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FABRICATION METHOD OF A SEMICONDUCTOR DEVICE TECHNICAL F Wﬁwe% t
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 SEMICONDUCTOR 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



27 June 2005 2 surface contaminants such as organic materials, metals, particles, and the like, by a
conducting cleaning process. It should be noted that such a convention%zle ingrgro%:(ﬁrﬁi cludes a
final 5 cleaning process that uses a diluted hydrofluoric acid or hydrogerated SErSor imating the
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 3 e §Grf&C GRAErEBES BetdaplinySd iRk phite’s ot 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
?233255?5218&“; riui{;%%%i% filo thus formed by the conventional 30 thermal gxidation process is
hydrogen. 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.



less. Thus, it has been difficult to realize a high- performance miniaturized transistor that requires
decrease of the gate insulation film thickness. 27 June 2005 3 Further, i }?e ase the id oxide
film is formed on a silicon crystal having a surface orientation other thar?t e (‘;ébglgriegt 325 orona
polysilicon formed on an insulation film, there 5 arises a problem of formation of large interface 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 shotildr bBB$ioted that ASpaigsificd insfotetrorP & dRstiatish film

has a primarily (111) oriented-ssifase. Thus, sueh:a silicen-exide film haspoor elgetsic properties in
terms of breakdown 15 characteristics, leakage current characteristics, and the like, particularly when
the thickness thereof i§ TreGUEad, &t tHehé has beend fiedd 8P ihcheasiy fhe! filtn tickless of the
silicon oxide film whenousing iSuichoa siticemexiderilam 20 Meanwhite, the use of large-diameter silicon
wafer substrate or large-area glass s%l% trate i§ ir}cre%gi,rg? the%efd%sr for |r{1g ovrir}%the efficiency of

. . arlses. a r S T on e e S
semiconductor device prod:’uc ion. Pn or erIPo ?orm ?ran3|s ors on the erﬁlre surrace O?SUCh a Iarge 25

size substrate with unifarat eharacteristicsand wdtho highethsoughporn, it istrrecessaryate form the
Insmanonﬂ”naIalowéS%g@F@H“%?%ﬁsége 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
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



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(%)jnigﬁ such %Q'r@élation
film is required to have small temperature dependence. In the conventional t oxfdat

process, it should be 27 June 2005 4 noted that there has been a large fluctuation of oxidation
reaction rate caused by temperature fluctuation, and it hag been difficult to conduct the production

process of semiconductor devices with high 5 throughput while using a large-area substrate. In order
to solve these problemi¥assdcidteéd witisfife E6riverftidRaPtheéfhdPoxXidatior lehAblogy, various

low-temperature film fomationiprecessas-have bees attempted Amongthers, the technology 10
disclosed in Japanese Laid-Open Patent Publication 11-279773 or the technology disclosed in

Technical Digest of IntématioAdl ElBetréit DeviceS Metify! £999, Pp249-282 6 Bob0 Symposium
on VLSI Technology Bigestief Technical Rapers, Pps éarlddndb @chieves velatively goedrelecironic
properties for the filmtb% con uctir%g tqqe. ixidation of thelsilicon_ surface b% uginagtatomic State oxygen
0*. There, an inert gas 5\9#@ fférgéqmle astable 1évél is Used f6r e atomization of the oxygen
molecules, and for this, 20 the inert §as is-mtroduced into plasma togetherlwitls geseousoxyden

molecles. In these teghglogies it shouhe.noted: at wcioate Jfraglatesin g pixed gas

formed of an inert krypto gas and an oxygen
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



25 (02) gas, and a large amount of atomic state oxygen 0* are formed. Thereby, the oxidation of
silicon is conducted at a temperature of about 400C, and the propertiesgoi*np rable to, f@(\)}j of the
conventional thermal oxidation process, such as low leakage 30 current thara fefistics?Iow 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 27 June 2005 5 silicon surface having a
surface orientation other than the (100) surface. On the other hand, such a conventional silicon oxide
film formation technoldgly! €9€R wheht 3a%ihg the'MictoRavé prsntd, ‘Cufd At bEstteaIfZe a silicon
oxide film having electfig properdies 1camparableste-those of the film formed by the conventional
thermal oxidation process, which uses oxygen molecules or water molecules. Particularly, it 10 has
been not possible to obtain the desifétl ol 1E4KAYE dFRsht cRBAILENSTRE TIT tHe €28 the silicon
oxide film has a thickness of ahout2nia of iless ooarthe siliconisubstiatecsyirfacevdhughithas been
difficult to realize high-‘%grformgﬂcée, 15 miniaturizecﬂ transist%rg utiﬂ t reguge STl,tjrther ecrease of the

gate insulation film thic ness, S|milénrfyct%ot‘ﬁ%%%sg of converttional tiermar oxide” film formation

technology. Further, theré hasrbeenialproblém thattheg2@ si#icon oxiderfilpethusdermed shows severe
degradation of electric properies {0 the,case e ¢ the film formed by the

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-



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 fiI?,'?]s u;ed in a)?gg/lﬁ%]such as
a flash memory, which relies upon tunneling of electrons caused through the iltdfF o Im, 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.1,
the flash memory device 10 is formed on a silicon substrate 11 doped to p 27 June 2005 6 type or
n-type and there is for&dfa fdating §RR BREtrod8 AR GrF thePdiiGsh SubistRAé 11Vidatfinneling

oxide film 12. The floating gate-electrade 13 isccavered with an-ipter-electrade;insulation film 5 14, and
a control gate electrode 15 is formed on the floating gate electrode 13 via the inter-electrode

insulation film 14. FurthBF&°doute 7&4iBh 118 8hd % draift rdgich 11 8% lypeorilypedse formed
in the silicon substrate 11iat botivlateral sides ofa lithekannel segiob d4 Airghi Lndesneath The
floating gate electrode 13. In the flash memory device 10 of FIG.1, the .control gate electrode 15
causes capacitancS:e cgu%ﬁlin%n\clivitﬁ tie rggt?r?g agéeelgc]}t?o%ér \(ﬁeth(lelglntle“{fj 1 Oefég(ﬁrod%rﬁn%ﬁ%tion film
14, and as a result, the potentied of dhe fledting: gateeelétrodenist bentiolteerine thectontrbt voltage

applied to the ConU0|99§%%@quge§§lm 14. Further, a source region 11B and

a drain region 11C of n-type or p-type are formed in
the silicon substrate 11 at both 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



Thus, in the case information is written 20 into the floating gate electrode in the flash memory device
10 of FIG.1, a predetermined drive voltage is applied across the drain reC%ir(?n ]plc and %T@ogrce
region 11B and a predetermined positive write voltage is applied to the tro dé{%eele 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 appli€d ESTeRsificon’ saistrate 116t 16 e sdtirce! fedior @ 18T ang e Bfectrons in

the floating gate 27 Jupp20PBi + 7 Blechede d3tare pulledput dathe case of reading dhe yyitten
information, a predetermined read voltage _is applied to the control gate electrode 15 and the electron

current flowing through thé Bt réGioh 51 £4 FohPtheIs0iicE 16G1bA 198 tbthé Waihtegion 11C
is detected. FIG.2A shewsdhe dranchstttetitre fof dhe rftashhnemsiy 40of FiGrihmithewsassysectional
view that includes thelgg)étigg at%glectrode 13, the 10 tuqqeéingooﬂ%e film 12 and the silicon

. S t

substrate 11, whérein oWs thé State in Which no control” vo éegedf%azfpnpligﬁqé e control

gate electrode 15. Refetringito El&.2Athe.tunneling insulation film 12 forms a potential barrier and it

15 can be seen that the injection of the-elegtrons on ., . 1 _.q 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



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 voltag;]ig aﬁjlied torgﬁeaogltrol gate
electrode 15. Referring to FIG.2B, there is induced modification of the b strUdfufe i 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_thys 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-Nofdhelifi tinmamg ctFrdm INS# in-Glet fo- ererse the Anitiigtspedd in the flash

memory device 10, thereds acnged ofrincreasing the tunneling probability e& the-tunneling 27 June
2005 - 8 current passing through the triangular potential in the state of FIG.2B. This can be achieved

by decreasing the thickne5§ df tHEunRBIING OKidRSin 22. In'the CaRRSHe Mckie<iof thé Tunneling
oxide 5 film 12 is decreased;ontthe otherchand; the ielecieons infhelchannelaay pass Hiraagh the
tunneling oxide film 12_in the non-writing state shown in FIG.2B by causing tupneling and form a
leakage current. 10 FI(E% Igh(?v%s e %%ﬁ&r?sﬁﬁi bef\)/\?eetnht%eO%e e%/: ric fiel ’ap%ﬁéed to the tunneling
oxide film 12 and the edrentderssityrof the turineting tumrent pass through the

tunneling oxide film 12 in the non-writing state
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



passing through the tunneling oxide film 12. Referring to FIG.3, it is required that a 15 tunneling

current of about 1A/cm2 can flow through the tunneling oxide film 12 in r%sfyor;ée to an (;:‘ée ic field of
F %%vhg tgt;%ealize

about 10MV/cm applied to the tunneling oxide film 12 in the writing state

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 leakagg current through the tunneling oxide film
12 be suppressed to 10-15 A/ CM2 or less at the application electric filed of 1IMV/cm2. 25 Thus, the
conventional flash memdry 8évige d 02 fedliZes ¢3€ Blieettic field L Cufreh cRaraetefRtic 1shtkvn in FIG.3
by a straight line by using adhermal -axidg diln havinga thicknessofiseyeral nanemeters 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 G FRdUBNGIASE Wiitd tihfe the Bikthid fleld S Thirreht CHaradfer(SHit Of the
tunneling oxide film 1222 June 2005 9 fis €hanged asneprasentedsindl Ge3l py ancurved lise. There, it

can be seen that, whilgktlréer(t%i?1 gau%eld a Ifr%e inr% alsrge of the tunneligé;
in

electric field of L0MV/cm is appllee(f,l and while 5 the con\%n?i%ﬁgfeﬁljtnne

n

cu.r[Centi
S1 |¥
g curren

nthe,case, the

t density of 1A/cm2

is realized |n the state o Imeﬂeﬁcﬂ@fie’]d, tthleee Sis_@aas_@cf aﬂangedﬂ?er@asedn ﬂ”jeé[aakage_eeu&rent in
the non-writing state, gnd thus, the information., written into fhe fipating gate electrode 13 is po

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



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 n(:j fabricatio CEess
thereof wherein the foregoing problems are eliminated. Another object élt e présknt %\ﬁm nisto
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 pfan 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 semicGHAUGREEdévicé Batases stieha digkekit!filRPartd & fabfication method of such
a semiconductor devige.cArRQther gbject af 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 distriBthidh ¥echthats hitfogeh GoRdemtiation iR eR5es At 4 Yielectric
film 27 June 2005 - 1@ sustaceiascemparetddoraicenital pastafdbe dielestricsfilmg Another object of
the present invention is to provide a semiconductor device, comprising: 5 a silicon substrate; an
. . . - con _suybstrate;
insulation film formed on said silicon” stbstrate; and

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;



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 niiro enc (@;gation
increases at a film surface contacting with said electrode as compared t?l a I pzxj aid 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 ifitef-efectisded instiatdriimt 25dHe stishid risufatibASims

containing therein a rareigas-glemant and Jurther havirg aditrggen gencantrationedistribution such
that a nitrogen concentration increases at the film surface contacting with said electrode as compared

with a central part of saif¥ilf 38 AlGther object of the present invention is to provide a method of
forming a dielectric film, comprisingathetsteps ob ferating & siliconcexide fitm omaestirface; 25 June
2005 - 11 modifying %surface of said silicon ocidde f@grbrxi%goasin&glfescacme to ?ern%),gen nitride

radicals NH*. Another o%jé%]f%?/fh%epr%s@ﬁtt iRvention is £
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



5 to provide a method of forming a dielectric film, comprising the steps of: forming a silicon oxide film
on a surface; and modifying a surface of said silicon oxide 10 film by ex/?rozin%the sa ggbc
microwave plasma formed in a mixed gas of an inert gas selected from r KrUdhg :%e gntaining
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 constituéft’élefirent AR §as Bortamird BRygeéh 20 as a constituent element, to form

an oxynitride film on said silicon surface, Anpthersahjectef the prasent invention is itorevide a
method of fabricating a semiconductor device, comprising the steps of; 25 forming a silicon oxide film
on a silicon substrate By 4 658566 pfoteS&ihg 2 Moty G Tadeéf said silicon oxide film by
exposing the same to hydrogen nitridedragljcais; Ni1*s and 30foemingza gateielecwade en¢aid modified

silicon oxide film. Anotpeﬁ ol;joe}(/:t of thgsplrrelsertlthigvesrgion iS _to provide a method of fap(gig%g%g a

