1 DESCRI PTI ON NONVOLATI LE SEM CONDUCTOR MEMORY ELEMENT EXCELLENT IN CHARGE
RETENTI ON PROPERTI ES AND PROCESS FOR PRODUCI NG THE 5 SAME TECHN CAL FI ELD
The present invention relates to a nonvolatile sem conductor menory el enent
.excellent in charge io0 retention properties, which has a construction
constituted by a plurality of materials containing elenments having
different G bbs' formation free energies Ifor form ng oxides, that are
different fromone another by a difference in a |level of the difference

bet ween 15 those of Si and a transi OES¢RFTLONuch as Ni, Wor Co; and to a
process for producing such a device. The present invention particularly
relates to a nonvolatile sem conductor nenory el enment excellent in charge
retention properties, which has the above construction 20 constituted by a

hardly oxi di zaBiOAVIRRATLLE SEYH CONDPETRR MEMORSYS iHLEMEN i X4 e BhEE et al |

which is produced by decreasing defects in the oxide due to _oxygen-shortage
such as oxygSHANGE REFENGAGN FEORRATIGS Ae RRIGERY R BRPISGUE I B and
reducing the hardly oxidizable 25 material. Hereinafter G bbs' fornmation
free energy for forning an oxide is alS8MEinply referred to as oxide
formation free energy. 2 BACKGROUND ART

TECHNICAL FIELD
The present invention relates to a nonvolatile

semiconductor memory element excellent in charge

10 retention propertiesg, which has a construction
constituted by a plurality of materials containing
elements having different Gibbs’ formation free energies
for forming oxides, that are different from one another
by a difference in a level of the difference between

15 those of Si and a transition metal such as Ni, W or Co;
and to a process for producing such a device. The
present invention particularly relates to a nonvolatile
semiconductor memory element excellent in charge
retention properties, which has the above construction

20 constituted by a hardly oxidizable material and an oxide
of easily oxidizable material, which is produced by
decreasing defects in the oxide due to oxygen-shortage
such as oxygen-shortage type defects or free valencies,
by oxidation, and reducing the hardly oxidizable

25 material. Hereinafter Gibbs’ formation free energy for
forming an oxide is also simply referred to as oxide

formation free energy.



Heretofore, for portable information term nal devices such as cell phones,
flash nmenories are wdely s used as nenory devi ces capable of nenorizing in
a nonvol atile manner. The reason is that high density integration of frash
nmenory is relatively easy, production technique for frash menory is highly
conpatible wth those of conventional |ogic or DRAM 10 devi ces, and cost of
frash nenory is relatively low However, 2t is not easy to forma thin film
of insulator surrounding a floating gate of a flash nmenory. In order to
secure charge retention of floating gate, that is, reliability of memory
retention of flash is menory, it is necessary to make the film thickness of
t he insulatofB%SHQ%RHNPrﬁF%ifloatlng gate at Ieast a predeterm ned

t hi ckness. Thus, since %ornlng of thin insulator is difficult, in a
flash memory of EoheENt?ENAl %?rﬁ%?ﬁ?@lep?ﬁ ?E@%t%BQaFGrWFBﬁ per f or mance 20
of device such as mniaturizati sp | ow vol tage ope i on and
"ow power co %\fﬂpﬁ%rﬁu%cﬁm%efﬂmlr? i ¢ PEGh (e 45 s BTae Fon ¢ ot
progress toward rfor ance reaches mt as,early, as_year 2007. As
a techni gie sHISA ﬁﬁg o8 eri? %%c%#| %FOE%Z+%$|%%|?|ty of charge

retenti on and_ achi

single floatin G f P??/pr%alfrll%éal @?Dﬁfasg’%l %ﬁ%hcfﬁ: l'b]fgﬁhs i rr:ah;n :

floating 3 gat.e into ralit ieces bee PLO osed As an
xanpl 6 of spAITEHETRGHE { Tt VRS a1 Bariho LY "eaY.

