3 gas is about 96.5/3/0.5, it can be seen that thg{eakage current becomes minimum and
both of the breakdown voltage and the resistance 5 against electric charge injection are improved.
FIG.18 shows the conEerftFatioh diBFbRIAGH T6FSilfceh, BRygerPand hitrogeindRe BXFAiE Hlm of

the present embodiment as saeasured by a..secandaryden massspeciometer, wheseindhe 10
horizontal axis of FIG.18 shows the depth as measured from the surface of the_oxynitride film. In

FIG.18, it can be seert tHat e distributiBnodt Shitont 'IxyheiERAtiP6gen ey gently in the
film, while this merelypaeans:nomuntfaenity ehetebingaandbs does moh measthatthecthickness of the
oxynitride film is gon-%tpliform. Rfeferring to FIE;.JES, it car%bgﬁ;een that the concetrltrat'gion of ni&rogen in
the oxynitride film™is Iarg% at the Siticon/silicon %X)l/r?l ride film 20 intefface and afso at the silicon
oxynitride film surfacecand dedreases anthe cerdrallpaet dfdhé caxynitride fibm 1 Tisereby livshould be

e e oo TG R I Aoy W e e
(100) surface of silicon but also on the silicon
surface of any surface orientation.

10 As explained above, it becomes possible to
form a silicon oxynitride film of superior
characteristics and film quality on the silicon
surface of any surface orientation at the low
temperature of 400°C by conducting the silicon

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

The reason why such advantageous effect can
be achieved by the present embodiment is attributed

20 not only to the reduction of hydrogen content in the
oxynitride film caused by removal of the surface-
terminating hydrogen but also to the effect of the
nitrogen contained in the oxynitride film with a
proportion of several ten percent or less. In the

25 oxynitride film of the present embodiment, the
content of Kr is about 1/10 or less as compared with
the oxide film of the first embodiment, and in place
of Kr, the film contains a large amount of nitrogen.
Thus, in the present embodiment, it is believed that

30 the reduction of hydrogen in the oxynitride film
causes reduction of weak bonds in the silicon
oxynitride film, while the existence of nitrogen in

the film caused relaxation of stress in the film or



concentrating to the silicon/silicon oxynitride film interface in the silicon oxynitride film of FIG.18 is
thought as relaxing the stress at such an interface. As a result of such S(géb srﬁlaxation%t(gefagapping
30 of electric charges in the film or the density of interface states cause eZt Witéss i cedin
the silicon oxynitride film of FIG.18, and this contributes to the reduction of the leakage current. 27
June 2005 - 42 FIG.19 shows the dependence of leakage, current of the oxynitride film of the present
embodiment on the applied electric field, wherein FIG.19 also shows the leakage current
characteristic 5 of the 8kide!tmf tRé Sanie it fiftCikthesySn WHIGHT hé eXposireSorotéss to the Kr

plasma is omitted befaraiheoxide filn formationdrecassby thes mejewpwayeplasmaiandsfurther the
leakage current characteristic of the oxide film formed by a thermal 10 oxidation process for the

purpose of comparisorr."Refetihg 6 FIG g, itah e Ledrt tHat theVHué Bfthe 18akage current at
the same electric fieldisaeduded by theetdes of 2 4 inthexoxynitridedilmiafihe present embodiment
in which 15 the ox5ynitridation J)r cessingh%s, conqCUfted Bg igtrodticin the K{/OZ/NHS gas aftgr
removing the terminaﬁr%oﬁ)? r%geﬁjb%ﬂ eJKcrap asma irradiation a%rcgmpéredlv%/itf?ﬁwelg%ﬁe film
formed by the conventibpalprdcess and tHatlihel oxyritridectilpe20 thusi forméeeas excetlént

e I i et bl i s g or e
10cm™ or less and the existence of nitrogen in the
film with a proportion of several ten percent with

10 respect to silicon or oxygen contribute to the
improvement of the electric properties and
reliability of the silicon oxynitride film.

In the present embodiment, the supply of
the microwave power is shutdown at the end of the

15 oxynitridation processing upon formation of the
silicon oxynitride film with the predetermined
thickness, and the Kr/0,/NH; mixed gas is replaced
with the Ar gas. On the other hand, it is possible to
terminate the oxynitridation processing by

20 introducing a Kr/NH3 mixed gas with the partial
pressure ratio of 98/2 from the shower plate 103
before the shutdown of the microwave power while
maintaining the pressure at 133Pa (1 Torr) and form a
silicon nitride film on the surface of the silicon

25 oxynitride film with the thickness of about 0.7nm.
According to this process, a silicon nitride film is
formed on the surface of the silicon oxynitride film
and an insulation film having a higher dielectric
constant is obtained.

30 In the oxynitride film of the present
embodiment, it should be noted that the concentration
of nitrogen to the silicon/oxynitride film interface

and the concentration of nitrogen to the surface of



oxynitride film thus formed is represented by ~ . 25 Referring to FIG.10 again, the oxynitride film
formed by the present embodiment after conducting the Kr irradiation has a similar Ieal?
characteristic to the oxide film formed with a similar process and that thez akage Bhire taz)o%ly 301
x 10-2A/cm2 also in the case the film thickness is about 1.6nm. It should be noted that the oxynitride
film of the present embodiment also showed excellent 27, June 2005 - 43 electric properties and
reliability such as breakdown characteristic and hot carrier resistance superior to the oxide film of the
first embodiment expldif€d Befdre- Fhfthef, thBreowkas dbssRedid dé| €%rtS the surface

orientation of the siliconrsubstrate;anes this; ithaecomes: pessible tg foym a gate insullation film of
excellent characteristic not only on the (100) surface of silicon but also on the silicon surface of any

surface orientation. 10°AY Bxpiair&d : it becomes possible to form a silicon oxynitride film of
superior characteristics and film quality oncthetsilicont Burfaceabanysurface arientatien at the low
temperature of 4050C b 'chnrdfggggéhe SI|IC%%J]_.£ o&(yggnd&}lon rocessing b%/#éslng the Kr/02/NH3

high-density plasma, a fer removing the'stirface: termlnatingen rogen. The reason why such

advantageous effect carybe achiéwed byrthe phesent epabddiment is attributed 20 not only to the
reduction of hydrogen content in theR(%)%@]i_,tggg &ilq_j ocaﬁgql P@Irem%%%tge Cs(%@gg-t rate
to the surface of the oxynitride film and to the
interface between the oxynitride film and the
10 underlying silicon substrate, and this tendency 1is
maintained even when the oxynitride film has made a
growth. As a result, the oxynitride film, while
having an overall composition of an oxynitride film,
does have a composition near an oxide film in the mid
15 depth part of the film and a composition near a
nitride film at the surface as well at the interface
between the oxynitride film and the substrate.
Further, the depth of penetration of nitrogen at the
oxynitride film is limited to 2-3nm or less, and thus,
20 the thickness of the nitride film formed on the

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

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

isolation.



terminating hydrogen but also to the effect of the nitrogen contained in the oxynitride film with a
proportion of several ten percent or less. In the 25 oxynitride film of the [:()E?en embodiréurﬁr&;l he
content of Kr is about 1/10 or less as compared with the oxide film of theirst §imént,and in
place of Kr, the film contains a large amount of nitrogen. Thus, in the present embodiment, it is
believed that 30 the reduction of hydrogen in the oxynitridg film causes reduction of weak bonds in the
silicon oxynitride film, while the existence of nitrogen in the film caused relaxation of stress in the film
or 27 June 2005 - 44 at the Si/SIORMt&Face! Ast@ réstiit of this, tHe® nlimbie? of #apPed electrical

charges in the film or thesurface-state-densitylis reduced; andthe glegirie propestiesaf the oxynitride
film is 5 improved significantly. Particularly, it is believed the reduction of hydrogen concentration level

y
in the oxynitride film t& 1923 ﬁ\%rbr9§§§}?‘hor%npr‘3fe?aﬁl§/afﬁlfd§n§ of sl tHePEXishte of
nitrogen in the film withoa prapprtiem efisevetal tengiereent withc HOhrgspeetdessiljconiarioxygen
contribute to the improvement of the electric properties and reliabjlity of the silicon_oxynitride film. In
the present embodime%ktl,ethgrs%%% y grlh the r#)crrg\(/evévg 1;%]{,1\/6? issslhidta&?vnoa}f Jtﬁglée eﬁé)%P tgeggl
oxynitridation processifgmupan foymatiovof theosikcon oxymitridé ditmmithi the priedeternireth

thickness, and the Kr/%%!dyggB mixed Q%%'@ rlgglagegmyitg the Ar gas. On the otherhand, it is possible
to terminate the oxynitridation processing by ’ ’
In the present embodiment, the silicon

substrate is exposed to an oxidizing atmosphere at

10 800 - 900°C after the polishing step of the silicon
oxide film 1002 to conduct sacrifice oxidation
process, and the silicon oxide film thus formed as a
result of the sacrifice oxidation process is etched
away in a chemical solution containing hydrofluoric

15 acid. Thereby, a silicon surface terminated with
hydrogen is obtained. In the present embodiment, a
procedure similar to the one explained in the first
embodiment is conducted and the surface-terminating
hydrogen is removed by using the Kr plasma.

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

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

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

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

electric charges are 10°C/cm’. Thus, the reliability



20 introducing a Kr/NH3 mixed gas with the partial pressure ratio of 98/2 from the shower plate 103
before the shutdown of the microwave power while maintaining the prejzﬁe ﬁlSSPai T@g{)) and
form a silicon nitride film on the surface of the silicon 25 oxynitride film the thickne Q) out
0.7nm. According to this process, a silicon nitride film is formed on the surface of the silicon
oxynitride film and an insulation film having a higher dielgetric constant is obtained. 30 In the
oxynitride film of the present embodiment, it should be noted that the concentration of nitrogen to the
silicon/oxynitride film iRterfag &Y #ieecdricehtiiation ¥f nitrofiehitotRe stiface of 27 June 2005 - 45

the oxynitride film explained with referenceto-ElG. 18raredpaintained dudng the gravth of the
oxynitride film. FIG.20 shows the change of the nitride 5 distribution profile with the growth of the
oxynitride film schematitaffy. Ret&fihg 0 EIB 20, Hifdgér EoRcentrate W tHE SUFREE BF fie oxynitride
film and to the interfaeebetweerktheoxyaitride élng anddbe 10:tintterlyingrsiliconseuhstrate; and this
tgndengy IS mgingainege%\ﬁene\ghg@ th%gxyr(ljitrrir(ljg rfilmah%s .mgdehae gr%vg% 66‘5 atrr%srllJCI:ththe oxynitridg
film, while having an overal?compos}flon of an oxynﬁrlée fifpm, %oes have a composition near an oxide
film in the mid 15 depth partofithe filmtandia compositiontreae a aitgde filnd at the surédcecas well at

the interface benNeenéPSﬁ%%”%@%ﬁQ@lgﬂgtm%%%%g%ﬁethe case of the present
invention, no such thinning of the silicon oxide film
is caused at such a corner part of the shallow trench

10 isolation even in the case the taper angle is
increased. Thus, in the present embodiment, the use
of a near rectangular taper angle for the trench of
the shallow trench isolation structure enables
reduction of the area of the device isolation region,

15 and further increase of integration density becomes
possible in the semiconductor device. It should be
noted that the taper angle of about 70 degrees has
been used for the device isolation part in the
conventional technology, which relies on the thermal

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

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

30 embodiment.