. € 1
semiconductor 27°Juné 1%% ewce,gcomprlsménﬁwe gtelﬁé%?:owave plasma

in 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



forming a silicon oxide film on a silicon substrate by an oxidation processing; modifying a surface of
said silicon oxide 5 film by exposing the same to microwave plasma fomgq izga mixe f an inert
gas selected from Ar or Kr and a gas containing nitrogen and hydrogen onstitiiént ts; 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 coRESRIAG HitdGerY a3'd'¢dnstitiéntdlémentand agasCortaiirigrasfgen as a

constituent element, to-form an oxypitridefilen on said silicen sudaes; ang2Q forming agateelectrode
on said oxynitride film. According to the present invention, the surface of the oxide film is modified by

exposing the surface 6t tHe-oxide film formed on a surface of a 25 silicon substrate or the like to
microwave plasma formed in a mixec gas©f andnert gas primamy Hexmed of Acior Kr and a gas
containing nitrogen and hxg#)ggg, ar%?‘nltrogen are coggggtr%ted toa surfafceSIEle |?rn of the oxide film

within the depth of sevsét—rarl nandmeters. i%rséggrrl?ﬁfus concentrated to the SXide film surface form a

substantially layered niteddaregiamore therexiderfiflarsueface, ahe: as atresdkt, tlegoxide film is

Changedu}asuuau“%djacent 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



27 June 2005 - 13 approximately similar to the one in which a nitride film is laminated on the surface
of the silicon oxide film. In the dielectric film having such a 5 structure, tI%er? fi rowdego%@%mn of
small bandgap in correspondence to the nitride region adjacent to a reg

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 silicop, 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 #Sappiied t8tkeé ROnfBEGate A5 &BEifGEe E5cand B futPfidg of the

electrons is effectively;blogked. Iwﬁmqgaggmr@tgn\@@ggys a@g&@ipggtm@ﬁgon@@]gﬁg@ electrode 15,
on the other hand, the band structures of the oxide film region and the 20 nitride region constituting

the dielectric film struCtare SR changed. Thereby, the effective thickness of eth oxide film region is
reduced with the formation of the nitidesregharny, ane asasesut athedotieleciransiindhe channel
region 11A are 25 allowed tg cause tunnelmg throu h he dcelectrlc film stru%bur eff|C|entIy Because
the nitride reglon‘rformed on fhe SUTfACe of the BXitie-film reglorg%as 4 small ban gap, it does not
function as a potentlatbarrleurcfmeemiaeimrtcmsfkedfe injecte <3 Asrecr@salt ©6 using such a

dielectric film exposing the silicon surface to 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



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 27 June 2005 - 14 ing¢rease the wiri ed or
reduce the operational voltage while simultaneously reducing the Ieakag%r current! i sl‘?oggfg)%e noted
that such an oxide film, 5 in which there is caused nitrogen concentration at the surface part thereof,
can be formed also by exposing the silicon surface to migrowave 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 2 %36ifitEnt efdnierdt? The xide filnt'tHua F8fmed hias PthelébnipSsition of an
oxynitride film as a whele; rwhile,itsheuld-he nateddthat a pagtiof nitregemare: gopeentiateddn such a
structure to the interface 15 between the oxynitride film and the silicon surface for relaxing the stress,
while other nitrogen are” tBncertrate 418 thefilnfSGfade’akd forfP e desied hitidé layer region. In
the oxynitride film of such & sleucttne, there s gaused sikessi netaxationdyathp 120i nitegeater .
concentrated to th5e 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 turidielifg Mecanisii iIOR5 @ffettivelP BIgck@dsSThus, the oxynitride film obtained

according to such a process has angextremely. tgglailg% ggglitghlcgﬁ%c& an oxynitride film, jt is

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



preferable that the hydrogen concentration contained in the film is 1012cm2 or less, preferably
1011cm2 or 30 less in terms of surface density. As the formation of the dée%ect ic film c @
conducted at a low temperature of 550C or less in the present invention,Tt is pgls]sﬁbﬁ?e t?he er the
27 June 2005 - 15 oxygen defects in the film without decoupling the hydrogen terminating the
dangling bonds in the oxide film. This applied also to the fgrmation of the nitride film or oxynitride film
to be explained later. 5 BRIEF DESCRIPTION OF THE DRAWINGS FIG.1 is a diagram showing the
construction of a convehtibRarflashifemoty Bevice; FIGS.2A and 2B are diagrams explaining the 10

operation of the flash memory device;EIG.8 is @& diagragy explainiag theyproblems of the conventional
flash memory device; FIGS.4A - 4C are diagrams showing the formation process of an oxide film and

the 15 fabrication proceSs df A¥EMCEnRTtIFGEVIEL Sactordifig fo GirsterhbSdintett of the present
invention; FIG.S is a diaigramcshaywing éhe schematic wenstuctioroaf @ plasma-apparaiusnhaving a
radial 20 line slot antenr;‘? anhd u%edéin %h}(?e .prEsent invention; FIG.6 is a characteristic diagram
showing the exposureaé1 ectt of the bond formed betveen the surface-terminating hydrogen at the
silicon surface and silicon caused ByIgxposiPe to Kiplasma as.agrams 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;



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 chambléiFl 8isa ?ﬁrﬁ%eristic
diagram showing 30 the depth distribution profile of the Kr density ion t ilicoH Bxidedilm? RIG.9 is a
characteristic diagram showing the current versus voltage characteristic of the 27 June 2005 - 16
silicon oxide film; FIG.10 is a diagram showing the relatignship between the leakage current of the
silicon oxide film and the silicon oxynitride film 5 and the film thickness; FIGS.11A - 11C are diagrams
showing the formation method of ahitfide film aind £hbFRaHGT méthodbiaP<émicdhatiétor device

according to a second gmbediment:ofthe present inventionh3Q Fie d2iis @i chayacteristic diagram
showing the dependence of the silicon nitride film thickness on the gas pressure of the processing

chamber; FIGS.13A - £3D dr8Yidgras Shiowing tHe formation method of an oxide/nitride laminated

15 dielectric film and a fabrication metlmd of a ssemiconducion device aeaardingtoia thicchembodiment

e present Tl A4 B8 R0 Shoungn usgen Ao g g
nitride film;

FIGS.21A - 21C are schematic diagrams
showing the shallow trench isolation 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 memory device

25 according to a seventh embodiment of the present
invention;

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

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

embodiment of the present invention;



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 cogdin toaf 51
embodiment of the present invention; FIG.17 is a diagram showing the &1 to r}'ﬁé% n?n@elﬁ ty 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 pygfile in the silicon oxynitride film; 27 June
2005 17 FIG.19 is a characteristic diagram showing the current versus voltage characteristic of the
silicon oxynitride film; FIG.20 is a schéfmatic diiégr%n?%é\mﬁ‘l@itﬁedé%iﬁ?@@eﬁgn&erﬁ%ﬁéﬁ‘@e of

nitrogen in the silicon witgde dilmnGlGPRIA2LC are sehematie diagrams tshawipg dheshallow
trench isolation according to a fifth embodiment of the present invention; 10 FIG.22 is a

cross-sectional diagrafifof " ShigeSdiiiEnsiohat ahSistdHBImEd Bh% Sificéh Stifate having
projections and depressionrs aecarding td thedfifth enibedinaent;of the present invention; FIG.23 is a

dlagram.show[ng.the 15 CQHStI‘UCtIOE &%Eashsmgmg%dewge acggrdlri%ltg ahS|xth em%]%dlment of the
present invention; FIG.24 is a band sfructure %Ilagram S {

%%nd Ghe V\?rﬁlng oﬁ’ergf'folﬁl df the flash

memory device of cross—sectional structure of 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



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 diagrar’g?TI ovﬁné; the e%rtas -sectional
structure of a flash memory device 25 according to a seventh embodiment'of S invention;
FIGS.27-30 are schematic cross-sectional diagrams showing the fabrication process of the flash
memory device of FIG.26 step by step; 30 FIG.31 is a schegmatic 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; 27 Jtine 2005 48SFiE 3248 atheRtdtiR tiagrant'sft & pldsma Ptdcéssing

apparatus according t@ aduathembedimant afthepresentdrventionanplicable ted-glass substrate or
plastic substrate; 5 FIG.33 is a schematic diagram showing the cross-sectional structure of a

polysilicon transistor GH & FSUIATOA AT fotMEd ReLhrIig to the plasma processing apparatus of
FIG.32; and FIG.34 is a schematic diagratm showingdhe 1@ srass-sectiobakdiagramiofi@ber)
three-dimensional LSl according to a tenth embod'}lngent of the present invention. BEST MODE FOR

IMPLEMENTING THE INVENTION 15 H&3inatter, Varlous prefetable embodiments 16 which the

present invention is appfietl Mill beand an Ar gas is introduced first from a
shower plate 102. Then, the gas is changed to the Kr
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



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 szwzy as the m%g O(;)ngtlon
process of a semiconductor device that uses such an oxide film accordir% ent of
the present invention. Further, FIG.S shows an example of a plasma processing 25 apparatus used in
the present invention and having a radial line slot antenngjn 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 PG iy fHecrddval pro@ss st tHe SuRaceL terfiitatiAg hydfeh and the

oxidation process are rgondysted indhe same-precassing chamber gantinoushy aand the Kr gas,
which is used for the plasma 27 June 2005 - 19 excitation gas in the subsequent oxide film formation

process, is used in the removal pro%éstd?‘?hgostﬁfaﬁlé%ﬁﬂmaﬂﬁg]’Fl%roBgen Bfist, a vacuum vessel
(processing chamber) s23814s evacuated dethecplasriaqwecessing apparatus OffHe.5 and an Ar gas
is introduced first from a showerglalt% 02 Then t S | IS chan ed to the Krt gas Fgrtherﬁ%he
pressure inside the processmg C r1015§ set {0 about i§3 e(lﬁ:grer)c'elrb Ne>r& sificon
substrate 103 is placeéroml besrtagéléotlfdﬂfavm@p@heaumlmetchamsmranﬁdheatemperaune of the

specimen is set to abayt 400¢. A, long,as g lemperatyrs eLthe sllicon.suhstrale 103 nent

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.

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



is in the range of 200-500C, 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 hydlr%tzuoﬂp acid n@%&)
preprocessing step immediately before, and as a result, the dangling bo ot thE' Sur ?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 jhe 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 &dilectric plate 202 provided SitRPAPCofthe Wil 6fthe pr6&ssing chamber

101. The microwave thus infreducsd casseexeltatianef theoKr gas intreduced intptherrocessing
chamber 101 30 from the shower plate 102, and as a result, there is induced high-density Kr plasma

right underneath the SHOWETPrate™ 22 KE98hg akthe ?ﬁéﬁiﬁ@ﬁ?y_ bR RAEroWAVRYRES S6Pplied is in
the range of about 27 Jéne 2005 «+2Q \900MIdZ o1 more dwit Aot exeeeding akieulOGIHZz, almost the
same results explained as below are obtained. In th%construction of FIG.S, the separation between

the shower plate 102 and fhe" %ﬁk())&ra 8103 iSset'to 6cm in the present embodiment. Smaller the

gap separation, the film formation rafe xttecomes fastert Eorthér, Inhile4he presemt@mbodisrent shows
the example of film formatiop_by. using Ctirlllc_ec D agg%ﬁptp%atg% fhat HSES A radig)ling slot antenna, 10 it
should be noted that the plasma may be induced by
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



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 zéhejilicon ngb aée 103
experiences bombardment of low energy Kr ions, and as a result, the surface- ermifrati géftg rogen
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 spectrometgy 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 prdéé€ssit§ eRamber 101 under the pressure of 133Pa 25 (ITorr) with the power of

1.2W/cm2. Referring to FIG.6, it can-he seerthatdhe neptical abserptian at sbewt2100amal, which is
characteristic to the silicon-hydrogen bond, is more or less vanished after the Kr plasma radiation 30

conducted for only 1 sb8didt FtHes, Sitert BENRUGTS ifrhdiBtioR 6r thirP secois g bptical

absorption is almost campleielyaanishedr s means thasufacedermmingting byarogenwon the 27
June 2005 - 21 sSiIicog surface can be removed l:éy the Kr pla ma irradiation, conduhcte%for about 30
seconds. In the presen Sm%%%lemerkﬁ?ti?eréelf’r?élcre-telrrrﬁ?nlac%f%g y%rggré)ﬁ: 98 %cl)rrﬁ%lecieﬁlln}e%roved by
conducting the Kr plashid 5isadiatiogfar IvnidgtemNert; i thensteplof FHG /4B, @ Kesmixed gas is

inUOducedf“"nthesh9¥§¥$m¥8]§?»¥ﬂh§n FIG.7, the temperature 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



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 Krl%aj %zqd the Ozégﬁﬁge
mixed, Kr* in the intermediate excitation state and the 02 molecules ca catlisibiFan is
caused efficient formation of atomic state oxygen 0* in 15 large amount. In the present embodiment,
the atomic state oxygen 0* thus formed are used for oxidjzing 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 sifiEdPStiFaES the brithatioA T éafsed by 0P moReafest 1206 Holecules

and a very high tempeyatureiof 809Ci@r merenbas heen neededutheqoxidation processing of the
present invention 25 conducted by the atomic state oxygen 0*, the oxidation becomes possible at a

very low temperature f AbSGT406C AhUra&5 0 fAcilittd tHEBOMEIbA  SPRHRIEE Stk Preferable to
use a high pressure fop #hes pressuee oftthenprocessing chambetc 30 Hayyeveydtheqése of excessively
high pressure facilitates mtutual collision of 0* thus forrge(g[,han the atomic state oxygen 0* thus
formed are returnéd 5 the 02 mdle€aleS Thus, Theré exists an olp ium 27 June 2005 - 22 gas
pressure. FIG.7 shows the relationsfiipebetaeehtthe fthickmessesneftheaXide filnp §68A thus formed

and the internal pressgg%gfem? Rrgcg%%in%fbﬁl@(pﬁrég!ide film formed according to
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.