production technique for frash memory is highly
compatible with those of conventional logic or DRAM
10 devices, and cost of frash memory is relatively low.
However, it is not easy to form a thin film of insulator
surrounding a floating gate of a flash memory.
In order to secure charge retention of floating
gate, that is, reliability of memory retention of flash
15 memory, it is necessary to make the film thickness of the
insulator surrounding a floating gate at least a
predetermined thickness. Thus, since forming of thin
film of insulator is difficult, in a flash memory of
conventional structure, progress toward high performance
20 of device such as miniaturization, high speed, low
voltage operation and low power consumption, becomes
difficult, and there is a prediction that progress toward
high performance reaches a limit as early as year 2007.
As a technique solving the above problem of securing
25 reliability of charge retention and achieving a thin film
of insulator at the same time in a single floating gate

type flash memory, a technique of dividing the floating



gate into a plurality of pieces, there is a nethod of formng a |arge
nunber of Si ultrafine particles for each s nenory el enent and using a group
of such Si ultrafine particles as a floating gate (for exanple, Patent
Docunment 1). By thus dividing a floating gate, even when | eakage of

retai ned charge occurs, loss of accunulated electric charge can be limted
to a small region, whereby 10 requirenent For reliability of insulator can
be eased. A flash nmenory having such a floating gate divided into a
plurality of gitezeintic agluradity o pielias ddbs |leen roppsedt ydes fl ash
menory, and the above-nentioned flash nmenory of conventional structure is
referred to an eianpiagk $pewtfig wetkod yier fdasidirgor yEleatimg docunent .
The technique of dividing a floating gate contributes to inprovenent of
reliability dathainfeo a eplburabitovfohrPieses attdreraints enatmtdsod opfri ng of a
thin filmof insulator, and for this reason, the technique is 20 one of

t echni ques fofowing ny taegebavebere e ovedibriobf Bre pArcbpvent fonataghngl e

floating gate type flash nenory. Further, a technique is studied, in which
t he ul trafi nEngIeRAY ¢ kameel 4R WS1Rd f2 CBOWR) Qht2uck $btulmaeing Si but
made of a netal. It is known that a 25 floating gate constituted by netal

ul trafine parR3IE}EsleTads | apk bRt ErArdRt e of &9 | ¥Rk e or PRt more t han Si
ultrafine particle floating gate (for exanple, Patent 4 docunent 2) The
reason i s bed2REESRE gl1) hadva thdrsk difigdnicor ddioatiing Wata g&avarhahathe

electron affirmty of ,
leakage of retained charge occurs, loss of accumulated

electric charge can be limited to a small region, whereby
10 requirement for reliability of insulator can be eased. A
flash memory having such a floating gate divided into a
plurality of pieces is referred to as a divided floating
gate type flash memory, and the above-mentioned flash
memory of conventional structure is referred to as a
15 single floating gate type flash memory in this document.
The technique of dividing a floating gate
contributes to improvement of reliability of charge
retention of an insulator, and enables forming of a thin
film of insulator, and for this reason, the technique is
20 one of techniques for solving the above-mentioned problem
of conventional single floating gate type flash memory.
Further, a technique is studied, in which the
ultrafine particles serving as a floating gate is not
made of Si but made of a metal. It is known that a
25 floating gate constituted by metal ultrafine particles
can improve charge retention performance more than Si

ultrafine particle floating gate (for example, Patent



Si, and accordingly, a potential barrier for electric charge retained in
the nmetal ultrafine particle floating s gate is higher than that for

el ectric charge in the Si ultrafine particle floating gate. Here, in the
technique for formng a netal ultrafine particle floating gate disclosed in
Pat ent Docunent 2, an insulation film (hereinafter referred to as gate io
insulation film deposited between the netal ultrafine particle floating
gate and a control gate, is forned by a CVD nethod, there is a case where
the netal ul t3QFURRNL pdk t | dhes rerE X iid Pegagseamatpd 4R & MK t he gate
insulation film It is pointed out that when the netal 15 ultrafine
particles ar EWREiIXitR A vVehe FRFARY Hhan ndtel e leeraen nef phymni by ef
effectively working_for charge retention q§¥ decrease. As a technique for

preventing suth #ANOAWRTIDFY . etRPtent ik ibarphe¥ i EPeselactetfini que of

formng a gate 20 insulation filmby usjng a sgfttering_nethod i s disclosed
(for exanpl e, CIPEFtr Beringht i) theiprierh eiragParet ibd BhadtETto form
afilmat a lower te eraturghas conpared with a CVD nmethpd or a_thernal

oxi dat i on Snet¥RiE 1 L) thap dtRate o A gt §SET1C bekdhege poskir®l3lto 25
deposit a gate .insu]ation filf1gpithe.netal ultrafine particles while

oxi dation of % EF?#AQ& RAYYLF1 et Lo 172 1R S s suppressed. 5 Patent

Docunent 1: JP-A-11-186421 _ Patent EbcunFnt g: JP—Av2003-5}49§ .