Referring to FIG.22, it can be seen that a
silicon oxide film of uniform thickness is formed on

any of the surfaces.



Further, the depth of penetration of nitrogen at the oxynitride film is limited to 2-3nm or less, and thus,
20 the thickness of the nitride film formed on the surface of the oxynitrid(égtm? limited to 2Q§1m
(FIFTH EMBODIMENT) Next, formation process of a semiconductor 25 ic Eé&@rdiégot fifth
embodiment of the present invention will be described wherein the semiconductor device includes a
high-quality silicon oxide film formed on a corner part of the device isolation sidewall that constitutes
a shallow-trench isolation 30 or on a silicon surface having an undulating surface form. FIG.21A

shows the concept of shallow trenct i§ol&ffdri2 7t durie 2605'e%6r Retefing B FIESEA thBt

illustrated shallow treroheisplationds fgraed; By farqing ap isalationdrenchoka surface ekassilicon
substrate 1003 by conducting a plasma etching process, filling 5 the trench thus formed with a silicon

oxide film 1002 forme@y’d TVD'BFoteS82aAY pfanatizing the Xlicon“ sxide Hm 2By -a cMP
process, and the like. imtherpresentcembediatentthe silicoin-substiate issexpesatiiocarvexidizing

atmosphere at 1Q 800, - 900C g{tgcritrg:e. @ollilspin%stggnof tge g!‘f?@ or>1<i eﬁfﬂénel_OOZm gon%cmoduﬁ sacrifice
oxidation process, and the €ilicon oxidge fiim t%us?ormgd as & result of the sacrcljﬂlce oxidation process

is etched away in a clmicatsalatiowtontaimngy hydrofluddc dbuacid. Eheréby,aa silicon surface
terminated withhydrogeq is, pbtaingd, In the present embodiment. §. v+ 5 a1 structure.

(SIXTH EMBODIMENT)

10 FIG.23 shows the construction of a flash
memory device 20 according to a sixth embodiment of
the present invention, wherein those parts
corresponding to the parts described before are
designated by the same reference numerals and the

15 description thereof will be omitted.

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

20 12.

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

Referring to FIG.24, it can be seen that

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

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

triangular potential formed by the conduction band Ec



procedure similar to the one explained in the first embodiment is conducted and the
surface-terminating hydrogen is removed by using the Kr plasma. 20 Thétr(zaftﬁr, the Kr/0 Sis
introduced and the silicon oxide film is formed with the thickness of abott 2.5HH. Acc o the
present embodiment, the silicon oxide film is formed with a uniform thickness 25 even on the corner
part of the shallow trench isolation without causing decregse of silicon oxide film thickness. The silicon
oxide film thus formed by the plasma oxidation process while using the Kr plasma has excellent QBD
(charge-to-breakdowny 30 ch@racteristied iﬁéﬂééﬁgﬁﬁé%héﬂo%%nﬁﬁr@o%ﬁoﬁ%ﬁ%md there is
caused no increase ofyleakage gupent-eyen in the case the injected electric charges are 1020/cm?2.
Thus, the reliability 27 June 2005 - 47 of the device is_improved significantly. In the case of forming
the silicon oxide film by the convenftSn&l thefa TxidationPtécdss; \thethickRBSS of the silicon oxide
film is severely 5 redugadat the carper pard o thecshallowrtrenche dsedation with drcreasing taper angle
of the shallow trench isojcatio?i\évfn% in the case.(%f theéaresecptt@vg%:ion no suqchitr?inning of the

o . . b) (©) n arrier w I a e on C .
silicon oxide film is cdued at stich a‘corner pariL oPthe shallow trenc 1(§|so ation even in the case

the taper angle is increased.rtus, imthehpreseahembodimeninthelisel of ahrrear sectangular taper
angle for the trench ofw@&%%og/ttgeéréch()@ol%ign structure &Qgpg;s qLeduction of the area aof the

device isolation region,
tunneling current is effectively blocked.

FIG.25 shows the voltage versus current

10 characteristic of the tunneling insulation film 12A
of the flash memory device 20 of FIG.25 in
superposition with the graph of FIG.3.

Referring to FIG.25, it can be seen that
the tunneling insulation film 12A provides a very low

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

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

In the flash memory device 20 of FIG.23,

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

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

can be reduced, and thus, it becomes possible to



15 and further increase of integration density becomes possible in the semiconductor device. It should
be noted that the taper angle of about 70 degrees has been used for thegdfvig isolati%rb% in the
conventional technology, which relies on the thermal 20 oxidation process, be HdeSf [imitation
caused by the thinning of the thermal oxide film at the trench corner part as shown in FIG.21B.
According to the present invention, it becomes possible tguse the angle of 90 degrees. 25 FIG.22
shows the cross-sectional view of the silicon oxide film formed on a silicon surface in which an
undulating surface mofStiotégFisFofrhad by eBrdicting e 90-tegréd etehihg’ WithP4 thickness of 3nm
according to the procedure of the first 30 embodiment. Referring to FIG.22, it can be seen that a
silicon oxide film of uniform thickness is formed on any of the surfaces. 27 June 2005 - 48 The oxide
film formed as such haS’&xcdeleht %@H&%%ties such as excellent leakage current or breakdown
characteristic, and thus, the presentvégwentian £aa sealizera highdderisity sermicenduciord integrated

circuit having a silicon three-dimen ion$l structure, which may include plural surface orientations as
in the case of a vé’rticaﬁ%ﬁfrﬁ%%re.e’fsbl %Bglgﬁﬁﬁﬁ#ﬁéﬁ 3 8@%% e (?Bcﬁgtgucutfb%sof a flash
memory device 20 acdordingde atsixtheerabodiment ofiahe presenthmvention, wherein dlkose parts
CO”eSpondmgtOthe[¥q%%g%%%gbgqg§ggge¥§lm or the low-temperature

formation technology of oxynitride film by plasma
will be explained. In the description below, it

10 should be noted that the explanation is made on a
flash memory device, while it should be noted that
the present invention is applicable also to EPROMs
and EEPROMs.

FIG.26 shows the schematic cross—sectional

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

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

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

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

30 noted that the silicon oxide film 1202 is formed by
the silicon oxide film formation method explained
with reference to the first embodiment, while the

laminated structure of the silicon oxide film 1204



designated by the same reference numerals and the 15 description thereof will be omitted. Referring
to FIG.23, the flash memory device 20 of the present embodiment uses %‘ﬁ %Iectric%@? of the
third embodiment or the fourth embodiment, for the tunneling insulation Y5187 ows the
state in which a write voltage is applied to he control gate electrode 15 in the flash memory device 20
of FIG.23. Referring to FIG.24, it can be seen that 25 theshand structure of the silicon oxide film and
the nitride film constituting the dielectric film 12A changes significantly upon application of the write
voltage to the control Gdte elé&rdefe 15 de td e tofrespndifgehang® of peteritialsftheloating 30

gate electrode 13, anditherhot electionsiferned in thechannel regionliA are injected inte the floating
gate electrode 13 after passing through the triangular potential formed by the conduction band Ec 27

June 2005 - 49 of thé SiliEAF okidle Fitm At PR Gf-Fowler- Nordheim current. As explained already
with reference to FIG.15, such a dielectsicfilm-fonns aitbick Speatential harderwitls regard to the
conducting electrons in thf channel retgion 11A in the non- Writinegsstatefotcrktle f?fh memory device
20, and the tunneﬁing Tlfrent isetfec |V((aely%ﬁfoc:li(le(c:j‘?L €25 shows ﬂc‘]eovoltag% versus current 10
characteristic of the tumaekngindalation fitm 1124 of thesflash mencalydevices2Gpf BYG.2546mw -

Referring to FIG.27, a silicon substrate
1301 includes a flash memory cell region A, a high-
voltage transistor region B and a low-voltage

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

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

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

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

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

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

30 embodiment before.

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

similarly to the first embodiment and the Ar gas is



superposition with the graph of FIG.3. Referring to FIG.25, it can be seen that the tunneling insulation
film 12A provides a very low 15 leakage current in the case the applied %egtriﬁﬁeld IS mt%/hile the
tunneling current increases sharply when the applied electric field is incréase }ﬁI?gsp

application of a predetermined write voltage, and it becomes possible to conduct efficient 20 writing of
information in short time. Further, in the case of conducting the writing with the level of conventional
injection current, the time needed for writing is reduced. In the flash memory device 20 of FIG.23, 25
the stress at the interface beieRthe Sisubfater A2 the tGRREMREINSUIatidn fin 42A is relaxed

by using the oxynitridesfilpw Q3 formed inthenprocess BEFIGS J6A - 16G farthedunneling, insulation
film 12A and the quality of the tunnelin% 30 insulation film 12A is improved. As a result, the leakage
current is reduced furthér. Shis HEAnEthaP i thickness ot e fuhneliQ rEtftdn fiPI2K can be
reduced, and thus, it becomes possible taRédune 200br- 50 realize a flash memory operating at low
voltage. (SEVENTH EMBODIMENP I}I{g{xt, leash memory gg\/ilgg atif‘cquglq%lﬁ)};a 5 seventh

embodiment of the present invention tha ’usesethséﬁow-temperature ormation tecﬁﬁo’ology of oxide film