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%(c}s‘ is_set to 42&% d the
oxidation processing is conducted for 10 minutes. 10 Referring to FIG.7, f an%@@(?en tqu?e
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 pressyrg 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 Valft &Is6H? Bethertase§ it Whiche fHel Siliedn SdirfaG8 Aas Eny other

surface orientations. 2Q, Afteethe;silicosmoxde dikm A03A is thys Joraed tojthesdesiregdfim thickness,
the introduction of the microwave power is shutdown and the plasma excitation is terminated.
Further, the Kr/02 mixEdrG s 18pRERE With the AFGHE BRd With 55 thit Oth loxidaionirbeBssing is
terminated. It should be natedfthabthesusenof thergaseefore and afterithe foregoingestep is

intended to enable the_use o -cost Ar gas cheaper than Kr for the purging gas.. The Kr gas used
in the present ste[S) is Ea?gcévﬁéé an Or@%s%ﬁ%o’%@vlilr?g% th%)fror(%hoelngg bgﬁ%%fﬁm( cg)rrﬁation process,
the gate electrode 103Buisfformed wor the dxide filne 1034, and mcsenmicondector 27 tJuae 2005 - 23

"negmuedC"CUHdevm?ﬂﬁgydg§y¥§¥%ggﬁﬁagdsimilar result 1s obtained also
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



capacitors is formed after conducting various patterning processing, ion implantation processing,
passivation film formation processing, hydrogen 5 sintering processing, d7th like. Th t of
measurement of hydrogen content in the silicon oxide film formed according t %%r%@eiﬁggprocess
indicates that the hydrogen content is about 1022/cm2 or less in terms of surface 10 density in the
case the silicon oxide film has a thickness of 3nm, wherejn it should be noted that the foregoing
measurement was conducted by measuring the hydrogen release caused with temperature rise.
Particularly, it was corfifrhed thatthe ‘oxide P L5°dhdractefizéd By Bl dmall leakage current shows

that the hydrogen content in the siliger @xidefijmds abeutdoll fom?2 oelessdr terms-efsurface density.
On the other hand, the oxide film not exposed to the Kr plasma before the oxide film formation

contained 20 hydrogefr Withth& SUHALE deRSity BRceeding 281980 Edrtfer tHe ESMBAASon was
made on the roughness of the silicarl sutace befotg and aftet the> oxide filasiosmation condtcted
according to the process notggebefore.whergincgle measureg‘;ent g{ thcehZSr I%gaface E%Jethff% was

. C a r1st1c O e nve ol .
made by using an atomic force microscope. It s 6uld be oted that the silicon” surace was exposed

after the oxide film forMation mbymremioling thessiliconoxide ditmthus forinesindt was confiimed that
there is caused no chayge.of 3q surfacs.tusbngss s, [hele J9 causedne Jfougheqing of silicon
surface even when the oxidation pro%essmg IS conductedqaftert e removal of the sur ace-terminating
hydrogen. 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



27 June 2005 - 24 FIG.8 shows the depth profile of Kr density in the silicon oxide 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 result for the sili (T bl)nseurfgcg,%ile this
result is not limited to the (100) surface and a similar result is obtained also in other surface
orientations. In the experiment of FIG.8, the partial 10 _pregsure of oxygen in Kr is set to 3% and the
pressure of the processing chamber is set to 133Pa (133 Torr). Further, the plasma oxidation

processing is conducteé!dt tRé stibSiraEIefperaURCHLAGOE. Refefiigto EIs 80the Ri-denmsity in

the 15 silicon oxide filpsingreasestwith ingreasingdistange from thersilicor sydace-and seaches the
value of about 2 x 1011/cm2 at the surface of the silicon oxide film. This indicates that the silicon

oxide film obtained accofdifg t& i ftegdifg prGeebsing is A28 fiftn 7 whith e K doncehtration is

constant in the film indhe tegiep irewhichatheldismncetonther urdarbang siticom suegaee is 4nm or
more and in which the Fr concentration decEeases towarg th siligo /siljcconboxide irgerface in the
ri lS m O e alne

e
region within 25 the diStahce o ﬁﬁrlnsftrcl)r% the silicon surface: EﬁB. owsthe deep%%dence 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 5escuét f FIG,Q ?O Js for the case in whigh the thickness

of the silicon
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



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 27 e 2005 -2 é) fare the
formation of the oxide film. Referring to FIG.9, the leakage current charaéltiris &Jd?ﬁ\e%i 0%3 oxide
film not exposed to the Kr plasma is equivalent to the leakage current 5 characteristic of the
conventional thermal oxide film. This means that the Kr/G2,microwave plasma processing does not
improve the leakage current characteristics of the oxide film thus obtained very much. On the other
hand, in the case the SXid&tioH-Frotessifg is 20 conBacted by'the préSertBiBadiRfent in which the

Kr/02 gas is introduced pitenthe Kiplasma: ikadiation peosessingeit¢an ha,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 convBftidifal Miicrowave PlshiLoKHAfoM ProctsSihg?WhET REHLOFEY at the same
electric field, indicating-that he siticen oxide fikn farmedily-thespreseatermbodiment hasexcellent

low leakage char%ctergtrics.]gt ios wfurtgﬁr %anrﬁi@ec 20r thaé a sé@ilagq irrlnprgvgrglgzn(te gf Igaggg% gurrent
characteristic is achieved also in the sificon oxide ﬁ‘lrr?ﬁavi%g a mUch thinfer film thickness of 1.7nm.

FIG.10 shows the resultef méastreimentof ribe deakageccurrent Chatacteristicstoi¢he silicor 25 oxide
fim of the present empgdiment (o ihe, ¢ass the Jbipkness.gftheflcon,gxids,iim isghanged
variously. In FIG.10, ~ shows the leakage current
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



characteristic of a conventional thermal oxide film, 0 shows the leakage current characteristic of the

30 silicon oxide film formed by conducting the oxidation processing by tizfr/?ﬁ({)lasmgﬁlaﬁ omitting
the exposure process to the Kr plasma, while shows the leakage currerit chara fafisti silicon

oxide 27 June 2005 - 26 film of the present embodiment in which the oxidation is conducted by the
Kr/02 plasma after exposure to the Kr plasma. In FIG.9, i should be noted that the data represented

by * shows the leakage current 5 characteristic of an oxynitride film to be explained later. Referring to
FIG.10, it can be seenthaP ¢ feakage CuFreht eRarattefistié of e Siliddrr Vit AT répréSented by

0 and formed by the plasma 10 oxidation precessing-while emitting the exposurenprocess 4o the Kr
plasma coincides with the leakage current characteristic of the thermal oxide film represented by ~,

while it can be seen aRd ¥4t the 1e%RAGE Slrrentcatafefidi&L SR Sicon aXide 15 film of the
present embodiment gntaepresentedby i issregibicad atthsrespaetrtotthe teakagewusresttown
characteristics representeii % O5by the qrder of 2 -3 Further, it can be seen that a Ieakage current of
1 x 10-2A/cm2, which %sncomparableafc’o t %qgaﬁés’ge G ctirent of the thérmal oxide ﬁl%”lrﬁa\%ﬁg the

thickness of 2nm, is achieverbmdithetsilidon axideldilmiofhe present embodiment in the case the oxide
film has the thickness pfghoyt 1.50m, Ruthet, fhe measyremeptof the syrface ;¢ 4
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



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 reveglgdt e fact ttzg very low
interface state density of about 1 x 1010cm2eV 1 30 is obtained for any silicon Hifdce ER/E‘)esurface
orientation. Further, the oxide film formed by the present embodiment shows equivalent or superior 27
June 2005 - 27 characteristics as compared with the copgventional thermal oxide film with regard to
various electric and reliability characteristics such as breakdown characteristics, hot carrier
resistance, charge-to 5 biddkatoti dleétficthatges OB SHAEK EBrreEpdids'® e éRetric charges
up to the failure of the silicgnqexige film Ainger arstressissirent and-thedike. Asfoted above, it is
possible to form a silicon oxide film on a silicon surface of any 10 surface orientation at a low
temperature of 400C by €6Rddtivg te sliftbh GXiddtioh grokedsing by thEkies! high-Gensity plasma
after removal of the terminatmngduydrogeridtthosghh that ssel ameifect is achieved because of the
reduced hydrogen content 15 in theloxi ehfilm caused as are ult of l;pe rtemoval of the terminating
hydrogen and because of the fact that the oxide film contains K. Because of the  reduced amount of
hydrogen in the oxide §ivpat st believiedithat weak ehementeberidimg isiredtitéd n the 2@ sificon oxide

film. Further, because pf ihe ncqrperafign of K in e film. 1hg stiegs fside ) the
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



the film and particularly at the Si/Si02 interface is relaxed, and there is caused a reduction of trapped
electric charges or reduction of interface state 25 density. As a result, the s.i}ico oxide gj WS
significantly improved electric properties. Particularly, it is believed that the'fe GtELGY r r@éhr% the
hydrogen concentration in the film to the level of 1012/cm2 or less, preferably to 30 the level of
1011cm? or less, and the feature of incorporation of Kr intgthe film with a concentration of 5 x loll
/lcm2 or less are thought as contributing to the improvement of electric 27 June 2005 - 28 properties
and reliability of the sil%ﬁe&&aéiﬁm%.oﬁg Srcrer 6 PedizetRé okideSfilmiotthenprsedt ihVention, it is

also possible to use a jplasmadrecessing apparatus athep thamtheong sowr 54nH)G.5, as long as
the plasma processing apparatus_can conduct the oxide film formation at low temperatures by using

plasma. For example, 1§ 5ssibie 15 us€ a'thdSiage Sholef phite Ly pRsnia pro&ssiry’
apparatus in which thereagie provitied adéfirshgas telease stueidie tof releasingadicfor plasma

excitation by a microwaye and a %e%opd %as rel%laﬁﬁgugtrure differ%nl;cfrom the first eqtczls release

structure for releasing go%%& gas. IA ﬁéﬂbresent efmbodiment, it sLhou?d)Bee noted that the

feeding of the microwaeopaweénisHghutdewn luponsfommation obthehsilicoreoxide film teda desired film
thickness, followed bythe process of teplacing the Ky/Q2 mixed gas With the Argas. Qthe
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.



other hand, it is also possible to introduce a Kr/NH3 20 mixed gas from the shower plate 102 with the
partial pressure ratio of 98/2 before shutting down the microwave power, vxanil?%maintagzggt%
pressure at about 133Pa (1 Torr). Thereby, a silicon nitride film of abou ickn 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 haying 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. 11011 ESHBH- the fofrhatidr® nicthdd 8F 27 Jtiké 29051199 a

nitride film at low tempegature; by Msingplaswae as6erding-te;a-secong, embedimg 0f the present
invention, as well as the fabrication method of a semiconductor device that uses such a nitride film. 5

In the present embodifent, ta6 &Y REparats SimfarBthe Ofe HOW-MFIES T dSed Torthe nitride
film formation. Furthert incthel present embediment; &ds prefecable {0 use: Ar oy i s for ke plasma

excitation gas for removing the 10 terminating hydrogen and for the njtride film, formation, in order to
form a high-qualit§’/ nitride fitr. ﬁ%?gﬁg ;ér, %Qé(a%gp egfugi%a frnv%!lll q%e rélplrtégér?%]a.l% First, the
interior of the vacuum wesselsprocesising elrambet<ldl of FIG.S is evacuated to a

Further, in the step of FIG.11C, the
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



vacuum state in the step of FIG.11A and an Ar gas is introduced from the shower plate 102 such that
the pressure inside the processing chamber is set to 20 about 13.3Pa (1 O{nTirr). Nexé jdeligcon
substrate 103 is introduced into the processing chamber 101 and is placéd on e Stat in which
there is provided a heating mechanism, wherein the silicon substrate is subjected 25 to a cleaning
process conducted in a hydrogenated water and the silicon dangling bonds at the substrate surface
are terminated by hydrogen. Further, the temperature of the specimen is set to 500C. As long as the
temperature is in the réAge bf 3601550ES 30Treshlts Siftfilaf td tHePoné desdribediBeiBwiste obtained.