Here, in the technique for forming a metal ultrafine
particle floating gate disclosed in Patent Document 2, an
insulation film (hereinafter referred to as gate

10 insulation film) deposited between the metal ultrafine
particle floating gate and a control gate, is formed by a
CVD method, there is a case where the metal ultrafine
particles are oxidized at a time of forming the gate
insulation film. It is pointed out that when the metal

15 ultrafine particles are thus oxidized, the number of
metal ultrafine particles effectively working for charge
retention may decrease.

As a technique for preventing such an oxidation of
metal ultrafine particles, a technique of forming a gate

20 insulation film by using a sputtering method is disclosed
(for example, Patent Document 3). Since a sputtering
method enables to form a film at a lower temperature as
compared with a CVD method or a thermal oxidation method
in general, and accordingly, it becomes possible to

25 deposit a gate insulation film on the metal ultrafine

particles while oxidation of the metal ultrafine

particles is suppressed.



Pat ent Document 3: JP-A-2003-86715 5 DI SCLOSURE OF THE | NVENTI ON PROBLEMS TO
BE ‘SOLVED BY THE | NVENTI ON However in such a conventional producing

techni que of nonvol atile sem conductor nenory el enent enploying a
sputtering nethod, an insulator such as SiIQ2 fornmed by a io sputtering

met hod, usually has high density of oxygen- shortage type defects and has a
conposition ratio of excess Si in many cdses. Further, since nany free

val enci es (dangling bonds) are contained, there is a problemthat such an

i nsul ator has | oWd RIGHEEE plt f JETdrde d8%pared with Si Q2 |ayer
formed by using a CVD nethod or a thermal_oxidation nmethod. Accordingly,
enpl oynent of a CAFTREL HRFYPERE thier a2 BA%Pa3i# P Sret hod and enpl oynent of

a sputtering nmethod cause a problemof oxidatio metal ultrafine
particles 20 and %FEﬁQﬁﬂQﬁﬁ%WéﬁEwéir1 Eﬁ{2§$%i§4} nce of an insulator,
respectively. As a result, there occurs such a problemthat high charge
retention performance of the netal ultrafine particle floating gate can not

uf 1 ci ently TN A0une it ot ihe ity rance of - nonvol ati 1 e sem conduct or
ut 1 G ent 1y EOBERE B For L ah it celimRfie Sveen mde (o solve
these problens, and (0e PLesel L YSNLRD: BLQY! §88adcing technique
of nonvolatile semiconductor memory element employing a
sputtering method, an insulator such as Si0, formed by a
10 sputtering method, usually has high density of oxygen-
shortage type defects and has a composition ratio of
excess Si in many cases. Further, since many free
valencies (dangling bonds) are contained, there is a
problem that such an insulator has low insulation
15 performance as compared with SiO, layer formed by using a
CVD method or a thermal oxidation method.

Accordingly, employment of a CVD method or a thermal
oxidation method and employment of a sputtering method
cause a problem of oxidation of metal ultrafine particles

20 and a problem of low insulation performance of an
insulator, respectively. As a result, there occurs such
a problem that high charge retention performance of the
metal ultrafine particle floating gate can not be
sufficiently exhibited or that thin film of insulator can

25 not be sufficiently achieved, and element performance of

nonvolatile semiconductor memory element having a metal

fine particle floating gate has not been sufficiently



nonvol atil e sem conductor nenory el enent capable of s inproving insulation
performance of an insulator surrounding a floating gate conposed of e.g.
netal fine particles, and capable of decreasing the ratio of oxidized
metal portion in the floating gate, and the present invention provides a
process for producing such io0o an elenment. MEANS OF SOLVI NG THE PROBLEM
Consi dering the above points, a first aspéct of the present invention
provi des a process for producing a is nonvol atile sem conductor nenory

el ement haviﬁf@%Qﬁgﬁii or lamnated structure of: a hardly oxi di zabl e

mat eri al conposed_o

hardly, oxidjza enent havi ng G bhs' formation
free energy for }i‘ﬁ' rﬁl??gged'}ﬁ R Y™ B’fﬁ'ﬁﬁ? BLFB% tq o?%aja‘f? oﬁ"?%eee 20
energy of Si for fornlﬁguf i.de under the sa %ggggagﬁg condition at 1

atmand in aR% %ﬂfeq %n oxi de of an
easily OX|d|zabI rlal C. of an ele avi G bbs' formation
free energy " %éﬁﬁﬁ?q erWﬁﬁYt Wﬁ sfaéaﬁiﬁﬂq n free
energy of Si .for fornln o i de under_t he sane(¥§gggrature condition at 1
atmin thd t MpaAtdE o F5th 'A% GRS the process

conprising; a ste { form porti qn made of r di i zahl e

mat erial and grﬁ efri%fa(:t c?e OCfmpose(ile or%ae.c_y. mextadl ANS
particles, and capable of decreasing the ratio of
oxidized metal portion in the floating gate, and the

present invention provides a process for producing such

10 an element.