and nitride film or the lowrtemperaturte tioembtior teChmotogy efaxynitride filne by plasma will be
explained. In the descrpfion below, it10.shauld be, poted that 1he explanation is.made on a
substrate 1301 thus processed is introduced into the
processing chamber 101 as the silicon substrate 103
10 of FIG.5 and is placed on the stage 104 equipped with
the heating mechanism. Further, the temperature of
the substrate is set to 400°C.
Further, a microwave of 2.45GHz frequency
is supplied from the coaxial waveguide 105 to the
15 radial line slot antenna 106 for 1 minute, wherein
the microwave thus supplied is introduced into the
processing chamber 101 from the radial line slot
antenna 106 through the dielectric plate 107. By
exposing the surface of the silicon substrate to the
20 high-density Kr plasma thus formed in the processing
chamber 101, the terminating hydrogen are removed
from the silicon surface of the substrate 1301.
Next, the Kr gas and the 0, gas are
introduced from the shower plate 102, and a silicon
25 oxide film 1304 used for the tunneling insulation
film is formed on the region A with a thickness of
3.5nm. Next, a first polysilicon layer 1305 is
deposited so as to cover the silicon oxide film 1304.
Next, the first polysilicon layer 1305 is
30 removed from the regions B and C for the high voltage
and low voltage transistors by a patterning process,
such that the first polysilicon pattern 1305 is left

only on the tunneling oxide film 1304 in the memory



flash memory device, while it should be noted that the present invention is applicable also to EPROMs
and EEPROMSs. FIG.26 shows the schematic cross-sectional 15 diagra ?a&ash memar {rj?evice
according to the present embodiment. Referring to FIG.26, the flash menr‘h ry &\fite isggﬁré ucted on
a silicon substrate 1201 and includes a tunneling oxide film 1202 formed on the 20 silicon substrate
1201, a first polysilicon gate electrode 1203 formed on thestunneling oxide film 1202 as a floating
gate electrode, a silicon oxide film 1204 and a silicon nitride film 1205 formed consecutively on the
polysilicon gate electréfe 1268 P5°and a second polysilicon gate electrode 1206 formed on the

silicon nitride film 1205 as a control gate- eleatroges in-FiG.26pMystkation af thessoureg, region, drain
region, contact hole, interconnection patterns, and the like, is omitted. It should be 30 noted that the

silicon oxide film 12028 f6iiietl By the 3icoh Txide fin formation #éth8d expfained with reference
to the first embodimengoakite thec tamipatedkstructoesofitbe tsificanroxideifii 1 204 24 Juper2005 - 51
and the nitride film 1205 is formed thg formatjccm metthod ogs;,‘lirf%n Egride film exBIflir}Ced in relation
to the third embodiment. FIGS.27 - 30 aré séhematic 8|a%?ar%s exp]ainfngat%ejfgﬁrlca%ohoﬁlrocess of
the flash memory devicelof thé PpFesent embaedimelit stepunycstep. Referringltod=lG24, a silicon

SUbS”aua1301indUd%%%g§S%Q¥ag0@T¥mr?gg%ﬂAa%gkgh upper nitride film
1306B therein is formed so as to cover the surface of
the polysilicon pattern 1305 similarly to the third

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

Next, a Kr/02 mixed gas is introduced into



voltage transistor region B and a low-voltage 10 transistor region C such that the regions A - C are
defined by a field oxide film 1302, wherein a silicon oxide film 1303 is forgzdn(i‘n the su'gﬁ:g gf the
silicon substrate 1301 in each of the regions A - C. The field oxide film 1 9}3&0 yalb
selective oxidation process (LOCOS method) or shallow trench isolation method. In the present
embodiment, Kr is used for the plasma excitation gas forthe removal of the surface-terminating
hydrogen or for the formation of 20 the oxide film and the nitride film. The same apparatus explained
with reference to FIG.&1§ uB&® I6F the formaash oF thie dxide Fiftn &hel thé Pitfide PHIAL NedX?4n the step

of FIG.28, the silicon 25 oxidefiln1303isremaved i the amemonyigell, regiar Aianrgd the silicon
surface is terminated by hydrogen by conducting the cleaning process in a_hydrochloric acid solution.

Further, a tunneling oXid@ i 1304 is f8rmied SimilarlytRE Fitet 35 EmBoditerftBefore: $hus, the
vacuum vessel (processing chaniber)d@1ds evaeuated ¥ the vacuwn state esimitary 4o the first
embodiment and the Atklgiasgs 27 Junf %005 - 52 introduced into the processing chamber 101 from
the shower plate 102.Nex “theAr Sas is Switched to the Kr gas and the pressure inside the
processing chamber 101 is set to aSeut-1 Tohe SNext L thecsilicoreoxide filmd363is removed and the

hydmmuoncaCkiueaUQﬁﬂkgown temporarily and introduction of the Kr gas
and the 0O, gas 1s interrupted. Next, the interior of
the vacuum vessel (processing chamber) 101 is

10 evacuated and the Kr gas and an NHsz gas are
introduced from the shower plate 102. The pressure
inside the processing chamber 101 is set to about
13.3Pa (100 mTorr) and the microwave of 2.45GHz is
supplied again into the processing chamber 101 via

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

Thus, there is formed an ON film with a

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

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

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

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



applied to the silicon substrate. The silicon substrate 1301 thus processed is introduced into the
processing chamber 101 as the silicon substrate 103 10 of FIG.S and is placed on the st é’LO4
equipped with the heating mechanism. Further, the temperature of the s% str t@%%etzcb% C
Further, a microwave of 2.45GHz frequency is supplied from the coaxial waveguide 105 to the 15
radial line slot antenna 106 for 1 minute, wherein the mickgyvave thus supplied is introduced into the
processing chamber 101 from the radial line slot antenna 106 through the dielectric plate 107. By
exposing the surface dfthESficBR stbstraetdbhe 20'HiGH-densily R PRt thusBrmed in the

processing chamber 131 the teraynating;aydrogen ake ramaved from the sitigen syHaee of the
substrate 1301. Next, the Kr gas and the 02 gia,s are introduced from the shower plate 102, and a

silicon 25 oxide film 1364 1RBd for'theltufnéiihg naGiafion film 1 formed on the region A with a
thickness of 3.5nm. Next, a first polysitieen tayes 1385 ie deposied ge asitonoverthersilicinooxide

film 1304. Next, the firgtnp Igsilicolnilaygglﬁ% IS 39§?H1°a\1/§g frfom the regions Bg%n.d C for the high

voltage and low voltage ransistors %y a pat?é]r%ﬁ]g process, su&r{ﬁ%?the ﬁrsé?(ﬁ y%i‘fi%cl)ﬁ] p%ﬁern

1305 is left only on thehenrelingroxide filne 1804 in thelmemoyy 27eJunec2005 x 53e céll tegion A.
After this etching procgss,  cleaning, process is conducted; apd the suiface;of thes polysilicon pattern

1305 is terminated with hydrogen.
1311C respectively in the high-voltage transistor

region B and the low-voltage transistor region C by

10 patterning the second polysilicon layer 1309 and the
silicide layer 1310. Further, there is formed a gate
electrode 1311A in correspondence to the memory cell
region A.

After the step of FIG.30, source and drain

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

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

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

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

interface between the polysilicon gate and the oxide



5 Next, in the step of FIG.29, an insulation film 1306 having an ON structure and including a lower
oxide film 1306A and an upper nitride film 1306B therein is formed so as%tgi cover the lilﬂfr@:j of the
polysilicon pattern 1305 similarly to the third 10 embodiment. More specifi ally?%% ithy'is formed
as follows. The vacuum vessel (processing chamber) 101 is evacuated to a vacuum state and the AR
gas 15 supplied from the shower plate 102 is switched todhe Kr gas. Further, the pressure inside the
processing chamber is set to about 133Pa (1 Torr). Next, the silicon substrate 1301 carrying thereon
the polysilicon patternt1305 irfthe st¥ethafihe 20'hfdrbaeR térik&idn Made is introduced into

the processing chamber 101 and isplaced gathe stage,lQdk-havingthedeatipgdrechanism. Further,
the temperature of the specimen is set to 400C. Next, a microwave of 2.45GHz frequency is 25

supplied to the radial eS8 aENTE 108 o e Coaxil WalBguiit L0517 ab8uft minute.

Thereby, the microwaye 1% inteoducad drtotbe predassitg, chambes 10k Jeom the radial liriesslot

antenna 106 through the diejcef})rrilc %@te 1%7, andﬁthere is formed 30 a high-density K[rrrlasma. As a
r

result, the surface’of t %rpl)r(l)?ysmcon patfc’el?n i%ﬁ% iS e%ﬁgéreecp tto thé KsrugﬁO " and the surface Y,

terminating hydrogen saemovedaNext; adkr/02 emixechgas isimtrodaced into27Juhe 2005 - 54 the
processing chamber 101 }IEOL[Q é@eeghow%elgtei 102 e\gg#e@aﬂ)rggigir}gl@et%reg%rguo eth(g1 processing
non-volatile semiconductor memory with high yield by
arranging the flash memory of the present invention
10 in a two-dimensional array. The non-volatile
semiconductor memory apparatus thus formed shows
stable characteristics.

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

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

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

25 order of 2 or more.

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

30 that of the first embodiment or an N structure that
uses a nitride film similar to the case of the second
embodiment. Further, it is possible to use an

oxynitride film similar to the one shown in the



chamber 101 to 133Pa (1 Torr), and a silicon oxide film is formed on the polysilicon surface with a 5
thickness of 3nm. Next, the supply of the microwave is shutdown tempor, LZy d introductiop of the
Kr gas and the 02 gas is interrupted. Next, the interior of the vacuum vegs I ﬂ&&@si%ﬁcﬁ ber)

101 is 10 evacuated and the Kr gas and an NH3 gas are introduced from the shower plate 102. The
pressure inside the processing chamber 101 is set to abgyt 13.3Pa (100 mTorr) and the microwave
of 2.45GHz is supplied again into the processing chamber 101 via 15 the radial line slot antenna.