Next, a microwave of 2.45GHzisistpplies Jntotherraeessing shamher fregthegaaxial 27 June 2005
- 30 waveguide 105 via the radial line slot antenna 106 and the dielectrichEIate 107 and. a high-density

plasma of Ar is inducedSATHE ProcesBing CHamiBEr. A% Tdng W thetedliehc P the Sispikd
microwave is in 5 the raagelof abeut80eMilzrarapereabut nat exceeding about 10(sHz, results similar
to the one described belgviv are obtained. Infthinprg%%ﬂ mbodirtngg%a{[he separation between the

[
shower plate 102 and the substrate 103 1s set 10 6cm. With dlerclzreasmgc.eLO separation, faster

deposition rate becomes possible. Whiledhe presert enibadimeft stiows the examplecofNfiin
formation by a plasma apparatys thatyses the, radial lipe slqtantenng, dtis alsp passiplsto,
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



introduce the microwave into the processing chamber 15 by other methods. The silicon surface thus
exposed to the plasma excited based on an Ar gas is subjected to bom ment of lo y Ar
ions, and the surface- terminating hydrogen are removed as a result. In the'20 ]’é@@]tmﬁment,
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). In high-density plasma in
which the Ar gas and Bi® REESGAS afd ke tHetéFte Eaused Wollisir b AL THY intBrmediate

excited state and the N3 mgleculgs, apdNIdt radicals are farmed: 30, efficiantlys Theg Nhgradicals

thus formed cause nitridation of the silicon substrate surface, and as a result, there is formed a silicon
nitride film 103 on the Stfifdee O thE 5ilitBn REBSEFAR 18, 27 Julie s0t5! ¥ 31 81pdh form&tion of the
silicon nitride film 103&xwith arpredeterminedrthickness tihestipply entheimterawave power is

shutdown and the excitatign of the plasma is terminated. Finally, the Ar/NH3 mixed 5 gas is replaced
Wit the Ar gas ar 16 HAEEGdn Tyodeaiey BN Sl Fibiner 1 (H8 Siei of EIEATC e
silicon nitride film 103© thosiforfewed By AHe)nitridet fikn fermatioaprocesshim therstep offFIG.21C is

used 10 as a gate insulgtion film.angd fe-gatg glectrade 1030, 0 of 2 - 63,
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



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 exciRaticH'§as, simildrrestfd Bfe bbined 23 afeidRER Kr is used. Further, while

the present embodiment uses NH3 fer therogessegas dtig alse passible te-use-apnixed 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 réf&ins HydPGdertinthe pladma SvER Sl HBRUHEEREmihGtRG hydrogen are

removed. As a result ehexistenece Of bydiogenria the plasma, dife 27 <June2005 + 82gdangling bonds

Si-t bonds or N-H bordl HeEE e84t cISclon e are STTINGISA ot (b & SHigbn Aide fim anc

the interface. The existerceigighé Sisk bdhd andihe N:2H bond isieorffirmmedorespeetively by infrared

absorption present embodiment, it is believed that Ar or Kr
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)



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 t%e
silicon/silicon nitride film is suppressed to 2 x 1010cm2. In the case of f iné\%ﬁéglic rpr9tﬁde film
by using a rare gas (Ar or Kr) and an N2/H2 mixed gas, it is 15 possible to suppress the traps of
electrons or holes in the film drastically by setting the paial 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 &¥5etiment of FIGPLE N EhbliR HenBRE that tRetApdHShartial

pressure ratio was sehto-98/21angtheidgpositionivas condueted for 3Q dminutess Referingdo 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 proceséing chimber BRERIL'EY incréadifg the SRERYy GRVERTO N3 t&F N2/H2).

Thus, from the viewpoirt Dfreffieiengy e nitridenfilan tormation dik isr3Q preferaldel taosetthe gas

pressure to the range gf 6.%5 - 13.3Pa (50 - ]lOOmTorr)r. On the other hand, from the view 'Tt of
5 Sm asma -

productivity, it is prefera%‘i‘]e_ %raaﬁrlﬁ ied %ressure uitabié 1o e oxidation Eﬁdjun%szdb 33
processing such as 133Faa(1Ear)| patticutarhyrincthescase ef corrductingl the- oxiddtion processing and

the nitridation processj&gaccorgiggguglé{cgs gvil]cp]% _%%%igeg M%rg{eergngg[ e} gg]cerr le(gnbodiments.
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 Further, it is preferable to set the partial pressure of NH3 (or N2/H2) in the rare gas to the range of 1
- 10%, more preferably to the range of 2 - 6%. It should be noted that the 1200 nitridevéri]l(ﬁrblﬁlSC thus
obtained by the present embodiment 10 showed the specific dielectric cogss ant otH7%, is 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 nitridg 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 thaf-bFatHérmtalldXithe FIHPRaVIRG tHe thitknesd it shitn thBase the film has a

thickness of 3.0nm 20 (eguivatantdo the pxide filmthickpess,ef L.oamycunder theseendition that a
voltage of 1V is applied. This means that it is possible to break through the limitation of

miniaturization that appB&rsinthe fCormventiGnaitraHfstols (AT 068 & sitoR oxide 88 %im For the gate

insulation film, by usingie rsiliconsritrice dmeeftbe presentambaediment.r Farber, it should be noted

that the film formation condition of the Hitri e film noted above as well as the.pggysi al and electrical
(1

properties are 30°not ﬁr%ﬁlélél 0] 1fhlengas of %?%?nglt%erselﬁlc%%enltr%% filnr o the ?oriented silicon
surface but are valid aso frethe casetdfformihgthe silidoat mitrice filfB on ¢the Blicod @fany surface 27

June 2005 - 34 orientation incmdinﬁetg%,(lﬂ‘) ch{gantep 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



It should be noted that the preferable results achieved by the present embodiment are not only
attained by the removal of the terminating 5 hydrogen but also by the exi?eegcl:;of Ar oréjbi@ he
nitride film. Thus, in the nitride film of the present embodiment, it is belie thatAtor retaxes 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 isyeduced, 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 exf3teiRe of ArGrKiewith e SQHALE RSty sHELR UE0 PFém2 1016k is effective

for the improvement of, the slectrig;properties and reliahili-et-thes siligon pitkde film.ijust 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 piastha Protatding dpparatts thsh tHeY e 9hdwr 'R E 8 %s long as it
enables low temperatyre oxides 25 dim fermnation y using plasma. dFcordexanaple it tse possible to use a

two-stage shower plate lt)ép% ?I@smav lProces&nTgSal@}Caratus that includes a first gas release iftructure

. 5 C a I Tra rs .Or capacltors 1 Q %Jolle .
for releasmg an Ar or |2I’ gas 1or excli atlgn O]f plasma %y mICFOWG.\;De an(}a second gas release

structure different from the first gas release stnectureofor teleasingehe N3 (oreN2/¢12) gas. (THIRD
EMBCENMENT)Z?JUQS&@Q%ﬁ;conducted on such a laminated gate

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,



- 35 FIGS.13A - 13D show the formation method of a two-layer laminated dielectric structure
according to a third embodiment of the present invention in which an oxzj filfrg and nitgtéegficgen
formed by the 5 low-temperature plasma process are laminated, as well a fabt¢&tior process of a
semiconductor device that uses such a two-layer laminated dielectric structure. It should be noted
that the apparatus used 10 for the formation of the oxide{iim_and the nitride film in the present
embodiment is identical with the apparatus of FIG.S. In the present embodiment, Kr is used for the
plasma excitation gas % tHectirhBOf SfofRatiar of thefa)idé fifm BRBIRE Rfthiae fifh. 15 FirsYfithe step

of FIG.13A, the vacuum yesseldpracgssiggichamben, 101 is,evagusted te.the, vaeuurg 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 BRRtEHET 80 18 tHE KT gas Troh tHinital AP Yad Fald the Hressute bftthe
processing chamber 1614% settow abautt h33Ra (ke Nexd, thessilicancsidisirate 103, preprocessed
in the pteprpcessing step immed_iat y G2.5ll;gefokrle Vl:q)g cgﬁdug)tér}%thgt(%yé%d dirq]‘flug?h% acid treatment
for terminating the surface dangling bonds of sificon by ﬁy rogen,is introduced’into the processing
chamber 101 and placedmorrcthedstage i 0dehaving athéatinglmachskism. Elrther, the temperature 30

of the specimen is set 19 400C, Next, g,micrawayg of 245GHZ Iegyeneyis: s prium state.
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



introduced to the radial line slot antenna 106 from the coaxial waveguide 105 for 1 minute, wherein

the 27 June 2005 - 36 microwave thus supplied is introduced into the pg)ﬁ%ﬁjﬁjg}%cla?ﬁfé 01 via
in t e hamber

the dielectric plate 107. Thereby, there is induced high-density Kr plasm

101, and the surface 5 terminating hydrogen is removed by exposing the surface of the silicon
substrate 103 to the plasma. Next, in the step of FIG.13B,4he 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 358 partiat pré<stiré patiocst F713 ETHEYRDy Sthiefe A foPBa a-<iicth oxide film

103A on the surface otthesilican substratesl03with @ thickness of 4.5pm.dNexieinthestep of
FIG.13C, the supply of 15 the microwave is shutdown momentarily and supply of the 02 gas is

terminated. After purging'the t8Rof i THEVACUUH SRs<dl (bRStessmgThantbry 10T wWith KE a
mixed gas of Kr/NH3 is iriroduced fromthe showee platewlO3iwitlr agpagtial pressiwegatie 6798/2. 20
Further, the pressure of %g&rocesﬁsinq&hamber IS se%t t(r) acq?eut 1§§Pa (1 ToerangI,the microwave of

m.

2.56GHz is introdacedeagaln 10 forn the hlé‘ﬁ-dle%%ﬁy

plasma in the processing chamb

1

serI01: with

this, a silicon nitride film 103N is fofmedson thésuface ofi 25 thef sitiben vridefitmvEG3£ewith the

thickness of Inm. Upor(l ggg‘g%@o&gf the

microwave power is shutdown and the plasma excitation is terminated.

a?{'}i%’P nigide fm %9%’.*%""&@5“&%%%1569&8iQé(Qe§%ethe

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.16B, the pressure



Further, the Kr/NH3 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 obtain?%,l%s ufjed for ti:éeg] tg
insulation film and a gate electrode 103B is formed 27 June 2005 - 37 tHereo Elfthef ﬁ
conducting various patterning processing, ion injection processing, passivation film formation
processing, hydrogen sintering processing, and the like, a;semiconductor integrated 5 circuit having
transistors or capacitors is obtained. Measurement of the effective dielectric constant conducted on
such a laminated gateCistififtioR fnsihsirevesledrthe vakitlofiabdia B2 iR, the fRCSHowed

excellent electric 10 properties @ndreghabilignsuch as leakage cugent chasagteristig, breakdown
characteristic, hot-carrier resistance, similarlfyhé(j the case of the first embodiment. The gate insulation

film thus obtained showWed RE'¥ependente 5PSurfitd Siferttatdrfofthe 75 Silicol Subétiate 103, and
excellent gate insulatigrr dimuwas foxmed also on 1B 3ilicos of any sarface zorigntatiemother than the
(100) surface. While the present embpdiment lained the two-layer, construction in which an oxide
film located 20 cldser %6 E{)ﬁlelEﬁcléo%ﬁe s%le@}u;l ge%i;ct)ri&és filrm Ellpée\%rﬁﬁlma eh(f it1s gfs%of)lossslfbﬁg k(o] %hange
the order of laminatiom of the-bxide Hiimlamelsthe aitride Film . d€pendiig ondhe propase: Farther, it is

also possible to form the, strygture, of plural lamipated 25 filmps, sueh,as oxipeipitride;oxide, 5,
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



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 tq.EJG.14, it can b en that
there is caused concentration of nitrogen in correspondence to the nitrid #Imib@ﬁ?at%@@ th 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 possible to form a nitride
region at the oxide film surface with the thickness of 2-3nm stably. 5 FIG.15 shows the band structure
of the semiconductor HBGiceBf FIE st takehal6RG the @ossisédtRncARE férifietherhial

equilibrium state. Referdng to FIG 4Bhethere i fotmed;a snitrideslayer 103N 9f small-handgap adjacent
to the 10 silicon oxide layer 103A of large bandgap, and the gate electrode 103B is formed adjacent to

the nitride film layer 163N. BErth&F e Sfiitor Shbdtrate 43 eRists adjakentiBtfie Silfoi Bkide film
layer 103A. In such a band stsgeiues; itshould bek i notecbthat the eentuction eiectkonsrindhe silicon
substrate 103 areSbIocked b t]ge tqick 9ie.lectrig film formed otf the silicon oxide film 103A and the
nitride film 103N as Ior?g as 'the sémiconductor device is inthe lrf())rrﬁ-(iarlrvelngl Stat€ imwhich no voltage is
20 applied to the gate electrode 103A; @ndd&hereoigs cabsed-no teakagetof the dorductiontelectrons tot

eh gate electrode 103& Assi\_AL’wcboen?X%QEr/.'Sgrlatgﬁ&Vitpitrogen in the oxynitride

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.