MEANS OF SOLVING THE PROBLEM

Considering the above points, a first aspect of the

present invention provides a process for producing a
15 nonvolatile semiconductor memory element having a mixed
or laminated structure of:

a hardly oxidizable material composed of a hardly
oxidizable element having a Gibbs’ formation free energy
for forming oxide higher than the Gibbs’ formation free

20 energy of Si for forming oxide under the same temperature
condition at 1 atm and in a temperature range of from 0°C
to 1,200°C: and

an oxide of an easily oxidizable material composed
of an element having a Gibbs’ formation free energy for

25 forming oxide lower than the Gibbs’ formation free energy

of Si for forming oxide under the same temperature

condition at 1 atm in the temperature range of from 0°C



5 the easily oxidizable material by a physical formng nethod; and a step
of carrying out a heat treatnent in a mxed gas of an oxidizing gas
functioning as an oxidizing agent and a reducing gas functioning as a
reduci ng agent, 10 wherein the mxture ratio of the oxidizing gas and the
reduci ng gas and the tenperature are controlled so that the hardly

oxi di zabl e material is reduced and the oxi‘de of the easily oxidizable

material is oxigh ed.Jn a_.tenperature range of fromOC to 1,200C is By
this construdtq ?uﬂ%ca ﬁBﬁv%Fatile seni conductor nenory el enent having a

construction that oxl.di material conposed of e.g. W N or Co
is used as an ul%ééﬂ ré?%%ﬁt%%ﬁ%ﬁiﬁiééing gate or a single floating gate

and that an oxide o Sity. 951 i I . at er i al i 02 is used as
an insul ator sur r%ugn%ele%g&t%e ﬁjxoita%)r%go ga]t(gep?1 ﬁ%?e?%b%hhhe%?ﬁ afine particle
floating gat ?o:&lrd NS ’?r%ltee]{]i'ag.atdr[&ﬂ_ag%oer@i e 'cﬂ?gér?é Uy A& 47 med by
usi ng a physica JTormng nmethod, 1t i's possible to bond oxygen atons to

oxygen- sh rta:q%]e%iglxp%ﬂe&i%a@rmgéﬁ%atvplg% Phyfifeal e gl at or such

as Si 02 ilet rafine particle floating gate “or t singl® floating
gate is not qxid{zed fgwhile it is 8 reduced, whereby it is possible to
i nprove insulating performance of the insulator surrounding the floating

gate such as the jrefaly ubf rafingi Rrdicl £ KdPati Ag gl S ANdate; degrease the
rati o of oxidized netal ultrafine

gas of an oxidizing gas functioning as an oxidizing agent
and a reducing gas functioning as a reducing agent,

10 wherein the mixture ratio of the oxidizing gas and the
reducing gas and the temperature are controlled so that
the hardly oxidizable material is reduced and the oxide
of the easily oxidizable material is oxidized in a
temperature range of from 0°C to 1,200°C.

15 By this construction, in a nonvolatile semiconductor
memory element having a construction that a hardly
oxidizable material composed of e.g. W, Ni or Co is used
as an ultrafine particle floating gate or a single
floating gate and that an oxide of easily oxidizable

20 material such as Si0O; is used as an insulator surrounding
the floating gate, wherein the ultrafine particle
floating gate or the single floating gate and the
insulator are formed by using a physical forming method,
it is possible to bond oxygen atoms to oxygen-shortage

25 type defects or free valencies etc. in an insulator such
as SiO; while the ultrafine particle floating gate or the

single floating gate is not oxidized or while it is



s particles in the floating gate as conpared with conventional el enents,

whereby it is possible to realize a process for producing nonvolatile

sem conductor nenory el enent having high charge retention perfornmance.