Thereby, high-density f14$ia i§ThREdRthe procésiffy chdifiberand atsifi€orf Atfide Aiffis formed
on the silicon oxide filgysurfage-with thethiekness of Snm, s, there is, farmegeans ONfilan with a 20
thickness of 9nm, wherein it should be noted that the ON film thus obtained was extremely uniform
characterized by a unifdhnPfinthidkhess Cand Ro “dchetidenct brtthe halsiiidon™Surfice Brientation
was observed. 25 Afterisuch a process @f farmationnef the QM ifilm, tha nsulationStmnk306ds

removed from the_regions B ang C far the high-voltage and low-voltage tr@gs:]'stor atq%yconducting a
patterning procesg in tﬁgng’t%%uo Jﬁfé@b’, aﬂ%gr%ﬁ?n%bla%%aetiolnnig%%%%%g{éd |nP1tof e6foIPéagoing

regions B and C of thenkigh- voltagevand tovwwvoltage transistors far thrieshoftk confrol. Farther, the
oxide film 1303 is remgyﬁqiferog& ipne, r%gig)lqsC @iagled Cfiaﬂg a ggtea%xigg{ Ilgg 1§QZ n'ks gz éJune 2005 -55
laminated consecutively. Choice of any of the
foregoing structures can be made according to the
10 purpose from the viewpoint of compatibility with the
gate insulation film used in the high voltage
transistor or low voltage transistor in the
peripheral circuit or from the viewpoint of
possibility of shared use.
15
(EIGHTH EMBODIMENT)

It should be noted that the formation of
the gate insulation film by using the foregoing Kr/O0;
microwave-excited high-density plasma or the

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

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

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

FIG.31 shows the cross—-section of a MOS

transistor having a metal-substrate SOI structure.



formed on the region B with a thickness of Snm. Thereafter, a gate oxide film 1308 is formed on the
region C with a thickness of 3nm. After this, a second polysilicon layer 1323{ Sjmd a sg'gigal yer
1310 are formed consecutively on the entire structure including the field oxide M1 €302, -and there
are formed gate electrodes 1311B and 1311C respectively in the high-voltage transistor region B and
the low-voltage transistor region C by 10 patterning the sggond polysilicon layer 1309 and the silicide
layer 1310. Further, there is formed a gate electrode 1311A in correspondence to the memory cell
region A. After the step of FIG.30, sBrcmnd drair? Ilfegions dré%brméd acé6iding to a standard

semiconductor processand thendeviee isicompleted by 1further eanductingdermation,ofipiatiayer
insulation films and cantact holes and formation of wiring patterns. 20 In the present invention, it
should be noted that théYfsdiStién fithis: £366A 67 13668 U aimtaind excelléntEledtiic properties even
when the thickness thetefus teduceditoabout Dagdalfihehcenventmnal:thickness obtheioxide film
or nitride 25 film. ghuséthest_? sliliclon oxide filr’p1 1306@\ and S%“Ct?ﬂ nitEidE fiIm1 (g)gB.maintains
excellent electric properf?ées éven when the thickiness thereot is reduced. Further, thésé films are

dense and have high qualitycEurtken, ittshoddd lfe hotedithiat,s30 Bedause thiesilicon Oxidesfiln 1306A
and the silicon nitride I'J%'Q—]@QQ? are r}‘grem%% at Ico%mggfzgt%gg ét}ergfar}lsg;stn}ppgrogkerg pj thermal
t e

budget at the interface between the polysilicon gate and the oxi

type, 1707 is a nitride insulation film such as AlN,
SisNg, and the like, 1708 is an SiO, film, 1709 is an
10 Si0, layer or a BPSG layer or an insulation layer
combining these, 1710 us a drain region of n+-type,
1711 us a source region of n+-type, 1712 is a drain
region of pt+-type, 1713 is a source region of pt+-type,
1714 and 1715 are silicon semiconductor layers
15 oriented in the <111> direction, 1716 is an Si0O, film
formed by the Kr/0, microwave-excited high-density
plasma after removing the surface-terminating
hydrogen by the procedure of the first embodiment of
the present invention, 1717 and 1718 are respectively
20 the gate 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-MOS
transistor, and 1720 is a drain electrode of the n-
MOS transistor and a p—-MOS transistor. Further, 1721
25 is a source electrode of a p-MOS transistor and 1722
is a substrate surface electrode.

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

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

ion implantation process of As+, AsF,+ or BF,+.



27 June 2005 - 56 film, and excellent interface is realized. The flash memory device of the present
invention can perform the writing and erasing of information at low volta anﬁ becaus bgg:s the 5
formation of substrate current is suppressed. Thereby, deterioration of tﬁzwzun é}iﬂ&ing@ film is
suppressed. Thus, it becomes possible to produce a non-volatile semiconductor memory with high
yield by arranging the flash memory of the present inventjgn 10 in a two-dimensional array. The
non-volatile semiconductor memory apparatus thus formed shows stable characteristics. Thus, the
flash memory device of the presentlifvéhtfonsigicharatde izt by siiafiFediéige 45t rent due to the

excellent film quality ofjtheiinsulation fitms 4 306Aand . B306B. F-usther it beeomes eossikle to reduce
the film thickness without increasing the leakage current. Thus, it becomes possible to perform the

writing operation or erSifig 20BEEraton aPan bperdtionafvditaye Srabout BYS AL result, the
memory retention timecofdthe dlash nsemory isleviceds intteasa by theerdertof 2iersnore-as rcompared
with the conventioSnal vlice, and_the nugw%?% ofg ssiblelrewritigg operrLation i% in%ease bg the 25
order of 2 or more, It should bé noted that ilm-structare of the insulation i mtl 068 ot limited to
the ON structure explaimedsiiove but itlis aisonpdssible e U—Serard stucture feémi€d of an oxide film

tsri]g“;aerctoonio that of the, first smiadinent or.an i sfructurethat, yses anitride il similay 19, the case of

the surface-terminating hydrogen by conducting the Kr
plasma irradiation process, has revealed the fact

10 that there appears kink or leakage in the sub-
threshold characteristics when the gate insulation
film is formed by the thermal oxidation process,
while in the case the gate insulation film is formed
by the present invention, excellent sub-threshold

15 characteristics are obtained.

In the case a mesa-type device isolation
structure is used, it should be noted that there
appears a silicon surface having a surface
orientation different from that of the silicon

20 surface forming the flat part, at the sidewall part
of the mesa device isolation structure. By forming
the gate insulation film by the plasma oxidation
process while using Kr, the oxidation of the mesa
device isolation sidewall is achieved generally

25 uniformly similarly to the flat part, and excellent
electric properties and high reliability are achieved.

Further, it becomes possible to form a
metal-substrate SOI integrated circuit device having
excellent electric properties and high reliability

30 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 film.

In the present embodiment, too, it is



embodiment. Further, it is possible to use an oxynitride film similar to the one shown in the 27 June
2005 - 57 fourth embodiment. Further, the insulation film 1306 may havgﬁm @) stru;ti,lﬁd med of
a nitride film and an oxide film or an ONO structure in which an oxide filf,’a ritHdeSil n oxide
film are laminated 5 consecutively. Further, the insulation film 1306 may have an NONO structure in
which a nitride film, an oxide film, a nitride film and an_oxjgde film are laminated consecutively. Choice
of any of the foregoing structures can be made according to the 10 purpose from the viewpoint of
compatibility with the BaeSihStfation fifth kel it higRVoltage Clransistor &F fov 9oltage  fansistor

in the peripheral circuit:asdrom the, viewpointoh passibility ©f shared-use. Ib1(EIGK TH t ride
EMBODIMENT) It should be noted that the formation of the gate insulation film by using the foregoing
Kr/02 microwave-excited RighSdeifsity prasthd of the’ 28 formation st the gate: aitide fif BY using the
Ar (or Kr) /NH3 (or N2fH2nhmicronayeexcited higindenrsity plasmads advantageous to the formation
of a semiconductg)r inge r%% d.(‘lircuit device on a silic(i:on- on-insucla or wafer includin%%a éndetal layer in

the 25 underlying silicon {(meta -sﬁBgtraltsé §88.rﬁ‘§%ou]%y b%bn%lfed 14t The GSe of N rtemperature

process is not possibleinisucha metad-sabstaterSOk Barticatanlyo thiedeffeéct bh rerhovalof the
terminating hydrogen appears conspicuously in the SOI

(NINTH EMBODIMENT)

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

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

Referring to FIG.32, a vacuum vessel
(processing chamber) 1807 is evacuated to a low

20 pressure state and a Kr/0; mixed gas s introduced
from a shower plate 1801 provided in the processing
chamber 1807. Further, the processing chamber 1807 is
evacuated by a lead screw pump 1802 such that the
pressure inside the processing chamber 1807 is set to

25 133Pa (1 Torr). Further, a glass substrate 1803 is
placed on a stage 1804 equipped with a heating
mechanism, and the temperature of the glass substrate
is set to 300°C.

The processing chamber 1807 is provided

30 with a large number of rectangular waveguides 1805
and a microwave is introduced into the processing
chamber 1807 from respective slits of the foregoing

rectangular waveguides 1805 via a dielectric plate



30 structure having a small silicon thickness and performing completely depleted operation. FIG.31
shows the cross-section of a MOS transistor having a metal-substrate 82] tructure. 2 2005 -
58 Referring to FIG.31, 1701 is a low- resistance semiconductor layer of -ty'écél&%+m§, 702 is
a silicide layer such as NiSi, 1703 is a conductive nitride layer such as TaN or TiN, 1704 is 5 a metal
layer such as Cu, and the like, 1705 is a conductive nitrigg film such as TaN or TiN, 1706 is a
low-resistance semiconductor layer of n+-type or p+- type, 1707 is a nitride insulation film such as
ALN, Si3N4, and the Hi& 470818 aR iSiB2F S 1799 afi™d Sio2 faydtsst alBPSElayer or an

insulation layer combiging-theseny710,usadraingregionrabn+type, thel lus asousae region of
n+-type, 1712 is a drain_region of p+-type, 1713 is a source region of p+-type, 1714 and 1715 are

silicon semiconductor fa}/&fs 25 W¥itRfed hthe ¥ 13 5Gifettion 21 B 1845 Sio2 film formed by the
Kr/02 microwave-excitedrhigh-dessigyl plasma after termoving tie sugace-terainating: tdrogen by the
procedure of the first embodiment of th%gr%s%pt i% entionb1717. gnd 171§ are reséﬁ)D ctivel%zo the
gate electrodes of an A-MOS fransistor and a p-% transistor and folrrrlnedq of Ta, 1, TaNfTa, TiN/Ti,
and the like, 1719 is alsotitcedeleetrode of thenn MO ST tramsistor carsd 1720 ¢s aa@vain electrode of the

n- MOS transistor and a p-MOS transjstor, Further, 1721 %%15“% source %lle g/esgﬁl B-MOS

t(g%
transistor and 1722 is a substrate surface electrode. In such a substrate mglu ing a Cu layer
thin film transistor (TFT) used for driving a liquid

crystal display device or an organic EL photoemission

10 device or for use in a processing circuit, wherein it
should be noted that the polysilicon thin film
transistor of FIG.33 is formed by using the gate
oxide film or gate nitride film of the present
invention while using the apparatus of FIG.32.