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 curr Slt nIa‘e tunneling
current. (FOURTH EMBODIMENT) 30 FIG.16A - 16C show the formatlo %@a &@?ﬁnde film
conducted at low temperature by using plasma according to a fourth embodlment of the present
invention and a fabrication process of a 27 June 2005 - 39, semiconductor device that uses such an
oxynitride film. It should be noted that the oxynitride film formation apparatus used in the present
embodiment is identical with the onéShotvh IRTIGSS Eirethe3reseirs-embbditieta KR is used for the

plasma excitation gas cfrirstihe interiorofdhe vacuuma/esseh (Rrocessing camber 101) of FIG.S is
evacuated to the vacuum state in the ste&)@of FIG.16A, and an Ar gas is introduced into the

processing chamber 18135 B5E 10 ShoWer pike 109INGKE T §5s Intfodlrcetit6 T rocessing
chamber 101 is switcheddo mKagas;frsHbdﬂse Angasecand the pﬁe;ssulfeunstd@rtb]etpé@a%ssmg
chamber is set to abou B?Tlfa(l Tor% her %h %IHCOFI subs Jf:]alte 103 reprocess%d |nhthe
preprocessing step coRducted mime |anCé1 IBeﬁ:}or yaaﬂied dmofFuorl reatment for tlermlnatmg
the dangling bonds of @Rw@wmmhymwhelsﬁmm inte tI@@pt(IMSlng chamber

101 and is placed on thg 20, stage, 104;haying-a igating Mechapism- Jurienhe; ne

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



temperature of the specimen is set to 400C. Next, a microwave of 2.45GHz frequency is supplied to
the radial line slot antenna 106 from the coaxial waveguide 105 for 1 mi : \ﬁhherein t%e ﬁ')i
microwave thus supplied is introduced into the processing chamber 107”# m the F4dia iQ éot
antenna 106 through the dielectric plate 107. Thereby, there is formed high-density plasma of Kr in
the processing chamber 101. The surface-terminating 3Q,Rydrogen 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 pressure27 e 2005 “PAT 'of Aie prstesSihgehahiber 10158 mainkiifed dPaPout

133Pa (1 Torr) and a wixedgas-0fkWA2/NHishintroduced from-the: showerplateH03 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 35t “&p6f forindtiontof the diftcoH oxyHnde i of T& J8<RE flim thickness,
the supply of the micrawaver-pawenistshatdowmand the splasmaexsdation sdpeninated: Fuither, the

10 Kr/02/NH3 mixed ggﬁlis re I%%ecd with the 1:0\5 ggs and ti#eh%xynitiigation grcﬁiet;sging is termjnated.
m

Next, in the step of FIG. BC, the ox%nﬂﬁ&ée?l 3t tP]ES ofmed is Used for the ge‘fteei'nsﬁfé ion film,

and a gate electrode 103Fkss farméak dsrers theogatelnsulators filtm 163EaEarthers byadonducting
various patterning progesses, ion, Implaniation Rroeesses, pagsivation filgy, farmatiopy,
(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



processes, hydrogen sintering processes, and the like, are conducted, and a semiconductor
integrated circuit 20 device having transistors and capacitors is obtained.EJG.17 show 1@
relationship between the density of atomic state oxygen 0* formed in the2 roc,‘iysﬂﬁ a%p (IE%IEJS of
FIG.S measured by photoemission analysis and the mixing ratio of the 25 NH3 gas in the Kr/02/NH3
gas. Referring to FIG.17, the density of the atomic state gxygen 0* as measured by the
photoemission analysis does not change substantially when the mixing ratio of the Kr/02/NH3 gas is

in the 30 range of 97/376 - 9573/8 IARE wHeH tiefiafie of NHZ i$ ficréasetf furthe? the #6rmation of

the atomic state oxygenM3ds-reduced anstheanneuntof the atamie state hydrogen is increased.
Particularly, in 27 June 2005 - 41 the oxynitride film obtained in the case the mixing ratio of the

Kr/02/NH3 gas is abolt'§8.5/310°5 5 &nbé s€&R fdt Yhe feakage Cuirent BEcdhi&s minimum and
both of the breakdowneuaitageiandothegesistanceds agaiasbeleatricxchaege injection are improved.

FIG.18 shows the concentration distributi(%n of scil'icon, gxygen and nitrogen in the oxxnitride film of
. improved Slg%ﬁ ican g. a 1cularc¥, 1% 1s be.lﬁﬁe%
the present embodiment as measure y'a secondary ion mass spectrometer, wherein the 10

horizontal axis of FIG.18 showsuhé depthrds medsogedth fromn teen Surdacerof thevaedynitridé fikn. In
FIG.18, it can be seen,tha the.distritution of silicon,. pxygen anduaitrogends ghanging,geptly in the

film, while this merely means non-uniformity of etching an
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



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 ?S?ejilicon/sri%fg ynitride
film 20 interface and also at the silicon oxynitride film surface and decredses the Ce Iri?) rt 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 pxygen. 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 refskirmgtrelstksieatishth divinteridted A hlresAf 6FSIFFstisss relaxation, the

trapping 30 of electric charges ia the filn gf thendensity-ofhinterfacestatascayusedily the stress is
reduced in the silicon oxynitride film of FIG.18, and this contributes to the reduction of the leakage

current. 27 June 2005°*42 EE- 6 showd the dependence of leakage current of the oxynitride film of
the present embodiment on the apptied .electsa dield, whereina kifs. 19false shaws thelleakage current

characteristic 5 of the 8xide film of the samefﬂlrin thicktn§s§ in which the expasure process to the Kr
; . 5 1stribu 1?P Pro %.e W1 Qer%EOWth O e
plasma is omitted™ before the oxide film formation process by the microwave plasma and further the

leakage current characteristiciof dee Oxithe filmiferméed by lalthermal 10 oxidation process for the
purpose of comparison. Referring t%g%%ﬁiH&@ob%%%e@ matnitrogen concentrate

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.



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 p oriesii%n} 5 cr%;dx);%d by
introducing the Kr/02/NH3 gas after removing the terminating hydrogen éy the %ﬁs iation
as compared with the oxide film formed by the conventional process and that the oxynitride film 20
thus formed has excellent low-leakage characteristics._InEIG.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 * . 25FRéfeFfirg b FIG AdGagalt thé dRyritrddss Fira 6ffned by the

present embodiment aftes 1conducting the Kk inadiation has asimilar lsakagg chagacteristic to the
oxide film formed with a similar process and that the leakage current is only 30 1 x 10-2A/cm2 also in

the case the film thickné$slid tabdut - BRM™ 1tEholilPhE hdted fht thePdxyritride iR 6 theSresent
embodiment also showed exesllent 2dutiner2P05 p d3selectricpropertiesandsieliabiityl such as

breakdown characteristic and hot carrtgége%lgtancg S#Jpg(%{or to the oxide fllmé)g ti%elfﬂrstf odiment

. 5 e trench t me a si n _ox1l .
explalned before. Fur er, therewas o servedrno epenaence on écfﬁe surface OI'IeI’]l%IIOI’] of the

silicon substrate, and flus)dtthécomespossibleds $erm argate irsudationt figm ofiexeeallenton
characteristic not only g}gitgg glop% syggge ggsigc%puwlgg é)gstpe a%lgoph e like.
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



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 syrface of any 5
orientation at the low temperature of 400C by conducting the silicon 15 g{jﬁit idation ps#) ZiSing by
using the Kr/02/NH3 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 Bt 2186 t6'etfect df HP TYGGers éoitaineean the oxynitride film with a

proportion of several ten percent or igsst :the 2% oxymnitridlefilmpofithe present embkadiment, 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 cdritaihs% 1ar§E affBtnt of Arfogent HHUE in fé taten emboGinTtm, it is
believed that 30 the reguetiem othydregen in thecoxyinitriderfilmx causesireducton ef weak ponds in the
silicon oxynitride film, while th%se%l;tg ce of nltrggen in the Irgk?aug?%i laxation %f %[ress in the film

or 27 June 2005 > 44 &t thé interface. As a fesult of this, the” namber otf‘fr%pﬁed electrical

charges in the film or irecdurfacenstate densityris aeduced, @pdrthe ectrio propestieseflthevoxynitride
film is 5 improved Sign‘&fLC&qu' E%rélfglt?ﬂghl,t i%vpﬁl-h?evegn the 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.



the reduction of hydrogen concentration level in the oxynitride film to 1022cm2 or less, more
preferably 1011cm2 or less and the existence of nitrogen in the film witl-za7pr§1|’t;)ortion % (?(X ral ten
percent with 10 respect to silicon or oxygen contribute to the improvememt of E\éctri % gerties
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 proggssing upon formation of the silicon
oxynitride film with the predetermined thickness, and the Kr/02/NH3 mixed gas is replaced with the Ar

gas. On the other hand, it is possiblé ¥ termiate theToXymitHE G pfotessinghye2e itrotfuting a

Kr/NH3 mixed gas witla the-partial pressure ratio 81,.98/2-frorathe shewer plaie 193 beforesthe
shutdown of the microwave power while maintaining the pressure at 133Pa (1 Torr) and form a silicon

nitride film on the surf&e SRR SIRON 55 B5§fitide filnt with IRE tHibkiTess OrapdUE 8 Hm.
According to this process;arsilicon mitrideddalisztormediomthessiyface ofdhe sican oxymitride film

and an insulation film ha\{;]g%a %igger dielectrjE?1 gonstant IS ob.tfilined. 30.n the_gl)%pitride film.of the
0

present embodim5ent, 1t should' be hoted that the oncentration™ of rcﬁflrogen %6 the S|ﬁcr:16$’nj78>r<lfn|tride film

interface and the concentration:cf nitrbgerhtothe surfatedd 271 Junel2G05 £a&e the oxynitride film
explained with referenge 1o FIG, 18 gre maintained dyring the growifLot e 1 st ructure.

(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



oxynitride film. FIG.20 shows the change of the nitride 5 distribution profile with the growth of the
oxynitride film schematically. Referring to FIG.20, nitrogen concentrate t ?e iurface oél@% ynitride
film and to the interface between the oxynitride film and the 10 underlyin% ilicon'Stbstraté,’and this
tendency is maintained even when the oxynitride film has made a growth. As a result, the oxynitride
film, while having an overall composition of an oxynitride fim, 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 betweenthe 'ox§nitride filfi aRdf H stibstfaten Fubthef ARE dept 8Fpé&ietration of
nitrogen at the oxynitrige-filn: isdinited-t0.2-3nm 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 Z58evice Gecsruitftdva Hith BribotfihEREST the present
invention will be described.wheregntite serdicenductot devicarneluges ashigh-gtiality silicon oxide film
formed on a corner partoqcf etpl% QSYi e isolation sig%wall that i%)gstit;g esa sh%lllllo(\:/%-grench isolation 30

or on a silicon sur?ace%avmg anun &I%ﬁrllgersuﬁéce form- FfG.27A shows the concgﬁt of shallow
trench isolation. 27 Junecs200r6in the channel region 11A in the non-
writing state of the flash memory device 20, and the
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



Referring to FIG.21A, the illustrated shallow trench isolation is formed by forming an isolation trench
on a surface of a silicon substrate 1003 by conducting a plasma etchingd;ﬁ)r cejs, fiIIin%%f@lﬁeC%rench
thus formed with a silicon oxide film 1002 formed by a CVD process, an jan ﬂijzllrhﬁt iticon oxide
film 1002 by a CMP process, and the like. In the present embodiment, the silicon substrate is exposed
to an oxidizing atmosphere at 10 800 - 900C after the polighing 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 efefd l&Ray in“a hBniiCAlSbltioRTontaifmgy dtefuofie 115 46id. 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 k?%ygéﬁél. W%Rgﬁmﬁ)the Kr/02 gas is introduced and the silicon oxide film
is formed with the thickness of abouitsxbnma Actardinghtontheypresenicembeodimentntdet silieon oxide
film is formed with a uniform quckeneks)s 25 even og(tlg%é:orneergarqgcofithe shallow trC nch isolation

silic S

without causing décrease of silicon" o%gémﬁlm thickness. The siticon o&?ﬁ%nfﬁr%ot%u 8rtméldg 8)‘7’ the

plasma oxidation processwhie tsggethedlu plasirarhas excellent QBD ¢chargé-tosbreakdown) 30
characteristics including, %Q%O}q&tgﬂc@e isﬂoﬁgi(g)nogar{,haendlg}g[%gn%ae%sagg N9 increase of leakage

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



electric charges are 1020/cm2. Thus, the reliability 27 June 2005 - 47 of the device is improved
significantly. In the case of forming the silicon oxide film by the conventi ;%I thermal oﬁﬁﬁg
process, the thickness of the silicon oxide film is severely 5 reduced at the ‘co élrlbgrt hallow
trench isolation with increasing taper angle of the shallow trench isolation, while in the case of the
present invention, no such thinning of the silicon oxide file 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 ®F@ rigi? rédtaRdiar fapet ahgiefor the freRer! obthé RRafGifrenéR%solation

structure enables redugtion-ef the asea ofthe deviea isolationdegigm dorand furthee increase of
integration density becomes possible_ in the semiconductor device. It should be noted that the taper

angle of about 70 degfeestis bedn UselI6FtHE I vice isolation part in the conventional technology,
which relies on the thermal 20 oxidatiooracess, because etthedimitationicapsedsby the thinning of
the thermal oxide film at thf trench co nerp t as shawn in FIG.21B. Acc ﬁ:lingf (0] tlple present