‘Here, "hardly oxidizable"” in the present invention neans a 10 property that

a material is nore hardly oxidizable than Si, and specifically, a property

that a G bbs' formation free energy for ffrning oxide of the material is

hi gher than an oxicge-for tion free energy of Si_in an environnent of 1 atm
{ e ke

and the same T&HS& ,r% def iFfe g%t FProREE G dl y

@ har dl'y. oxi A CHhd e AR P CRHIBURS o TR oxi di zabi o
LT 55 ST MU R AR IS
that G bbs (B SIFIFERS St T Yordi i 5 Qg (he T ol 1o
equal or _|ower_.than an o%ee;ff ort tion free ener an 25

o
envi ronneft G2 R and: ¢ B SR UrES ?%‘%’?‘?%e"lﬁlé}gs a property of

nore easily oxidizabl e tha i . Further, .in the sane er, as ”f' case of
the above 9 harc Ig‘a/tlo%faall zegbﬁ eeIB:rSo’pe“F eyI:ebé/asJiﬁ ylsz cfﬁszlar?% % enehit - and

cosily oxi 6 sl il At el 0ot bort SpROd ol v YL DT, 0
nonvol atile element having high charge retention performance. Here,

“hardly oxidizable” in the present invention means a

10 property that a material is more hardly oxidizable than
Si, and specifically, a property that a Gibbs’ formation
free energy for forming oxide of the material is higher
than an oxide-formation free energy of Si in an
environment of 1 atm and the same temperature, is defined

15 as a property of more hardly oxidizable than Si.
Further, an element having such a property is defined as
a hardly oxidizable element, and a material composed of a
hardly oxidizable element is defined as a hardly
oxidizable material. On the other hand, “easily

20 oxidizable” in the present invention means a property
that a material is more easily oxidizable than Si, and
specifically, a property that Gibbs’ formation free
energy for forming oxide of the material is equal or
lower than an oxide-formation free energy of Si in an

25 environment of 1 atm and the same temperature, is defined
as a property of more easily oxidizable than Si.

Further, in the same manner as the case of the above



s sem conductor nenory el enent having a m xed or lamnated structure of: a
hardl y oxi di zabl e nmateri al conposed of a hardly oxidizable elenent having a
G bbs' formation free energy for form ng oxide higher than the G bbs'
formation free 10 energy of Si for form ng oxide under the sane tenperature
condition at 1 atmand in a tenperature range of fromOC to 1,200C, and an
oxi de of an easily oxidizable materi al co%posed of an el enent having a

G bbs' format] f : rg [ : j.hps'
formation fr té{eaq@nlé;r %%lﬁlq&%g{ﬁ‘oﬁeﬁngﬁé I)gm é%%@réﬁ%{lséa%%%%egﬁr e
condition at ) 14 & 1 ange ) Q0G,., and Si;
t he process gg)ansgr]i@sidr%{glﬁ%()ébg@;ﬁa%t%ﬁflor m ngggl&éﬁ?%%rnén eé]nocflq’gﬁg'har dly

oxi di zabl e materiml dyeR POYSLEHa foEgaNY Sethad and o for fiNgh@; poertion made
of the oxide of ther eaesi Ty “oxidi zablﬂe]g material by a echem' cal formng

method; and 2,$hAMd £YPioHdM: Fr HheRlcidPH TiHvd k@ 1E xed 25 gas of an
oxi di zing gas functioning as an oxidi zing agent and a reducing gas

functioni B agnd JRHI G ASMHry MBS HABAY X WisdPld0 10fm e Qi di zi ng
gas and the 10 reducing gas and the tenperature are controlled so that the

hardly oxi di zahhgdmierd@al 1s reduced and the oxide of the easily
oxi di zable material is oxidized in a tenperature range of fromOCto

1, 200C. a hardly oxidizable material composed of a hardly
oxidizable element having a Gibbs’ formation free energy
for forming oxide higher than the Gibbs’ formation free

10 energy of Si for forming oxide under the same temperature
condition at 1 atm and in a temperature range of from 0°C
to 1,200°C; and

an oxide of an easily oxidizable material composed
of an element having a Gibbs’ formation free energy for

15 forming oxide lower than the Gibbs’ formation free energy
of Si for forming oxide under the same temperature
condition at 1 atm in the temperature range of from 0°C
to 1,200°C, and Si;

the process comprising;

20 a step of forming a portion made of the hardly
oxidizable material by a physical forming method and
forming a portion made of the oxide of the easily
oxidizable material by a chemical forming method; and

a step of carrying out a heat treatment in a mixed

25 gas of an oxidizing gas functioning as an oxidizing agent

and a reducing gas functioning as a reducing agent,

wherein the mixture ratio of the oxidizing gas and the



S By this construction, in a nonvolatile sem conductor nenory el enent

havi ng a construction that a hardly oxidizable naterial conposed of e.g. W
Ni or Cois used as an ultrafine particle floating gate or a single
floating gate and using an oxide of easily oxidizable io material such as
SiQ2 is used as an insul ator surrounding {)he floating gate, wherein the
ultrafine particle floating gate or the_% ngle floating gate is formed by
using a phys'x.‘é?iucfi‘?{d;‘ %&%é%n@&dt@&l& Ly é:jo§1t ANRf by gi;ng a
chem cal formng net , It 1s possible Is to bond oxygen atons to
oxygen- Shor t 34 tnedeicale Qb1 J TR SAANGLT I Ay IRy IEHOo:oueD as Si Q2
by reducing ?‘hg u Fr%i ne particle f!eoajtai ng gate or the sing eo%%f%%ati ng
gate wit hout (gxirgjeidig {tiReMBx NGB infatlet i A0S L di%ddmpye insul ating
performance of the 20 insulator surrounding a floating gate such as the
metal ultrafy Nardt | flRatdig g oand t pease the ratio of