15 First, the example of using a silicon oxide
film will be explained.

Referring to FIG.33, 1901 is a glass
substrate, 1902 is a Si3Ny film, 1903 is a channel
layer of a polysilicon n-MOS transistor having a

20 predominantly (111) orientation, 1905 and 1906 are
respectively a source region and a drain region of
the polysilicon n-MOS transistor, 1904 is a channel
layer of a polysilicon p-MOS transistor having a
predominantly (111) orientation, and 1907 and 1908

25 are respectively a source region and a drain region
of the polysilicon p-channel MOS transistor. Further,
1901 is a gate electrode of the polysilicon n-MOS
transistor while 1911 is a gate electrode of the
polysilicon p-MOS transistor, 1912 is an insulation

30 film such as Si0O,, BSG or BPSG, 1913 and 1914 are
respectively the source electrode of the polysilicon
n—-MOS transistor (and simultaneously the drain

electrode of the polysilicon p-MOS transistor), and



and protected by TaN or TiN, the temperature of thermal processing has to be about 700C or less for
30 suppressing diffusion of Cu. Thus, the source or drain region of n+-ty2)ezor§m e IZ@) d by
conducting a thermal annealing process at 550C after ion implantation pfoces +, or
BF,+. 27 June 2005 - 59 In the semiconductor device having the device structure of FIG.31, it should
be noted that the comparison of the transistor sub-threshgold characteristics between the case the
gate insulation 5 film is formed by a thermal oxide film and the case the gate insulation film is formed
by the Kr/02 microwave-excited high-Fehishy plasiia aftef feridving StheSurfat e te AfinatiMg hydrogen
by conducting the Kr plagmaiigadiation process, has revealed the fact 10 that there appears kink or
leakage in the sub- threshold characteristics when the gate insulation film_is formed by the thermal

oxidation process, while in the case the’Jut8 iisdtatidH fiRtisofhed By theSpresertindention,

excellent sub-threshold dtnehairactedsticsnareiehtaimed s inl thetcasesa mesadype devicedsolation
structure is used, it shogld behnoted th%rhtherel alpépears a silicon surface having.a sy face orientation
5 W a [S AC I

different from that’of the Silicorr 20 'strface fo(rmln tive flat pa(lert,oa]ijtﬁé1 %%%\l/voarﬁ plart of the mesa device

isolation structure. By formsng ithe gate suthtion fdm yothehslagmawxidation pidcess while using Kr,
]Elr;‘;; g;ir?,agr?g g‘(éZﬁeTf&?i gdeyicgJgolation sideyall s achieved generally ap.uniformly, similarly to the

crystallized and thus provides high quality. In the
present embodiment, it should be noted that 1909 is a

10 silicon oxide film layer of the present invention
formed by the procedure similar to the one explained
with reference to the first embodiment by using the
apparatus of FIG.32 and has a thickness of 0.2H m.
The oxide film 1909 is formed on the (111) oriented

15 polysilicon at 400°C with a thickness of 3nm.

According to the present invention, there

occurred no thinning of oxide film at the sharp
corner part of the device isolation region formed
between the transistors, and it was confirmed that

20 the silicon oxide film is formed with uniform film
thickness on the polysilicon film in any of the flat
part and edge part. The ion implantation process for
forming the source and drain regions was conducted
without passing the ions through the gate oxide film,

25 and the electrical activation was made at 400°C. As a
result, the entire process can be conducted at a
temperature of 400°C or less and formation of
transistors became possible on a glass substrate. The
transistor thus formed had the mobility of about

30 300cm?/Vsec or more for electrons and about
150cm?/Vsec or more for holes. Further, a voltage of
12V or more was obtained for the source and drain

breakdown voltages and for the gate breakdown voltage.



electric properties and high reliability are achieved. Further, it becomes possible to form a
metal-substrate SOI integrated circuit device having excellent electric properties and hi f@r liability
30 also in the case of using a silicon nitride film formed by Ar/NH3 accor(%[;g tc&fﬂ@ﬁroc% Lﬁ of the
second embodiment for the gate insulation film. In the present embodiment, too, it is 27 June 2005 -
60 possible to obtain excellent electric characteristics _evep in the case the thickness of the silicon
nitride film is set to 3nm (1.5nm in terms of silicon oxide film equivalent thickness), and the transistor
5 drivability is improvel'y-atsout tiidelsE comparedCRAththe Tase ot ey d siliedH B%ide film of 3nm

thickness. (NINTH EMBOQRIMENT) 101516 .32, sehamatically shows amexagpleref thesfahecation

apparatus according to an eighth _embodiment of the present invention intended to conduct oxidation
processing, nitridation b%@éiir?gf St hitridation proCessing bR targe rél@angiiar 15 SGbstrate
such as a glass substrate:or anpdasticl suhsiraie Doewhchtiquidoerystak display=dayvidesaora geganic
electro-luminescence d%wces re formed. Refec{rl(relg to ﬂ%.SZ, éaﬁvacgg@evessel C(Qrofcerss

chamber) 1807 is evacuated 1o a 6V“T’/t25 Sp’)ré’jsnsure state anata 02 Tixe b%gls introduced from a

shower plate 1801 provideelifdahe psacessingt chambesn 1807 cFurthiers thel procéssingehamber 1807
is evacuated by a lead screw-pump 1802 such that the pressure inside the processing chamber 1807

is set to
By using the transistor of the present

embodiment, the liquid crystal display devices or
10 organic EL photoemission devices can provide various
advantageous features such as large display area, low
cost, high-speed operation, high reliability, and the
like.
While the present embodiment is the one in
15 which the gate insulation film or the gate nitride
film of the present invention is applied to a
polysilicon, the present embodiment is applicable
also to the gate oxide film or gate insulation film
of an amorphous silicon thin-film transistor (TFT) or
20 staggered-type thin-film transistor (TFT), which is

used in a liquid crystal display device and the like.

(TENTH EMBODIMENT)
Next, an embodiment of a three-dimensional
25 stacked LSI in which an SOI device having a metal
layer, a polysilicon device and an amorphous silicon
device are stacked will be described.
FIG.34 show the cross—-section of the three-
dimensional LSI of the present invention
30 schematically.
Referring to FIG.34, 2001 is a first SOI
device and wiring layer, 2002 is a second SOI device

and a wiring layer, 2003 is a first polysilicon



25 133Pa (1 Torr). Further, a glass substrate 1803 is placed on a stage 1804 equipped with a heating
mechanism, and the temperature of the glass substrate is set to 300C. ?;7 prg{cessingg@]ﬁer 1807
is provided 30 with a large number of rectangular waveguides 1805 an icroWhve i uced
into the processing chamber 1807 from respective slits of the foregoing rectangular waveguides 1805
via a dielectric plate 27 June 2005 - 61 1806, and high-density plasma is formed in the processing
chamber 1807. Thereby, the shower plate 1801 provided in the processing chamber 1807 functions
also as a waveguide fo¥propagatnty the's rigdwaveemittel Y the iaveytidelin the right and left

directions in the form ¢f a swface-wave.e FiGS3-shows an example,ota polysilicen thipfilmdransistor
(TFT) used for driving a liquid crystal display device or an organic EL photoemission 10 device or for
use in a processing ciftuit Wherett it*8nhaiid HRYBtEd Trat the po/shichn il fim tFalsidtor of FIG.33
is formed by using the Qate taxide filkm ot gateanitritde/filaeotthe presenidsweation while using the
apparatus of FIG.§2. ]15aFirsrt, ;Ci'gaeerxa ple of using a silicon oxide film will be explained. Referring to
FIG.33, 1901 is aglass diibstrate, ‘is a Si3N4 film, 1903 is a channel layer of a polysilicon
n-MOS transistor having a 20 predominartdy (143 orientatiend1905 and 1986<are 2@speetively a

source region and a drajn. region of the polysilicop n-MQBS rapsister; 1994 is,3 ghangel,
are formed various parts such as digital processing
parts, high-precision and high-speed analog parts,

10 synchronous DRAM parts, power supply parts, interface
circuit parts, and the like, by using the SOI
transistors explained with reference to the seventh
embodiment.

In the first polysilicon device and wiring

15 layer 2003, there are formed various parallel digital
processing parts, inter—-functional block repeater
parts, memory device parts, and the like, by using
the polysilicon transistors or flash memories
explained with reference to the sixth or eighth

20 embodiments together with the wiring layer of the
first polysilicon device layer 2003.

In the second polysilicon device and wiring
layer 2004, there are formed parallel analog
processing parts such as an amplifier, A/D converter,

25 and the like, by using the polysilicon transistor
explained with reference to the eighth embodiment.
Further, optical sensors, sound sensors, touch
sensors, wireless transceiver parts, and the like,
are formed in the amorphous semiconductor

30 device/functional-material device and wiring layer
2005.

The signals formed by the optical sensors,

sound sensors, touch sensors, wireless transceiver



layer of a polysilicon p-MOS transistor having a predominantly (111) orientation, and 1907 and 1908
25 are respectively a source region and a drain region of the polysilicon -r/ha nel MO;G’BZ? istor.
Further, 1901 is a gate electrode of the polysilicon n-MOS transistor white 19 1Ui§1§g trode of
the polysilicon p-MOS transistor, 1912 is an insulation 30 film such as Si02, BSG or BPSG, 1913 and
1914 are respectively the source electrode of the polysiliggn _n-MOS transistor (and simultaneously
the drain electrode of the polysilicon p-MOS transistor), and 27 June 2005 - 62 1915 is the source
electrode of the polysifédit5-M@3traRsistorkf shBtMIE R6tetithat & pdlyRiiieBRifm formed on an

insulation film takes a stakle stade Stwheribaving the tbkl) susface Orientationin dhe idikecdion
perpendicular to the insulation film. In this state, the polysilicon film is dense and well crystallized and

thus provides high quality. A the Pre8&ft SMBEERTETT, PEhGHE HRT6ted HarPTede 8 a 10 silicon
oxide film layer of the preseatkwentien formed bydbe procecure siailarde the bne @xplatited: with
reference to the first embod%ment bcyou?'ln%t e aplparatusig)f FIG.32 and has a thickness of 0.2N m.

The oxide film 1909 isjf(rjlrrﬁec?oﬁ?he?1 Grien edlfgrbo y(esﬂfb%% at 400Cwith & thicknéss of 3nm.