X S

r
invention, it becormes So?sﬁ:é% rﬁ%ett & ar‘%?g %)?@Bl@d%%rgéfs(?%%slflG? 2% 6ws the cross-sectional
view of the silicon oxiderfilmr yorased: or acsilicomesuriacedn twhichahi uwedualatiig sukfaces pphology is

formed by conducting a 90-degree giching. M'&? a ghiglirggs?p’f 3nm.according to the procedure of the

first
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



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 formegcaé Sél#Ch hasm%llﬁnt
electric properties such as excellent leakage current or breakdown charécteri it} Afd ; the
present invention can realize a high-density semiconductor 5 integrated circuit having a silicon
three-dimensional structure, which may include plural sugface orientations as in the case of a vertical
structure. (SIXTH EMBODIMENT) 10 FIG.23 shows the construction of a flash memory device 20
according to a sixth emiBSARIEHEDF the preddift i/t tiBASWABIETh ¥R pdrts cSrFéSpdreing to the

parts described beforesare, designated hythe same referencernuymerals ang the rkhdescription
thereof will be omitted. Referring to FIG.23, the flash memory device 20 of the present embodiment

uses the dielectric filn¥128%F the thifdémBbamTeHtor th fdGirth Embodiment 8P te dfhing

insulation film 20 12. FI83.24 shewts the statenin whidva wirite voltage is applied to he control gate
electrode 15 in the flash memory d vic% 20tqr]; FIG.213.. Referrinfg 0 FEG 24,1i can be seen that 25 the
band structure of the silicon oxide filny and the Titfide filM consti u?ingjt%@ dielectric film 12A changes
significantly upon application®f thewdritthe hydrofluoric acid treatment 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.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



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 11é_zredgiected£{§g floating
gate electrode 13 after passing through the triangular potential formed by the Hicti Ec 27
June 2005 - 49 of the silicon oxide film in the form of Fowler- Nordheim current. As explained already
with reference to FIG.15, such a dielectric film forms a thick 5 potential barrier with regard to the
conducting electrons in the channel region 11A in the non- writing state of the flash memory device
20, and the tunneling €8fréntREff2tidely blocked. FIG.25 shows the voltage versus current 10

characteristic of the tunneling insulatiendiim 24 of the.flash memary device-2Q gfk1z: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 0% 9% 158k&GE CHrEhtinTRE chBE i abpiied SbctricSield is small while the
tunneling current increases sshiat plyrwhert therappligo=elecirie ield isdner@ased Hniespangeto
application of a predetermined write voltage, and it becomes possihle to conduct efficient 20 writing of
information in short time. Further, inl\{ﬁétéaslenofti:d}b%dﬁ%ﬁﬁg 9nPe vﬁvﬁgng2 \gl)\ﬁthatﬂe][él\}s’elf%?tclo%r\llentional
injection current, the timelmeedetbfon awriting redticed.dinthe flash memoryldelicey 26 of FIG.23,

lower oxide film 1306A and an 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



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 ?A -_16C for§1 neling
insulation film 12A and the quality of the tunneling 30 insulation film 12A gt'mp‘ﬁ%@oe.A z§r@ It, 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 27 Jung 2005 - 50 realize a flash memory operating
at low voltage. (SEVENTH EMBODIMENT) Next, a flash memory device according to a 5 seventh
embodiment of the preésefit RVeRAE it UseITiRNowideniperature forfiativhteBRTdI6gy: BF oxide film

and nitride film or the lowitemperatireg ifermatiem technologyof axynitride filka 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 fiFbe ibtePthht the pfesertifentidRds applicabié AIse b EPROMSs and
EEPROMSs. FIG.26 shewsrthe scliematicl crassesectional, 4 51diagrans ot-a flash vmemoey device
according to the present.e bodimen{~ I%eferring to FIG.26, the flash memory device is constructed on
a silicon substrate’ 1201 ‘and inclides a lrjqulrieling oxide film 1202 formed on the 20 silicon substrate
1201, a first polysilicon gate electrodext203foemedmanltheddnndlimgroxide filvel 202 as a floating

ga&aebCUOde’aSMC%&R@%%wn 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



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 nig'uz]e fiilm 1205 ontrol
gate electrode. In FIG.26, illustration of the source region, drain region, tohta t-hdfe, ié@r@o&nection
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 referegee to the first embodiment, while the
laminated structure of the silicon oxide film 1204 27 June 2005 - 51 and the nitride film 1205 is
formed by the formatiorP FiétHod of Silidor PHriae fifin ekplaired in'rekdt®ns tethethitd embodiment.

FIGS.27 - 30 are schematicdiagrans 3 explaining the fabrication process of the fash memory device
of the present embodiment step by step. Referring to FIG.27, a silicon substrate 1301 includes a flash

memory cell region A, BHgh VSitage Parisisior regi6it B &d a18w-voltage 10 transistor region C such
that the regions A - C are defined by & field oxide, filn 302 whereinya silicennoxXide dikm 1308 is
formed on the surfaceé)rﬁéhe siIi.ancsiuCE)(esthte 130]1'511%ach of the regifans A-C. The fi(ild oxide film

1302 may be formed by a 15 sefective oxi a?i%%rprocess (ﬁ‘_]&?c S hethod) of Shallow trénch isolation

method. In the presentémbediment, Kt iswgsedfor ithe Iplaismg exbitatioredas for thie remowal of the
SUﬁaCGJe”mnaﬂnghy9§%¥y]gw@ryﬁéggngygnégrmed gate electrodes 1311B and
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



20 the oxide film and the nitride film. The same apparatus explained with reference to FIG.S is used
for the formation of the oxide film and the nitride film. Next, in the step o;;{ G.@g, the siel'%: 5 oxide
film 1303 is removed from the memory cell region A and the silicon surf is terhifat @)@ ydrogen
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 27
June 2005 - 52 introdute@ inftRe Pr6€dssHit; cRarmBEr 2O°E frofn 2 ShéREr plate 102. Next, the Ar

gas is switched to the Kr gas and the,pressuiminsidedhe precassing.ehambep A0dds set to about 1
Torr. 5 Next, the silicon oxide film 1303 is removed and the hydrofluoric acid treatment is applied to

the silicon substrate. THE§ifidorP Sub&faie 3T tRUS Froldssetd intPstUtEaitodhe brocessing
chamber 101 as the siliego subsitaie 103 10wf HGtS gad isplaced omibe stage k04 equipped with
the heating mechanisrg. Further(5 the Eemp%ra uretof the substrate is set to 400C. Furﬁer{:?O
microwave of 2.45GHz ﬁggﬁeﬁcyn isosuﬁ’ﬁlesd fom the coaxia wé\?egsu%’é’iﬁé ?g?h'e radial line slot
antenna 106 for 1 mindte; suhereiathe micfowave thussapphed isnatrédticedhinfa the is

suppressed. Thus, it becomes possible to produce a
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



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 pla;?enaa tt?)us formggoi)a ﬁe
processing chamber 101, the terminating hydrogen are removed from tte Sili nS6rfa e
substrate 1301. Next, the Kr gas and the 02 gas are introduced from the shower plate 102, and a
silicon 25 oxide film 1304 used for the tunneling insulatiof-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 firsOpoly&ilicorPRYENE365 id 30TRRTovetTfom e tegiors Biand'C ¥ the high

voltage and low voltagg {ransistors Pyropatterningprocessmsudchothas the first pelysilicen patern
1305 is left only on the tunneling oxide film 1304 in the memory 27 June 2005 - 53 cell region A.

After this etching proc8Ss, &dlganihy Prockss s Efutted Ghd Tve S0l 6Fthd" pBiyficon pattern
1305 is terminated with hydyogem bitexteinthenstep af G .29; as insulation: dilm d3064aving an ON
structure and including a_lower oxide film 1306A and an upper nitride film 1306B in is formed so
as to cover the su5rfac(‘e]:C8fl the %%ﬁ/‘éﬁi%h p%tjté}rcﬁl T§05a{§npmélialrﬂlst85t g thrd Joqénm%%egi?nenhafy More
specifically, this ON filtreredoamediCagdfoHows cThe ¥adumumtvessela(progessitg dhialmber 101

oxide film, a nitride film and an oxide 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
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.



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 t(%a(boi 133Pa;éhbo§r). Next,
the silicon substrate 1301 carrying thereon the polysilicon pattern 1305 in the tateSh 0
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 400C.
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 minbite THeeby, themictowavd is ihfrodudédinto the processing

chamber 101 from thegradiakling slot aatennantQf- throughthe digtectric plate 197, pnd theye,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 t&mihdtifg Aydrogens 1EMoved 19exi 8 RHo2 mixet gas s ifitroduced into
27 June 2005 -54 them@m@chﬁmb@ﬁ&lﬁp&tk@@h@w p]‘ane 2 _wmls_e rm_ai@ﬂaimi@g the
pressure of the processw}%{t(r:]hin?er 101 to 133Pa uT,orQh?ng a s%g&neom% Of‘,[)Jm.ls formed on the

- 5 . a ave SUC a 1
polysilicon surface witR a'5 thicknesé of 3nm. NéXt, the’supply of the microwave is Shutdown

temporarily and introductiohucftthedrrgiasr add tiie D2 gasab interriptedo NekiNhe imtefiornef the
vacuum vessel (processing chamber) 101 is.1Q evacyated and fhe Kr gas,and a) NH3 935 are

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,+.



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 agai irhto the pr ing
chamber 101 via 15 the radial line slot antenna. Thereby, high-density ptasma yﬁﬁnegcﬁaﬁwg
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 & 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 polfilReRstPfate Oriehtatoniwas fobsended: 25 After such a

process of formation ofithe ON ditnthednsulation fit 3306 is reypevedifrom thet krgiens: 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-OShdtRTER 36 1B the fdreGoingFRgiohs®E ant’c bFthehign\oltage and
low-voltage transistorscios tireshelds eanrtsolbEdrther, therexide Simtl3034s temoned from dhe regions

B and C and a gage OX| 1e_LIri1|m %3(%(7) is 27 June azooge- 5%lfo(r)r}rg§ onfthfnqe ircl)n %kvlvéth a 'ghéckness of
Snm. Thereafter, a gate oxide film f&%iis rmed on'the region C with & t ic%ness of 3nm. After this,

a second polysilicon layee 1809<5 andwlsitidide |&yierrd 319 areforveddgonsecutivély.on the entire
structure including the, field gyide film. 1392, and, there are tqripedh gatg electiodes, 13118, and
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



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 13]1,2 Further, there | %med a
gate electrode 1311A in correspondence to the memory cell region A. After t %{%S oéFQGB. ,
source and drain 15 regions are formed according to a standard semiconductor process, and the
device is completed by further conducting formation of intgrlayer 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 HAEMAIRS eXCelfetit 2itutc  propEfiids EvairivheR thé Ahtkhess tHef€6f is

reduced to about one half the; coprentional thigknessiofithe oxidefilmer nitride25 film.tThuse these
silicon oxide film 1306A and silicon nitride film 1306B maintains excellent electric properties even

when the thickness thérett id fediftedt Burth®r, thesd fim< afeSddise dnd have High §usfty. Further,
it should be noted thatf 30hecause thessiticam oxidedin)1,3064Adanth the:silicon sittide film 1306B are
formed at low temyeractiure, ere arises no%‘groblem O{)féherr’%al budget at the interface between the
polysilicon gate and the oxide iJIJJuﬁeJZ%)O P58 VHiim, @hd ex%%ﬁenﬁﬁtce(erfa%% iS Pealized’ The flash
memory device of the pigsent avenrtion cen perdon theswtitioganderdsing i ninfofmation at low

voltage, and because of this, the .