oxi di zed met étlep@i t rétHr%le%&aéé?cl es r%?ﬁ the f)l gé’?iﬁﬁgégap e as conpared with
conventiopal el er@ptishi s WisHSMuddidis, PRSSH HhiP 4eal d Z8mi REREESSof OF
producing 25 nonvol atile sem conductor nenory el ement having high charge
retention perfeidmNGE.enfeiitt Mvirgy thiddhASRRAI B dhe Rf esgf1y nvention 11
provides a process for producing a nonvolatile sem conductor ‘menory el ement
havi ng a m xegiQfi A=Wl MLE r i) W ofd hay dlwy, i dzak e et al
conposed of a hardly

as an ultrafine particle floating gate or a single

floating gate and using an oxide of easily oxidizable

10 material such as SiO, is used as an insulator surrounding
the floating gate, wherein the ultrafine particle
floating gate or the single floating gate is formed by
using a physical forming method and the insulator is
formed by using a chemical forming method, it is possible

15 to bond oxygen atoms to oxygen-shortage type defects or
free valencies in an insulator such as SiO, by reducing
the ultrafine particle floating gate or the single
floating gate without oxidizing them, whereby it is
possible to improve insulating performance of the

20 insulator surrounding a floating gate such as the metal
ultrafine particle floating gate and to decrease the
ratio of oxidized metal ultrafine particles in the
floating gate as compared with conventional elements,
whereby it is possible to realize a process for producing

25 nonvolatile semiconductor memory element having high
charge retention performance.

Further, a third aspect of the present invention



S oxidizable el ement having a G bbs' formation free energy for formng
oxide higher than the G bbs' formation free energy of Si for form ng oxide
under the sane tenperature condition at 1 atmand in a tenperature range of
f§romOC to 1,200C and 10 an oxide of an easily oxidizable materi al
conposed of an elenent having a G bbs’ fiination free energy for formng
oxide lower than the G bbs' formation freg energy of Si for form ng oxide

under the samsJoMRas af Wk SN &4 Prudi A M idbidhe defmer at ure range of
fromOC 15 to 1,200C, and Si; the process conprising: a step of formng a

portion made QOimadiantitor GdubaAl Redditerialiy d HiMdw & tephatldvga form ng
| ayer in which the hardly oxidizable material and a first oxide 20 of the
easi |y oxi di zagbhhgtmierds@l are mxed or lamnated, by a physical formng
met hod, followed by selectively renoving the first oxide of the easily

oxi di zabl e naterd ahatdlyhexi@niablyend0sm A0 donsbsed St eR Rardoyn ng a
portion made of the oxide of the 25 easily oxidizable material by

depositing a sechinshid del enint heaeasy |y EXH 2l endei & | fhed Naledgy t he
same or different fromthe first oxide of the easily oxidizable 12

material, by fush Nbmnitty sheide NOTdhd tRRIMNOhO G HobENefo it {64 N Age met hod
after the first oxide of the easily oxidizable material in the tentative
form ng | ayerendsgypaiecdi vidy ferwmesl,oxide under the same temperature
condition at 1 atm and in a temperature range of from 0°C
to 1,200°C: and
10 an oxide of an easily oxidizable material composed
of an element having a Gibbs’ formation free energy for
forming oxide lower than the Gibbs’ formation free energy
of Si for forming oxide under the same temperature
condition at 1 atm in the temperature range of from 0°C
15 to 1,200°C, and Si;

the process comprising:

a step of forming a portion made of a hardly
oxidizable material by forming a tentative forming layer
in which the hardly oxidizable material and a first oxide

20 of the easily oxidizable material are mixed or laminated,
by a physical forming method, followed by selectively
removing the first oxide of the easily oxidizable
material in the tentative forming layer;

a step of forming a portion made of the oxide of the

25 easily oxidizable material by depositing a second oxide

of the easily oxidizable material that is the same or

different from the first oxide of the easily oxidizable



S a step of carrying out a heat treatnent in a mxed gas of an oxidizing
gas* functioning as an oxidi zing agent and a reducing gas functioning as a
reduci ng agent, wherein the mxture ratio of the oxidizing gas and the
reducing gas and the tenperature are controlled so that 10 the hardly

oxi di zabl e material is reduced and the secgnd oxide of the easily

oxi di zable material is oxidized in a te rature range of fromOCto

1, 200C. By t%gtgpfgilrt&%igg Iﬁ%ﬁj?@ﬂ?ﬁ@éfgé ?‘ggir}g%wggtgf aenmory el ement

) 1
havi ng a construction t a S oxidiza erial conposed of e.g.