According to the preséeht irventiod, theee foccusredat thinriihg of oxideH#mat thé sharp corner part of
the device isolation regipn fprrjed, hetween e fanpistarsAnd. was eanmaed it 20 hesiicon
formed in the second polysilicon device and wiring
layer 2004 by the polysilicon transistors and flash
10 memory devices. The signals thus processed are then
processed by the digital processing parts, high-
precision and high-speed analog parts or the
synchronous DRAM parts provided in the first SOI and
wiring layer 2001 or second SOI and wiring layer 2002
15 Dby using the SOI transistors.
Further, the inter—-functional block
repeater part provided in the first polysilicon
device and the wiring layer 2003 does not occupy a
large area even when provided with plural numbers,
20 and it is possible to achieve synchronization of
signals all over the LSI.
It should be noted that such a three-
dimensional LSI has become possible as a result of
the technology explained in detail with reference to

25 the embodiments.

INDUSTRIAL APPLICABILITY

According to the present invention, it
becomes possible to form a tunneling oxide film on a
30 silicon surface such as a silicon substrate in the
form that an oxide film and a nitride film are
laminated or a nitride film and an oxide film and a

nitride film are laminated consecutively such that



thickness on the polysilicon film in any of the flat part and edge part. The ion implantation process for
forming the source and drain regions was conducted without passing thegri] s%nrough ué&%gée oxide
film, 25 and the electrical activation was made at 400C. As a result, the éntire S
conducted at a temperature of 400C or less and formation of transistors became possible on a glass
substrate. The transistor thus formed had the mobility of about 30 300cm2/Vsec or more for electrons
and about 150cm2/Vsec or more for holes. Further, a voltage of 12V or more was obtained for the
source and drain bredkddwnVolages anertofthefddt® BréakdoWi? v6itade. B7eiune 2005 - 63
Further, a high-speed gpgationexseedingzt00Mklz 1hecame possiblerindhe transister having the
channel length of about 1.5-2.0nm. Further, it was confirmed that the silicon oxide film showed
excellent leakage 5 chaFACtBASCSHT Bkcetient SRt aErEticd for 18 NhteYfath states formed at the
polysilicon/oxide film iniettaces Bydising thesttanrsisigr ohthefiresenth eahodimenty thenliguid €rystal
display devices or 10 orga]gic EL ghotoemis ign Qéavices can provit e various gdvanta eous fteatures
such as large dispﬁay area, Fo(\:/\?%osét,%?g S-jépe((aed oBerlar%f(:)ﬁ(,eﬁFg% reliabi @?3% the like: While the
present embodiment isldresane irp A 5awiith she gatecinguldtion dkm oxttloe ghte Aifride, film of the
present invention is ap&@gd tﬁ epgyswg%,itps,prgg%ptter[gb%(gjig?ﬁ isO%%@icgggeee &lso_to the gate
oxide film or gate insulation film

improved. Further, the operational voltage is reduced.



of an amorphous silicon thin-film transistor (TFT) or 20 staggered-type thin-film transistor (TFT), which
is used in a liquid crystal display device and the like. (TENTH EMBODI%EZ\IT Next, a diment
of a three-dimensional 25 stacked LSI in which an SOI device having a retal Wa %oﬁi}él icon
device and an amorphous silicon device are stacked will be described. FIG.34 show the cross-section
of the three- dimensional LSI of the present invention 30 gehematically. Referring to FIG.34, 2001 is a
first SOl device and wiring layer, 2002 is a second SOI device and a wiring layer, 2003 is a first
polysilicon 27 June 200882164 Sd&vidd HAH alwiring layer, 2004 is a second polysilicon device and a
wiring layer, while 2005 is a layer of an amorphous semiconductor device and a functional-material
device and includes a wiring 5 layer thereof. In the first SOl and wiring layer 2001 and also in the
second SOI and wiring layer 2002, there are formed various parts such as digital processing parts,
high-precision and high-speed analog parts, 10 synchronous DRAM parts, power supply parts,
interface circuit pglrts, and the like, by using the SOI transistors explained with reference to the
seventh embodiment. In the first polysilicon device and wiring 15 layer 2003, there are formed
various parallel digital processing partspintersfuactionat bfockrepeates dparts, anemoncdevice parts,
and the like, by using

surface,
said dielectric film containing therein a
rare gas element and further nitrogen with a
10 concentration distribution such that a nitrogen
concentration increases toward the surface of said
dielectric film from a central part of said
dielectric film.
2. The dielectric film as claimed in claim
15 1, wherein said nitrogen concentration increases in
said dielectric film also in the vicinity of an
interface with said silicon surface as compared with

a central part of said dielectric film.

20

3. The dielectric film as claimed in claim
1, wherein said dielectric film comprises a silicon
25 oxynitride film, and wherein said nitrogen
concentration becomes minimum at a central part of

said film.

30
4. The dielectric film as claimed in claim
1, wherein said dielectric film substantially has a

composition of a silicon nitride film at a film



the polysilicon transistors or flash memories explained with reference to the sixth or eighth 20
embodiments together with the wiring layer of the first polysilicon device er5003. In ond
polysilicon device and wiring layer 2004, there are formed parallel analoé@éro éé@iﬁg £§§ ch as
an amplifier, A/D converter, 25 and the like, by using the polysilicon transistor explained with
reference to the eighth embodiment. Further, optical senggrs, sound sensors, touch sensors, wireless
transceiver parts, and the like, are formed in the amorphous semiconductor 30
device/functional-matetiaF Ga¢ite ErRIGRiFhG 18y efl 2052 TheSSiGRAIE P6iPnétF BY #t6ptital sensors,

sound sensors, touch sepsars wieless transeeiver 27 Jupe 200514685 parts, and the like, provided in
the amorphous semiconductor device/functional-material and wiring layer 2005 are processed by the

parallel analog processing part such as an amplifier or A/D converter 5 in the second polysilicon
device and wiring layer 2004, and are forwarded further to the parallel digital processing parts and
the memory device parts formed in the second polysilicon device and wiring layer 2004 by the
polysilicon transistors and flash 10 memory devices. The signals thus processed are then processed
by the digital processing parts, high- precision and high-speed analog parts or the synchronous

DRAM parts provided in the first SO} and, wiring layer. 2001 er.second SQ1 and wiring layer 2002 15 by

using the SOI transistors.
1, wherein said dielectric film substantially has a

composition of silicon oxide at a central part of

10 said film.

15 6. A semiconductor device, comprising:
a silicon substrate;
an insulation film formed on said silicon
substrate; and
an electrode formed on said insulation film,
20 wherein said insulation film contains
therein a rare gas element and nitrogen the
concentration of said nitrogen increases toward the
film surface of said insulation film contacting with
said electrode from a central part of said film.

25

7. The semiconductor device as claimed in
30 claim 5, wherein said nitrogen concentration
increases in said insulation film in the wvicinity to
an interface to said silicon substrate as compared

with said central part.



Further, the inter-functional block repeater part provided in the first polysilicon device and the wiring
layer 2003 does not occupy a large area even when provided with pluralgu}m rs, 20 2&65
possible to achieve synchronization of signals all over the LSI. It should be'no b tHat hree-
dimensional LSI has become possible as a result of the technology explained in detail with reference
to 25 the embodiments. INDUSTRIAL APPLICABILITY Agcgording to the present invention, it
becomes possible to form a tunneling oxide film on a 30 silicon surface such as a silicon substrate in
the form that an oxide film and a nitride film are laminated or a nitride film and an oxide film and a
nitride film are laminated consecutively such that 27 June 2005 - 66 the tunneling oxide film as a
whole as the composition of an oxynitride film. Thereby, the leakage current is reduced significantly
while simultaneously reducing the film thickness. With this, 5 it becomes possible to increase the
tunneling current density of a flash memory device, and the like, at the time of writing, and the
operational speed.is improved. Further, the operational voltage is reduced. 27 June 2005 - 67 WHAT
IS CLAIMED IS 5'1. A dielectric ﬁlntf.p for#n%% %%ﬁ%ﬁugﬁr‘fiﬁce,e"lce 2 1R s

claim 6, wherein said insulation film is a silicon

oxynitride film, and wherein said nitrogen
concentration becomes minimum at said central part of
said film.

10

9. The semiconductor device as claimed in
15 claim 6, wherein said insulation film substantially
has a composition of silicon nitride at a film

surface contacting with said electrode.

20

10. The semiconductor device as claimed in
claim 6, wherein said insulation film substantially
has a composition of silicon oxide at said central

25 part of said film.

30 11. The semiconductor device as claimed in
claim 6, wherein there is further provided a second
electrode on said first electrode via an inter-—

electrode insulation film.



said dielectric film containing therein a rare gas element and further nitrogen with a 10 concentration
distribution such that a nitrogen concentration increases toward the surfzcri ofgaid diezﬁ@

a central part of said dielectric film. 2. The dielectric film as claimed in cl

I WLi}r\)@ne

film from
id

nitrogen concentration increases in said dielectric film also in the vicinity of an interface with said
silicon surface as compared with a central part of said dielectric film. 20 3. The dielectric film as
claimed in claim 1, wherein said dielectric film comprises a silicon 25 oxynitride film, and wherein said
nitrogen concentration becomes minimum at a central part of said film. 30 4. The dielectric film as
claimed in claim 1, wherein said dielectric film substantially has a composition of a silicon nitride film
at a film 27 June 2005 - 68 surface contacting with an electrode provided on the surface of said
dielectric film. 5 S. The dielectric film as claimed in claim 1, wherein said dielectric film substantially
has a composition of silicon oxide at a central part of 10 said film. 15 6. A semiconductor device,
comprising: a siIi%on substrate; an irf§ula£on film forﬂecdlgn said silicon

10

15

20

25

30

non-vo e semiconductor memory
device, comprising:

a silicon substrate;

a tunneling insulation film formed on said
silicon substrate;

a floating gate electrode formed on said
tunneling insulation film;

an inter—-electrode insulation film formed
on said floating gate electrode; and

a control gate electrode formed on said
inter—-electrode insulation film,

at least one of said tunneling insulation
film and said inter-electrode insulation film
containing therein a rare gas element and nitrogen,
and the concentration of said nitrogen increasing
toward a film surface from a central part of said

film.