(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



5 formation of substrate current is suppressed. Thereby, deterioration of the tunneling insulation film is
suppressed. Thus, it becomes possible to produce a non-volatile semicogd#c;?r memo'?/ \%tTg]high
yield by arranging the flash memory of the present invention 10 in a two-dime St a :R/ e
non-volatile semiconductor memory apparatus thus formed shows stable characteristics. Thus, the
flash memory device of the present invention is charactegized 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 withd @t fricréasing e icdkage teurieht Stiusl ft beesRS pBsdibR to perform the

writing operation or ergsipg29-0peration aban opetationahveltage, oflakout BV, &s 3 result, the
memory retention time of the flash memory device is increase by the order of 2 or more as compared

with the conventional dé\ice Bt th@Sitimber BF pb&ibie Tewritng dpePation’i€ crease by the 25
order of 2 or more. It shatitekhe neteghthat the fmwstiuciuredof therinsulatian ditm 1306Hs not limited to
the ON structure explained above but it i% ggqﬁeoscsrilble to_use an. 0 struc (lere form%% of an oxide film

similar to 30 that Sf thé first em %%in@l@ﬁtt oran struc?u%aﬂﬁ%?lﬁls%% a nitridé film Similaf to the case of

the second embodiméntfEurher ittis possible tohusefanrmoxyhitade filnt sireilarde¢he one shown in
the 27 June 2005 - 57 fourth embop'irag% Fé‘fltg% tg% i%%?é%of‘eﬁlg‘fléo%olysi1icon
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



may have an NO structure formed of a nitride film and an oxide film or an ONO structure in which an
oxide film, a nitride film and an oxide film are laminated 5 consecutively. L}I’th r, the irgtbaéir%n film
1306 may have an NONO structure in which a nitride film, an oxide film,7a'nit idéfifm oxide
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 ,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 (EIGHTAEMBODIMENTI SRoGHTE REET that tHeFoRAATGH bf TR gatdiMSulation
film by using the foregeing{@2 Jnicrowave-excited high-density plasma or the 20 formation of the

gate nitride film by using the Ar (or Kr) /NH3 (or N2/H2) microwave-excited high-density plasma, is

advantageous to the formation of a SenfieSMthittGEintEgratd ittt YRy & 5fiftdnt dnfnsulator
wafer including a metat dayesdn the 25 underyiag sdicon {metal-Substrates SO 4t siroutéd be noted that
the use of high temperature process is, not p s'§|e in such a metal-substrate SOI. Particularly, the
effect of removal 6f th(‘éqahtgpmﬁ}rl@]irl]a grﬁytd{rqéege@:jllpi ears Egﬁgﬁcﬁgdsﬁff !?nat?hleoélofgots}ilr%cture having a
small silicon thicknessdaintk peirformingreampletely depleted bperation L EIG.81 shows.thércross-section

of a MOS transistor h%mg as@§£ael_,supﬁga£§o§9£%tj[_uL%tgf:le'film is dense and well
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.



27 June 2005 - 58 Referring to FIG.31, 1701 is a low- resistance semiconductor layer of n+-type or

p+-type, 1702 is a silicide layer such as NiSi, 1703 is a conductive nitrid

e

1704 is 5 a metal layer such as Cu, and the like, 1705 is a conductive ni

it 20K or Tt

1706 is a low-resistance semiconductor layer of n+-type or p+- type, 1707 is a nitride insulation film
such as AIN, Si3N4, and the like, 1708 is an SiO2 film, 1709 is an 10 Si02 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 drafn Fédi6a of p+yFé BRER £LBGUTRE tedioRBFp3type, 174U Hhd 1715 are

silicon semiconductor layessdSprientash v the <1idd >diraction L116,is.am§iQ2 filnr Hermed by the
Kr/02 microwave-excited hi h-densi% plasma after removing the surface-terminating hydrocgen by the

procedure of the first erfib&dithent of

& bresent mdilion 1717 6Rd 1718"%R8E rESPECtVES

0 the

gate electrodes of an r#®@Stransiston anch adg: MO Stitansisibo aad fermed ok ha, Tiedadbka, TiN/Ti,

and the like, 17195is a skcl)grce %Iectroge of the %;MQS ;r?nsigto(ghar%% %ZZO is

n- MOS transistoranda p-li\ﬁé transistor, Further,

r1s

55-;1 IS a S%UI’CG eﬁectro

de

S
(0]

drainflerct de of the

fa%-M

transistor and 1722 isiaxsebstrate saffacte glettnoded imsudtha spbsdtyatelinclading:a el layeémand
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

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,

like.

and the

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

20 staggered-type thin-film transistor (

TFT),

(TFT) or

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 invent

30 schematically.

ion

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



drain region of n+-type or p+-type is formed by conducting a thermal annealing process at 550C after
ion implantation process of As+, AsF2+ or BF,+. 27 June 2005 - 59 In t?jeqﬁconduc;?égﬁiice
having the device structure of FIG.31, it should be noted that the compatrison Hhétr

sub-threshold 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-density
plasma after removing the surface-terminating hydrogen by conducting the Kr plasma irradiation
process, has revealed4RE f4& 10 hat tHeké Bppearsridnk of fEhkage iR tHeSE-%hreshold

characteristics when the, gateiinsulation filavis farmed, by the thermal exidaijen procasss while in the
case the gate insulation film is formed by the present invention, excellent sub-threshold 15
characteristics are obt@inedY fif thelc482 FMESRNYPE dRViteI8aatE SirdtiireSs udBd, it should be
noted that there appeatsa silican suiface haxingd sudaces rofientativnddiferent frobmthat of the silicon
20 surface forming thelféat é:rartdﬁé trrgeeo%idewall part of the mesa device isolation structure. By forming
the gate insulation film b)y e plasma oxidation process while using Kr, the oxidation of the mesa
device isolation sidewall is achievedigerigrally 25 sinifénly=sigilary tonthelflatgart; abd excéllent

electric properties and high reljabjlity age aghigved Further, it hgcomes possiblg Jo form a,
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



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/NH3 accor(ﬁn to_the pro 361 of the
second embodiment for the gate insulation film. In the present embodim nft Uith€ ZC'; Lﬁi:-%ZOOS -
60 possible to obtain excellent electric characteristics even 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 improved by about twice as compared with the case of using a silicon oxide film of 3nm
thickness. (NINTH EMBOBMERTH 16 G13%X Schdth iy $hdtvsaiteRatapRcT fhe fabrication

apparatus according t¢ an eighthuembedipentef the present invention itended 4o Londygt oxidation
processing, nitridation processing or oxynitridation processin%gn a Iar%e rectangular 15 substrate

such as a glass substrafe’ 6F a piastic® SGhStFdte DhTRichYiqhitery 8GR display d&i&ss or organic
electro-luminescence devices atentprinedt Referring 40 G 3y aivceidnovessad (peacessingr
chamber) 1807 is evacuat%g to a low %0 ressure state and a Kr/02 ngiixed gas s ietroduced from a
shower plate 1807 pro%/l%le in the %(r)once ing’ chamber 1@83f.l|9&rtﬁenr, tﬁqelprlo%%ssﬁé%ﬁamber 1807
is evacuated by a lead 8Grew pumpk802fsucthathate thef préssure tasidé theopnogéssihg chamber 1807

issetK)ZS133Pa(1-g¥QiEgThSQ5%¥§§§§8b%g¥gggggdsthe memory device parts

formed in the second polysilicon device and wiring

layer 2004 by the polysilicon transistors and flash
10 memory devices. The signals thus processed are then

processed by the digital processing parts, high-

precision and high-speed analog parts or the

synchronous DRAM parts provided in the first SOI and

wiring layer 2001 or second SOI and wiring layer 2002
15 Dby using the SOI transistors.

Further, the inter—-functional block
repeater part provided in the first polysilicon
device and the wiring layer 2003 does not occupy a
large area even when provided with plural numbers,

20 and it is possible to achieve synchronization of
signals all over the LSI.

It should be noted that such a three-
dimensional LSI has become possible as a result of
the technology explained in detail with reference to

25 the embodiments.

INDUSTRIAL APPLICABILITY

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

nitride film are laminated consecutively such that



placed on a stage 1804 equipped with a heating mechanism, and the temperature of the glass
substrate is set to 300C. The processing chamber 1807 is provided 30 i? a'#ar enu lée f
rectangular waveguides 1805 and a microwave is introduced into the prgcess &%ﬁan?% r61%07 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 for propagating the 5
microwave emitted by the wavegaitieTiA the tight dnd Teft dirdclibiislin thé féraf of a surface wave.
FIG.33 shows an exarmplef £ palysiliean tin ke trapsistes (FEThused fardyiving adiquid crystal
display device or an organic EL photoemission 10 device or for use in a processing circuit, wherein it
should be noted that tH& PER/3ficH THif Hifm transRiG 618 93 i ormad by dgind the gate oxide film
or gate nitride film of tke prasent doventipnabile-usigg the apparmtushotki(=32.. 15 First, the example
of using a silicon %xide tfilm will be ex Iaine%.lRefgrrirﬁg) FIG.33 %90]tis a gl];%? substrate,t1902 isa
Si3N4 film, 1903 is a c%ann%F?eﬂl%Sf %Spsojlysmeconon- §?f51asnesisttoﬁe ha\}llrrllé1 a gre%%rrnﬁﬁélntly (111)
orientation, 1905 and 3906 arey respectiVélyshsowrcerggidenaintka deaid regienlofkthe palysilicon

n-MCﬁSUan&sKN,190§ﬁ%aé{ﬁgngk writing, and the operational speed is

improved. Further, the operational voltage is reduced.



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 agnel MO istor.
Further, 1901 is a gate electrode of the polysilicon n-MOS transistor Wh 1U]§1§g2662? trode of
the polysilicon p-MOS transistor, 1912 is an insulation 30 film such as S|02, 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 polysiliéBh p-MOSL{ral&i8tokSIt should be noted that a polysilicon film formed on an
insulation film takes a stable state 5 when having the (111) surface orientation in the direction

perpendicular to the insulation film. In this state, the polysilicon film is dense and well 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 0.2N m.
The oxide film 1909 is formed on the (111) oriented 15 polysilicon at 400C with a thickness of 3nm.
According to the present invention, theré atcatredtnolthirming of oxidedilmratdhe sharpoxcorner part of
the device isolation regiop gggggd between the transistors, and it was confirmed that

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



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 2m/;i drain regiog\a}i@sh
conducted without passing the ions through the gate oxide film, 25 and the’el HiEaF activa was
made at 400C. As a result, the entire process can be 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 B3 6Rfforé Waseshtamédorthe 88ur@land drds Breakds\wA voltages and for

the gate breakdown veltages 27 dupe 200555 63 Rudher; @high-spegd operation exceeding 100MHz
became possible in the transistor having the channel length of about 1.5-2.0nm. Further, it was

confirmed that the silicon oxide film showed excellent leakage 5 characteristics and excellent
characteristics for the interface states formed at the polysilicon/oxide film interface. By using the
transistor of the pgesent 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 nittide film of the present invention is applied t9.a
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.



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-’tél ';\r@nsistor %Eﬁj which is
used in a liquid crystal display device and the like. (TENTH EMBODIME % XtIHn e ﬁnent 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 desggbed. 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 27 June 2005 - 64 device and a wiring 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 analqag patts, 10 synchroanous DRAM parts, power supply parts,
interface circuit parts, and the like, %?/ u?é?rl]% the IO?%%gli{s?orrs%?(‘f)?a?ﬁecﬁ \7{:’vitﬁ(ir(‘31 enrg%cegt% the
seventh embodiment.dhahe fifst polysilieon device amgwirgigion 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.



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 ﬁ va
memories explained with reference to the sixth or eighth 20 embodimen%%géﬁfé?@itlﬁt Z)s ring

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 agan 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 27 June 2005 - 65
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 palysilicon device ant} Wirz'kn%lal){er 21004 ?nd are forwaclidedC further to the parallel
- . 12. on-v ti1le semiconductor memor .
digital processingparts and the memory device paﬁs “ormed T the second poﬁysﬁcon device and

wiring layer 2004 by the polysiliconntiransistors :and flash 10 memory devices. The signals thus
processed are then processed by tge g'@it%grrpcgg%igg lpﬂtg; high-
a tunneling insulation film formed on said
silicon substrate;
10 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
15 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
20 toward a film surface from a central part of said

film.

25
13. The non-volatile semiconductor device
as claimed in claim 12, wherein said nitrogen
concentration increases also in said tunneling
insulation film near an interface to said silicon
30 substrate as compared with said central part of said

film.



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 by using the Sg;tragjsistors. glgtén r, the
inter-functional block repeater part provided in the first polysilicon devicé&dnd HelWrin 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 shoyld be noted that such a three- dimensional
LSl has become possible as a result of the technology explained in detail with reference to 25 the
embodiments. INDUSTRIAL APPLIEABILLTY Accbriingao tHE prsseht mvéntibALit dtbhfes possible

to form a tunneling oxigde fiém-ona 30 silican swrface syeh-as arsiliconsuhstrate inmthe 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 P27 Tuh8 2005° BB  thefinRdlify Sxide i 48 Whble 48 the
composition of an oxyiiride filnu Theseby, ihe deakage eddent is seducedrsignifiaantycwhide

simultaneously reducing the film thtickness. \Qlith this, 5.it becomes p sq_ible to increase the tunneling
. minimum at, a. cen a%% Pért o) %ald 1 T. )
current density of a flash-memory device, and the tike, at "thetime of writing, and the operational

speed is improved. Further, the operational voltage is reduced. 27 June 2005

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*.