W N or Co ishdtseda1 afo At txﬁé’éﬂé@.é‘@ééfﬁﬁefff’@&”Sxﬂé’ée?P;Elg%Si ngl e

floating gate and an oxide of an easily oxidizable materia as SiI2 is

e A Ao (AL PRl putbrl {0 {1 OBl 1 . OB UL eachieg Ul 4y 8f | e

particle 20 floati'ng gate or the single floating gate Is using a
physi cal fornagseeihod,and fopodasul atgr is formed by using a physica
o .

formng nethod or a chem ca formng nethod, it is possible to bond oxygen

atoms to 0xygen-shortadset ¥perJehigctar 0 hEgE VALERRLAS kA aNm2RHNSUl ator
such as SIO2 while the ultrafine particle floating gate or the single

floating gategis HPta9Xb£H ILLinQ g fndtidBingoncesdn YReaehyngtabént
possible to inprove 13 insul ating performnce of the insul ator™sufroundi ng

the floating;gate Sedic fsgtdes nﬁﬁﬁ&t%ﬂmﬁgi@@ partigtengfhgahing gate and
to decrease the ratio of oxidized netal ultrafine particles in the floating
gate, wherebyyhérésn the mixture ratio of the oxidizing gas and the
reducing gas and the temperature are controlled so that
10 the hardly oxidizable material is reduced and the second
oxide of the easily oxidizable material is oxidized in a
temperature range of from 0°C to 1,200°C.
By this construction, in a nonvolatile semiconductor
memory element having a construction that a hardly
15 oxidizable material composed of e.g. W, Ni or Co is used
as an ultrafine particle floating gate or a single
floating gate and an oxide of an easily oxidizable
material such as SiO; is used as an insulator surrounding
the floating gate, wherein the ultrafine particle
20 floating gate or the single floating gate is formed by
using a physical forming method and the insulator is
formed by using a physical forming method or a chemical
forming method, it is possible to bond oxygen atoms to
oxygen-shortage type defects or free valencies in an
25 insulator such as SiO, while the ultrafine particle

floating gate or the single floating gate is not oxidized

or while it is reduced, whereby it is possible to improve



S possible to realize a process for producing nonvol atile sem conduct or
menory el enment having high charge retention perfornmance. Further, since the
first oxide such as SiO2 of the easily oxidizable material containing
relatively large amobunt of oxygen-shortage type defects in the io tentative
formng | ayer forned by using a physi cal Forning met hod, is selectively
renoved, and the second oxide of the easilTy oxidizable material having

little oxygenandags JoPdeifd Sf IshsURsaauat: YsdeRasidaty cid is

possible to realize a process tor producing is nonvolatile semTonductor

mermory el enend) Vi) e AR A OTeOMA N N AN Pddddd@e
oxygen-shortage type Tdefects. Further, a fourth aspect” of the present

invention prowdeshd hendi 0aRe st d Ue dFUBICT 1 a-NONY A Atdd £ 20 $aRd eonduct or
menory el ement, wherein change anmount of G bbs' free energy of the

oxi di zi ng gas; Ttk 1Rl SOFc 1 O Hatd ahd epIdd tothgM dar d hegieasddy Oxi di zabl e
material is negative in the tenperature range of fromOC to 1, 200C, change

anount of ;G hisssfyre Enera] Hle tPGFEEUIES NKH 1935 Fud By - d D4t 1 RLuct i on
reaction with the oxide of the hardly oxidizable material is negative in

the tenperat WenidaBedr fiamBE d tede?O0Gvany Khgnoenarguintedntd bbs' 14
free energy of the reducing gas required for reduction reaction with the

oxi de of the asfdimandel zahle et eldidice ithePFEiddty@xide ReidemersEiolr e
range. By this construction, besides the effect of any one

of the easily oxidizable material containing relatively
large amount of oxygen-shortage type defects in the

10 tentative forming layer formed by using a physical
forming method, is selectively removed, and the second
oxide of the easily oxidizable material having little
oxygen-shortage type defects, is subsequently deposited,
it is possible to realize a process for producing

15 nonvolatile semiconductor memory element having an
insulator containing further little oxygen-shortage type
defects.