13. The non-volatile semiconductor device
as claimed in claim 12, wherein said nitrogen
concentration increases also in said tunneling
insulation film near an interface to said silicon
substrate as compared with said central part of said

film.



substrate; and an electrode formed on said insulation film, 20 wherein said insulation film contains
therein a rare gas element and nitrogen the concentration of said nitrogen.increases to rgzge film
surface of said insulation film contacting with said electrode from a centr Iﬂaﬁ&@ﬁd éﬁ 7. The
semiconductor device as claimed in 30 claim 5, wherein said nitrogen concentration increases in said
insulation film in the vicinity to an interface to said silicon;substrate as compared with said central
part. 27 June 2005 - 69 5 8. The semiconductor device as claimed in claim 6, wherein said insulation
film is a silicon oxynitride film, and Whereli SafdFirE§eR EdrcertritibRBEEs R mitfimbftat said

central part of said fillgs1@ 85 Thesemicendugctor devicg,as skaimed i, 15,¢6laim 6, wherein said
insulation film substantially has a composition of silicon nitride at a film_ surface contacting with said

electrode. 20 10. The $&MItbAULRr Beviteds GaARed- e afh 6 iheremn Shid Mttdtiohfim

substantially has a comipasitioncofusikconioxide atisaidwentiah 250part ot said fitm. 88 ddmdbe

semiconductor device as claimed iQ claim 6, wherein tlgerefjs furtl&erfpr]c_)vided a second electrode on
. . 5 . minlpum a a cent‘.ra rar (@) Sal 1lilm.

said first electrodé via'an Inter-

10 15. The non-volatile semiconductor device
as claimed in claim 12, wherein said tunneling
insulation film substantially has a composition of
silicon nitride at a film surface contacting with
saild electrode.

15

16. The non-volatile semiconductor device
20 as claimed in claim 1, wherein said tunneling
insulation film substantially has a composition of

silicon oxide at a central part of said film.

25
17. A method of forming a dielectric film,
comprising the steps of:
forming a silicon oxide film on a surface;
30 modifying a surface of said silicon oxide

film by exposing the same to hydrogen nitride

radicals NH*.



electrode insulation film. 27 June 2005 - 70 5 12. A non-volatile semiconductor memory device,
comprising: a silicon substrate; a tunneling insulation film formed on said sj}ico substrat ;r(}%a
floating gate electrode formed on said tunneling insulation film; an inter-etectr @%@ul%@ im
formed on said floating gate electrode; and a control gate electrode formed on said 15 inter-electrode
insulation film, at least one of said tunneling insulation _filpy,and said inter-electrode insulation film
containing therein a rare gas element and nitrogen, and the concentration of said nitrogen increasing
20 toward a film surface from a centt&l parf:6f &5d . 25 £ ThebriRvelafikSsEmitenddct®r device
as claimed in claim 12; whereinsaid nitrogen i goncentration ingreasasialsg dn sgistupnelingidnsulation
film near an interface to said silicon 30 substrate as compared with said central part of said film. 27
June 2005 71 14. Th& HohSvbtstilE Senficonduetdidevice AstIShERiRTI&nT E3 Wherdiif Said
tunneling insulation filohiss=camprisedyefsa siticam oxyritrides fikn sadavhereintsaiah Nitrogen Kr

oncentration becom o .
¢ © g egnd a gas containing nitrogen and hydrogen as

constituent elements.

10
19. The method of forming a dielectric film
as claimed in claim 18, wherein said microwave plasma
has an electron density of 10™cm? or more at said
surface.
15

20. The method of forming a dielectric film
20 as claimed in claim 18, wherein said microwave plasma

has a plasma potential of 10V or less at said surface.

25
21. The method of forming a dielectric film
as claimed in claim 18, wherein said gas containing
nitrogen and hydrogen as constituent elements
comprises an NH; gas.

30



5 minimum at a central part of said film. 10 15. The non-volatile semiconductor device as claimed in
claim 12, wherein said tunneling insulation film substantially has a compg)s#io of silic?;d'u' ride at a
film surface contacting with said electrode. 15 16. The non-volatile semicond ot tevi as
claimed in claim 1, wherein said tunneling insulation film substantially has a composition of silicon
oxide at a central part of said film. 25 17. A method of forming a dielectric film, comprising the steps
of: forming a silicon oxide film on a surface; 30 modifying a surface of said silicon oxide film by
exposing the same to hydrogen nitridé radieglsIRERPY Jind 2085972 1Bt TheGhéthod ot fBrming a

dielectric film as claimeg iniclaimed7 . wheyein gaid hydregen-nitride; radigals Nidtatg formed by a
microwave plasma formed in a mixed gas of an inert gas selected from Ar or Kr 5 and a gas
containing nitrogen andhydréger 29 eBnétttentdlemnénts. 10 29™HE hé&thdd of férmirgH dielectric
film as claimed in claien8,avhereia said microwave plasma has an electron density of 1012cm2 or
more at said surfgce. 15 20. The method of forming a dielectric film

23. The method of forming a dielectric film
10 as claimed in claim 17, wherein said surface
comprises a silicon surface and said oxide film is

formed by oxidation of said silicon surface.

15

24. The method of forming a dielectric film
as claimed in claim 23, wherein said oxidation of
said silicon surface is conducted by exposing said

20 silicon surface to microwave plasma formed in a mixed
gas of an inert gas predominantly of Kr and a gas

containing oxygen as a constituent element.

25

25. The method of forming a dielectric film
as claimed in claim 23, wherein said silicon oxide
film is formed by thermal oxidation of said surface.

30



20 as claimed in claim 18, wherein said microwave plasma has a plasma potential of 10V or less at
said surface. 25 21. The method of forming a dielectric film as claimed ir?ﬁagﬁl 18, wh;rﬁiﬁ‘said gas
containing nitrogen and hydrogen as constituent elements comprises arNH glégl.%o e 2005

- 73 22. The method of forming a dielectric film as claimed in claim 18, wherein said gas containing
said nitrogen and hydrogen is a mixed gas of a N2 gas angl a H2 gas. 5 23. The method of forming a
dielectric film 10 as claimed in claim 17, wherein said surface comprises a silicon surface and said
oxide film is formed by oxidation of $4id $HidsHSwfacet 15040 He methort GrFbimingfa dittectric film
as claimed in claim 23z wherein saif exidatien gt said: silicon surface is conducted by exposing said 20
silicon surface to microwave plasma formed in a mixed gas of an inert gas predominantly of Kr and a
gas containing oxygen as a constitdéht&teifeft. 2525° FheTheiodor Brminga GiRldd@fEfilm as
claimed in claim 23, whetgin said silicon oxide film is formed by thermal oxidation of said surface. 30
27 June 2005 - 7%1

modifying a surface of said silicon oxide
film by exposing the same to microwave plasma formed
in a mixed gas of an inert gas selected from Ar or Kr
and a gas containing nitrogen and hydrogen as

constituent elements.

10

27. The method of forming a dielectric film

15 as claimed in claim 26, wherein said microwave plasma

3

has an electron density of 10*?cm™ or more at said

surface.

20
28. The method of forming a dielectric film
as claimed in claim 26, wherein said microwave plasma
has a plasma potential of 10V or less at said surface.

25

29. The method of forming a dielectric film
30 as claimed in claim 26, wherein said gas containing
said nitrogen and hydrogen as constituent elements

comprises a NHj3 gas.



26. A method of forming a dielectric film, comprising the steps of: forming a silicon oxide film on a
surface; and 5 modifying a surface of said silicon oxide film by exposing same to mi ve
plasma formed in a mixed gas of an inert gas selected from Ar or Kr anéa%a@g&%i%n(gﬂﬁogen
and hydrogen as constituent elements. 10 27. The method of forming a dielectric film 15 as claimed
in claim 26, wherein said microwave plasma has an electrgn density of 1012cm3 or more at said
surface. 20 28. The method of forming a dielectric film as claimed in claim 26, wherein said

microwave plasma has a plasma potentiatst TeREEPRsS bt Saitrsiiface. 5226 e methddiof
forming a dielectric film 3Q-ag claimed in elaim26; svherainysaidh gas cantairing osaid nitregen and
hydrogen as constituent elements comprises a NH3 gas. 27 June 2005 - 75 30. The method of
forming a dielectric filf ‘& G@fHed HclBiff 289 fiMer&iRRAIFgEs BoRthiffity Hitfogen andhydrogen
comprises a mixed gasof ad¥l gassandasH?2 gas. 5 31. The method of forming a dielectric film 10 as
claimed in claim 256, wherein said surface comprises a silicon surface and wherein said oxide

31. The method of forming a dielectric film
10 as claimed in claim 26, wherein said surface
comprises a silicon surface and wherein said oxide

film is formed by oxidation of said silicon surface.

15
32. The method of forming a dielectric film
as claimed in claim 31, wherein said oxidation of
said silicon surface is conducted by the step of
exposing said silicon surface to microwave plasma
20 formed in a mixed gas of an inert gas predominantly
of Kr and a gas containing oxygen as a constituent

element.

25

33. The method of forming a dielectric film
as claimed in claim 31, wherein said silicon oxide
film is formed by thermal oxidation of said silicon

30 surface.



film is formed by oxidation of said silicon surface. 15 32. The method of forming a dielectric film as
claimed in claim 31, wherein said oxidation of said silicon surface is con%gte&%he ?g@gg
exposing said silicon surface to microwave plasma 20 formed in a mixed gas ifver
predominantly of Kr and a gas containing oxygen as a constituent element. 25 33. The method of
forming a dielectric film as claimed in claim 31, wherein sgjd silicon oxide film is formed by thermal
oxidation of said silicon 30 surface. 27 June 2005 - 76 34. The method of forming a dielectric film
comprising the step of exposing a sifiéon Shffa8ed* MicFowaePlagmaofihed it hmixed HH8 of an

inert gas primarily formegof K¢ a gasicontainipgdiitregen s asA sonstityent:element and agas
containing oxygen as a constituent element, to form an oxynitride film on said silicon surface. 10 35.
The method of formind'a WEIBEHE im2 58 elahfed T ciiim B34  WHeleiREai® MidrowaNe Ptasma has
an electron density of §832em3mx tassyatzaichds siicornsurtacegaz20 36nThe method of fergaing a

dielectric film as claimed in claim %4, wherein iaid microw%ve plasma ha§ a.plasmacpotential of 10V
. ) as .a c%ﬁf ltuent element and a gas contalnling oxygen
or less at said silicon surface.

as a constituent element, to form an oxynitride film

on said silicon surface.

10

35. The method of forming a dielectric film
as claimed in claim 34, wherein said microwave plasma

3

has an electron density of 10*?cm™ or less at said

15 silicon surface.

20 36. The method of forming a dielectric film
as claimed in claim 34, wherein said microwave plasma
has a plasma potential of 10V or less at said silicon

surface.

25

37. The method of forming a dielectric film
as claimed in claim 34, wherein said gas containing
30 nitrogen as a constituent element comprises a NHj3 gas,
and said gas containing oxygen as a constituent

element comprises an O, gas.