- 67 WHAT IS CLAIMED IS 5 1. A dielectric film formed on a silicon surface, said dielectric film
containing therein a rare gas element and further nitrogen with a 10 con;e tration dist;?c@tﬁ%such
that a nitrogen concentration increases toward the surface of said dielectric fi m | 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 comprisesta silit6n 25 BRyhiftite i aRE wheté $hd hitfogeh! ™
concentration becomeg dnininumeat a eentral partof, saiddie: 30 4 Therdielestricfilmias-claimed in
claim 1, wherein said dielectric film substantially has a composition of a silicon nitride film at a film 27

June 2005 - 68 surfacé Lofitattind With’ &t elelir8a8 prévided bR &St s aid aielstric film. 5

S. The dielectric film asclaimetdkdadlaips of an inert gas selected from Ar or Kr
5 and 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



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; n7ins lation m rmed on
said silicon substrate; and an electrode formed on said insulation film, 26 wheététh'&id ﬁlglion 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 saighelectrode 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 vicinity té2an Titerfaée i saifi silicorstibstrate’as E6mpatéd WitH'said

central part. 27 June 2005-1 692 8. The semigondictendendice, as glaimegd 4n Claipy 6nwherein said
insulation film is a silicon  oxynijtride film, and wherein said nitrogen concentration becomes minimum

at said central part of S&idFilfh: 15 SFhePSemitdHGaEr détice d8'GiGmeiin ©5 chifteIdferein
said insulation film sukstantially, hasa.composition of silicon nitride at a film surface contacting with
said electrode. 205

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



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. Thg%ie 'conductgr d@ ice as
claimed in claim 6, wherein there is further provided a second electrode“on s st el Qr e via an
inter- electrode insulation film. 27 June 2005 - 70 5 12. A non-volatile semiconductor memory device,
comprising: a silicon substrate; a tunneling insulation film-frmed on said silicon substrate; 10 a
floating gate electrode formed on said tunneling insulation film; an inter-electrode insulation film
formed on said floating gate electroéie; aftd B¢AHtd| §atetCERrade Forfieti 67 5aitC 15int@r-electrode
insulation film, at least-Qng-efisaid funnalingdasidation. film 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 centr@Parl'df $hid 'flirC28 £3° 9% Mon-Voldlile®seHitbAd ctor device
as claimed in claim 12awherein said nitrogen concentration increases also in said tunneling insulation
film near an interfgce to said silicon

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.



30 substrate as compared with said central part of said film. 27 June 2005 71 14. The non-volatile
semiconductor device as claimed in claim 12, wherein said tunneling in tion film is comprised of a
silicon oxynitride film and wherein said nitrogen concentration becomes? intmtthh St ;Qﬁ al part of
said film. 10 15. The non-volatile semiconductor device as claimed in claim 12, wherein said tunneling
insulation film substantially has a composition of silicon nitfide at a film surface contacting with said
electrode. 15 16. The non-volatile semiconductor device 20 as claimed in claim 1, wherein said

tunneling insulation film substantialljhas’@ @oRfposridndf Sificohiogide of hecettiar partiof Said film.
25 17. A method of forming a-diglestricfilam scamprising the-steps Hf: forping a siican oxide film on a
surface; 30 modifying a surface of said silicon oxide film by exposing the same to hydrogen nitride
radicals NH*. 27 June 2005°992 18 THY etifsd of foing°4 dictetié fifn 985 ci3iméd W claim 17,
wherein said hydrogenyaitrider dadicals i are formed by a microwave plasma formed in a mixed gas
of an inert gas seléacted from Ar or Kr

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.



5 and 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(;raés ﬁelectrozgiggity of
1012cm2 or more at said surface. 15 20. The method of forming a dielectric fi U5 asclaimad 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 ¢Jaim 18, wherein said gas containing
nitrogen and hydrogen as constituent elements comprises an NH3 gas. 30 27 June 2005 - 73 22.
The method of forming a dielectric fiftfi - as BRiMBATHP Slafh 180 Wherdinsdid §as ebhtainihg ‘&aid

nitrogen and hydrogen-isimixechgas aba N2-gas, anda 5i2igas.  23. lThe-methodrefdforming a
dielectric film 10 as claimed in claim 17, wherein said surface comprises a silicon surface and said

oxide film is formed bf} bXidaltidH Of BarfiRcorPSuifate 15242 e mefid ddt faFmihg S bielectric film
as claimed in claim 23gwhepainmsaid oxidatiomet said siliGornsurface-isrconductes by expoging said

5 as a constituent element and a gas containing oxygen
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.



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 ofgfozrmit?(&a diel%ﬁrb: iIm as
claimed in claim 23, wherein said silicon oxide film is formed by thermal &xidati I3Fsa ce. 30
27 June 2005 - 74 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 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 constituerttelefeftdeid 27, Phe hrathod of forfhifd adidlectricfith 15 as

claimed in claim 26, wherein saigddnicrowave plasma hasan-electian density-ef 1312¢m3 or more at
said surface. 20 28. The method of forming a dielectric film as claimed in claim 26, wherein said
microwave plasma ha¥’d Pladmd potettial 616V eS8t &4if stBRe. 28 78" Themethod of
forming a dielectric filnpa3@ as tlatmed dm ctaima2b svhereincsaid gas containing said nitrogen and
hydrogen as cons%ituent elements

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



comprises a NH3 gas. 27 June 2005 - 75 30. The method of forming a dielectric film as claimed in

claim 26, wherein said gas containing nitrogen and hydrogen comprisesgj‘uix;d %\%5 oészgr? gas and
a H2 gas. 5 31. The method of forming a dielectric film 10 as claimed in €ldim 8 Wheréi id

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_asclaimed 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 G&s-6f &Y HePE§as PredontiRanthy bf Kt andis gag Bohtaiifg oRygen as a
constituent element. 25; 33.cThe mathed gt forminga dielectrig filmJas;glaimed im claim 31, wherein
said silicon oxide film is formed by thermal oxidation of said silicon 30 surface. 27 June 2005 - 76
34. The method of forfiy & QIETEGRAE il “Cormprisifg tHe 8P 6F 3pdsiny ™ &ifiedm Surface to
microwave plasma formegrn gemixatigas afr-any nert gas @higtartly éormesl efdén @gas containing
nitrogen 5 as a coSnstituent element and a gas containing oxygen

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



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 Ia/.sm has a (@ crgon
density of 1012cm3 or less at said 15 silicon surface. 20 36. The method“of fo %% d% (Q ic 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,fiym_as claimed in claim 34, wherein said
gas containing 30 nitrogen as a constituent element comprises a NH3 gas, and said gas containing
oxygen as a constituent element cohdprisescare2 yas. 27 JGALPHBELL7¥ 38. The method of forming

a dielectric film as claiaed ibelaime 84 rwhetain saigsingntgas-and said 02 gas andygaid AiH3 gas are
supplied with a partial pressure ratio of 96.5:3:0.5. 5 39. The method of forming a dielectric film 10 as
claimed in claim 34, whgrein 94id SifEorPddHAte T &fsuEed BRAId EnME $tatd Dxygen 0* and
hydrogen nitride radicalsiNH* itnsaid Step=ofe axposibgysaitssiican surface t9=said mierowave plasma.
15 40. A method %f fabricatingc? serHiconductor

gas a a Hy; gas.

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

15 of Kr and a gas containing oxygen as a constituent

element.

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

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

30 forming a gate electrode on said modified

silicon oxide film.



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 th(;s?m%to h dr%g(x)erﬁe%itride 25
radicals NH*; and forming a gate electrode on said modified silicon oxidefilm. B4E T hod of
fabricating a semiconductor device as claimed in claim 34, wherein 27 June 2005 78 said hydrogen
nitride radicals NH* are formed by microwave plasma forgped in a mixed gas of an inert gas selected
from Ar or Kr and a gas containing nitrogen and hydrogen as constituent elements. 5 42. The method
of fabricating a 10 semiconductor dé\ice a5 ®1diMeadA cRimfP wiietei gal microwave plasma has

an electron density of JlQd2ep2QImere atsaidsusface of saisksilicon: substrate, 15143y dhg method
of fabricating a semiconductor device as claimed in claim 41, wherein 20 said microwave plasma has

a plasma potential of T0V Or IB5S 5 €A sdHAE BT S sifiBort SGOSTFAR. T8°44. FhePhethod of
fabricating a semicondoctendévice aselaimed bndlains 41 rwberein said gas cohtaining nitrogen and

hydrogen comprISSGS asubstrate .

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



NH3 gas. 30 27 June 2005 - 79 45. The method of fabricating a semiconductor device as claimed in

claim 41, wherein said gas containing nitrogen and hydrogen as constityent elements ¢o ses a
mixed gas of a N2 5 gas and a H2 gas. 10 46. The method of fabricating% se ?&%%uéow ice 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 agyinert 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 sfiton BXRIETATER aZflicoRP StisstdtB by?an oxidation processing;

25 modifying a surfacesefsaid silicenoxides film byexposingdbe same 1o microwaveptasma formed
in a mixed gas of an inert gas selected from Ar or Kr and a gas containing nitrogen and hydrogen as

constituent elements; 8fd 30 FofingTa §akkI&¢tdd Bn Tt MGRifitd SiHBoM okide flith. 27June
2005 - 80 48. The methed of fakricating :ag Semiconauctior deviceras elaimed i elasw £7¢ wherein

5 plasma formed in a 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 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.

30



said microwave plasma has an electron density of 101" cm-3 or more at said surface of said silicon 5
substrate. 49. The method of fabricating a 10 semiconductor device as clai e((jj}in claim 4§, v\s;dh*uerein
said microwave plasma has a plasma potential of 10V or less at said sur?a?e léﬁh?sih% rp bstrate.
15 50. The method of fabricating a semiconductor device as claimed in claim 47, wherein said gas
containing nitrogen and hydrogen as 20 constituent elemgpts_ comprises a NH3 gas. 25 51. The
method of fabricating a semiconductor device as claimed in claim 47, wherein said gas containing

nitrogen and hydrogen as constituen? elehiént8bhfistises afmietcgdsiona N2 gas and a H2 gas. 30
27 June 2005 81 52.Jheimsthod-effabrcatinga senicanducion device ag claimeghia glaim 47,
wherein oxidation of said silicon surface is conducted by the step of exposing said silicon surface to
microwave 5 plasma f6f€d Th& Ti¥ed Gak bf Sl inéit §ad df Sredbmiiarty iérdnd & fas containing
oxygen as a constituent €lemént A fa3:Thenmethiatl efifabricating @ sseraicenductor device as
claimed n claim 4%, wherein said silicon oxide film is formed by a thermal 15 oxidation process.

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 of 96.5 : 3
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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 ineré gas rimarily%f(gr(blsd of Kr,
a gas containing nitrogen 25 as a constituent element and a gas containifig oxj)déﬂ%s tituent
element, to form an oxynitride film on said silicon surface; and forming a gate electrode on said
oxynitride film. 30 27 June 2005 - 82 55. The method offabricating a semiconductor device as
claimed in claim 54, wherein said microwave plasma has an electron density of 101" cm-3 or more on
said silicon substrate. 5 56. The method dfFabAGAt a 26 serficdrdtictaiddevice as claimed in claim
54, wherein said micrgwave plasma bas aflasmapotential RE40Vnorlesson=aid siisen sybstrate.
15 57. The method of fabricating a semiconductor device as claimed in claim 54, wherein said gas
containing nitrogen as$f¢ohstitiént ElemBRC20 B8mprisEs 2'NAS YasSHAd 6/ Gas E6nitdining oxygen
as a constituent elemeint conpsises Ehl2ngas 2po8.sEie aethed epfabricatiig aisemiconductor
device as cIaimedSin Cls‘?iTiSJd r\llvhseur(%i _ (s:zélidtigeg tgg%iacndssc%{ gzoq{as and 8§id NI&S gas are

ygen an

hydrogen nitride radicals NH*.



supplied to a partial pressure ratio of 96.5 : 3 30 O.S. 27 June 2005 - 83 59. The method of
fabricating a semiconductor device as claimed in claim 54, wherein salqélre fexposg&ga%j silicon
surface of said microwave plasma comprises the step of exposing said L%Uﬁeac mic
state oxygen 0* and hydrogen nitride radicals NH*. ABSTRACT OF THE DISCLOSURE In a film
formation method of a semiconductor device including a gpjurality of silicon-based transistors or
capacitors, there exist hydrogen at least in a part of the silicon surface in advance, and the film

formation method remg¥es {He e silicon surface to a first inert gas plasma.

Thereafter a silicon compound IayerIlrs f@rmggrpnf@w@@g ofdhe silicer gas by generating plasma
while using a mixed gas of a second inert gas and one or more gaseous molecules, such that there is

formed a silicon comp8GAd R Xortdinfiy at16adt paC oftHe TI&hBAT &Bﬁ(stﬁﬂ?tlng the gaseous

molecules, on the surfage ot dhelsdiced gasansistors or capacitors, there exist

5 hydrogen at least in a part of the silicon surface in
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 on the surface of the silicon gas by

10 generating plasma while using a mixed gas of a second
inert gas and one or more gaseous molecules, such
that there is formed a silicon compound layer
containing at least a pat of the elements
constituting the gaseous molecules, on the surface of

15 the silicon gas.