37. The method of forming a dielectric film as claimed in claim 34, wherein said gas containing 30
nitrogen as a constituent element comprises a NH3 gas, and said gas c ining oxyg

constituent element comprises an 02 gas. 27 June 2005 - 77 38. The %Zod?gf%%nﬁgoaﬁd%electric
film as claimed in claim 37, wherein said inert gas and said 02 gas and said NH3 gas are supplied
with a partial pressure ratio of 96.5:3:0.5. 5 39. The methpd of forming a dielectric film 10 as claimed

in claim 34, wherein said silicon surface is exposed to said atomic state oxygen 0* and hydrogen
nitride radicals NH* in said step of eXposirtfsaia sitieentrfageme gicPmitieware plasrhalls 40. A

method of fabricating a semicongligtorn2@ devigezeomprsing the steps ofi forming a silicen oxide film
on a silicon substrate by an oxidation processing; modifying a surface of said silicon oxide film by

exposing the same to jdfdgen Fitie 25 radicals NSy forming 8 gats 8leéirble dn said modified

silicon oxide film. 30 4pathe method of fabricating & semicorEiugtay device as claimed in claim 34,
wherein 27 June 25005 78

39. The method of forming a dielectric film
10 as claimed in claim 34, wherein said silicon surface
is exposed to said atomic state oxygen O* and
hydrogen nitride radicals NH* in said step of
exposing said silicon surface to said microwave
plasma.

15

40. A method of fabricating a semiconductor
20 device, comprising the steps of;
forming a silicon oxide film on a silicon
substrate by an oxidation processing;
modifying a surface of said silicon oxide
film by exposing the same to hydrogen nitride
25 radicals NH*; and
forming a gate electrode on said modified

silicon oxide film.

30

41. The method of fabricating a

semiconductor device as claimed in claim 34, wherein



said hydrogen nitride radicals NH* are formed by microwave plasma formed in a mixed gas of an inert
gas selected from Ar or Kr and a gas containing nitrogen and hydrogennz,fo tituentgmts. 542.
The method of fabricating a 10 semiconductor device as claimed in clai , whefefn icrowave
plasma has an electron density of 1012cm3 or more at said surface of said silicon substrate. 15 43.
The method of fabricating a semiconductor device as clajged in claim 41, wherein 20 said microwave
plasma has a plasma potential of 10V or less at said surface of said silicon substrate. 25 44. The
method of fabricating & 3EnicBAGREEFRdEVviEe heIdiRfetGA thil41, atiferefr 82l §3s containing

nitrogen and hydrogen:gemprisesapNksngass Sen/alune 2005 xet 455 The nethodoffabricating a
semiconductor device as claimed in claim 41, wherein said gas containing nitrogen and hydrogen as

constituent elements CMTpriesSEimed §a8of'd N5 Jas Hhd & H2GaSI0 96! Fhenethod of
fabricating a semiconduetor devicemas clgimeshiarclain 4bnwhereiresaicsiieemeoxide film is formed
by the step of exposing said silicon surface to microwave plasma formed in a mixed gas of an inert
gas predominantly

42. The method of fabricating a
10 semiconductor device as claimed in claim 41, wherein
said microwave plasma has an electron density of
10*cm™ or more at said surface of said silicon

substrate.

15

43. The method of fabricating a
semiconductor device as claimed in claim 41, wherein
20 said microwave plasma has a plasma potential of 10V

or less at said surface of said silicon substrate.

25
44 ., The method of fabricating a
semiconductor device as claimed in claim 41, wherein
said gas containing nitrogen and hydrogen comprises a
NH; gas.
30



15 of Kr and a gas containing oxygen as a constituent element. 20 47. A method of fabricating a
semiconductor device, comprising the steps of: forming a silicon oxide filig_f)n siliconljedslgs[gate by
an oxidation processing; 25 modifying a surface of said silicon oxide film“y e@g% t e to
microwave plasma formed in a mixed gas of an inert gas selected from Ar or Kr and a gas containing
nitrogen and hydrogen as constituent elements; and 30 fergning a gate electrode on said modified
silicon oxide film. 27 June 2005 - 80 48. The method of fabricating a semiconductor device as
claimed in claim 47, wherein said nficrowaVe pl&shathasfanféleet6r dehsitof 101"cm-3 or more at

said surface of said siliconi% substrate r4%cFhe-method-otfahegating aldisemiconguctordavice as
claimed in claim 47, wherein said microwave plasma has a plasma potential of 10V or less at said

surface of said silicon SABSr&RS 1550 e Métibd 6AABRCALIY 2YSEMig6RdGcor device as claimed
in claim 47, wherein saichgad cortatnirg aitkagen andnpydregen asr2lkeenstitient £lemants comprises
a NH3 gas. 2551. The methog of fapricating a semiconductor device as claimed in claim 47, wherein
said gas containing nit(?gﬁ’enagnd %y Fogqéansas

10 46. The method of fabricating a
semiconductor device as claimed in claim 41, wherein
said silicon oxide film is formed by the step of
exposing said silicon surface to microwave plasma
formed in a mixed gas of an inert gas predominantly

15 of Kr and a gas containing oxygen as a constituent

element.

20
47. A method of fabricating a semiconductor
device, comprising the steps of:
forming a silicon oxide film on a silicon
substrate by an oxidation processing;

25 modifying a surface of said silicon oxide
film by exposing the same to microwave plasma formed
in a mixed gas of an inert gas selected from Ar or Kr
and a gas containing nitrogen and hydrogen as
constituent elements; and

30 forming a gate electrode on said modified

silicon oxide film.



constituent elements comprises a mixed gas of a N2 gas and a H2 gas. 30 27 June 2005 81 52. The
method of fabricating a semiconductor device as claimed in claim 47, w in _oxidation af said silicon
surface is conducted by the step of exposing said silicon surface to micr avé:rélﬁ]gsm%@oﬁ%ed ina

mixed gas of an inert gas of predominantly Kr and a gas containing oxygen as a constituent element.
10 53. The method of fabricating a semiconductor deviceggs claimed n claim 47, wherein said silicon

oxide film is formed by a thermal 15 oxidation process. 20 54. A method of fabricating a semiconductor
device, comprising the steps of: expb8ing A Silit6+ 3GBstPdte stpface 26 imftréwave plasma formed in a

mixed gas of an inert gas prisatily: fosmegkefikie a-gasaontainingiRitregen 2528, a gaastituent
element and a gas containing oxygen as a constituent element, to form an oxynitride film on said
silicon surface; and fofifihg &'g&te¥i8dfode 6 Laid GXynithdE L B2 FSte 5808 - 82 55. The
method of fabricating a isémicénductas tevice assalaimed-inselain 54 swherein 1said microwave
plasma has an eI%CtrOQudgg‘?ir%Qé

49. The method of fabricating a
10 semiconductor device as claimed in claim 47, wherein
said microwave plasma has a plasma potential of 10V

or less at said surface of said silicon substrate.

15

50. The method of fabricating a
semiconductor device as claimed in claim 47, wherein
said gas containing nitrogen and hydrogen as

20 constituent elements comprises a NHs gas.

25 51. The method of fabricating a
semiconductor device as claimed in claim 47, wherein
said gas containing nitrogen and hydrogen as
constituent elements comprises a mixed gas of a N;
gas and a H; gas.

30



101" cm-3 or more on said silicon substrate. 5 56. The method of fabricating a 10 semiconductor
device as claimed in claim 54, wherein said microwave plasma has a pI?nZa tentialg;{?lnagl;H or less
on said silicon substrate. 15 57. The method of fabricating a semiconductor d e Gs in claim
54, wherein said gas containing nitrogen as a constituent element 20 comprises a NH3 gas, and said
gas containing oxygen as a constituent element comprisgs an 02 gas. 25 58. The method of
fabricating a semiconductor device as claimed in claim 57, wherein said inert gas and said 02 gas
and said NH3 gas are supplied to afartialsre8sieaatie of 985 183010 %.27 June 2005 - 83 59.

The method of fabricating acsemicongucias deviceas claimed-t clain: p4iwherein said step of
exposing said silicon surface of said microwave plasma comprises the step of exposing said 5 silicon

surface to atomic stat€Exyen ¥ afd RAtSgeh nitFe raticais R+ SABETRACT O YHE S

DISCLOSURE In a filattgsmatior seibod ©f aasemiconductor slevicedacludingiacplwalipy of

silicon-based trangsto}gsiQE I%%paf%tgn(% C}htirne %XI%ti%dcgo%%% a;[) Iteaasl}1 in.a g%rct o(; é@e SIPCOH surface in
predominantly Kr and a gas containing oxygen as a

constituent element.

10

53. The method of fabricating a
semiconductor device as claimed n claim 47, wherein
said silicon oxide film is formed by a thermal

15 oxidation process.

20 54. A method of fabricating a semiconductor
device, comprising the steps of:
exposing a silicon substrate surface to
microwave plasma formed in a mixed gas of an inert
gas primarily formed of Kr, a gas containing nitrogen
25 as a constituent element and a gas containing oxygen
as a constituent element, to form an oxynitride film
on said silicon surface; and
forming a gate electrode on said oxynitride
film.
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advance, and the film formation method removes the hydrogen by exposing the silicon surface to a
first inert gas plasma. Thereafter a silicon compound layer is formed or(lji,g.z surface oig§ @igcon gas
hbte gaseots

by generating plasma while using a mixed gas of a second inert gas an
molecules, such that there is formed a silicon compound layer containi

ng at least a pat of the

elements constituting the gaseous molecules, on the surface of the silicon gas.

55. The method of fabricating a

semiconductor device as claimed in claim 54, wherein

said microwave plasma has an electron density of

10*?cm™> or more on said silicon subst

rate.

56. The method of fabricating a

10 semiconductor device as claimed in claim 54, wherein

said microwave plasma has a plasma potential of 10V

or less on said silicon substrate.

15

57. The method of fabricating a

semiconductor device as claimed in claim 54, wherein

said gas containing nitrogen as a constituent element

20 comprises a NHs gas, and said gas containing oxygen

as a constituent element comprises an O, gas.

25

58. The method of fabricating a

semiconductor device as claimed in claim 57, wherein

said inert gas and said O, gas and said NH; gas are

supplied to a partial pressure ratio

30 0.5.

of 96.5 : 3
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59. The method of fabricating a
semiconductor device as claimed in claim 54, wherein
said step of exposing said silicon surface ot said
microwave plasma comprises the step of exposing said
silicon surface to atomic state oxygen O* and

hydrogen nitride radicals NH*.