Further, a fourth aspect of the present invention

provides the process for producing a nonvolatile

20 semiconductor memory element, wherein change amount of
Gibbs’ free energy of the oxidizing gas required for
oxidation reaction with the easily oxidizable material is
negative in the temperature range of from 0°C to 1,200°C,
change amount of Gibbs’ free energy of the reducing gas

25 required for reduction reaction with the oxide of the

hardly oxidizable material is negative in the temperature

range of from 0°C to 1,200°C, and change amount of Gibbs'’



5 of the first to third aspects, in a range of fromOCto 1,200C, the

oxidi zing gas can appropriately oxidizes an easily oxidizable material such
as Si without oxidizing, the ultrafine particle floating gate or the single
floating gate, and the reducing gas can appropriately io reduce the
ultrafine particle floating gate or the single floating gate w thout
reduci ng the oxide such as Si02 of an ea%?ly oxi di zabl e materi al .

A di ngly, GRS =Te[T1 Q§|
o>C<|C8|rz: 23 ygas use&’&%ﬁr educ |001£1e poml/erge(#ahst h qu{Jé)n%gf&ggerduge Or}’e isis
possible to (?%EZ:E‘H ioh Rﬁréhortfﬂé NG RAt, & TRl B o rox:.Qﬁ'ﬁCLEi:% ?

an e senlconductor

reducti on, real1'ze a process for pro uci ng nonvo

menory ele”eQFlﬂ%Q'Elvé“fﬂ‘éHE” égéygf éﬁ% ormance. Further, a fifth

aspect of the present invention prOV| ‘process for prodUC|ng a

I I f
nonvol atile sem Wem ﬁn%S%égr%g%fPeﬂgyopﬁfhe re irst

to fourth aspects e OXI Izl ng gas cont al ns educi ng

gas contagns 4. @éﬂﬁc&aﬁs&ﬂ | hediesi dgs 4 e elf ogl Alopneong 25 of

t he above fi o frour aspec si'nce Hydrogen a wat'er vapor are

w dely used in Jfecli ehd gﬁum Xeg%”%ﬂ%t Qhn Ebggggkég%#&a%k‘ihﬁ%sa% easy to

handl e, are use In‘the 1 realize a process

capabl e of produgl NG €&SidYle %@J&Jﬂlﬂn%wﬁ hhgood JaMQAuUGPidit g,
nonvol atil e sem conductor nenory el enent having high charge retention

performance. the ultrafine particle floating gate or the single
floating gate, and the reducing gas can appropriately
10 reduce the ultrafine particle floating gate or the single
floating gate without reducing the oxide such as SiO, of
an easily oxidizable material. Accordingly, it is
possible to regulate the oxidation power of the oxidizing
gas used and reduction power of the reducing gas used, it
15 1is possible to properly perform the heat treatment for
oxidation and reduction, and to realize a process for
producing nonvolatile semiconductor memory element having
high charge retention performance.
Further, a fifth aspect of the present invention
20 provides the process for producing a nonvolatile
semiconductor memory element according to any one of the
first to fourth aspects, wherein the oxidizing gas
contains H,O and the reducing gas contains H,.
By this construction, besides the effect of any one
25 of the above first to fourth aspects, since hydrogen and
water vapor are widely used in the field of semiconductor

element manufacturing and easy to handle, are used in the



s Further, a sixth aspect of the present invention provides the process for
produci ng a nonvolatile sem conductor nenory el enent excellent in charge
retention characteristics according to any one of the first to fifth
aspects, wherein the heat treatnent is 10 carried out in a mxed gas of the
oxi di zing gas and the reducing gas so th§% the hardly oxidizable materi al
is reduced and the oxide of the easily oxrdizable material is oxidized,

and subseque rt. e t r

pr edet er m ne |}¥ner tagargéejls 2:? esrstelbgl?et rEFd; rt?n erz(ég a[r é%%&% pr esﬁaur e. Cfoy this
constructi on, ]Qﬁﬁi e fod ]Qﬁgy St f fth
aspects, si ncpe zg %ﬁ%{%{%@ﬁ?tgr Fi%d out " 1 nJéal]OE)lrle ealr m ned

inert gas mear Qaf %orﬁid&%&f%n%@él "l Hartd f}fzi_:; %&“ dation

reduction treatnment 1s perforne e to real rocess for

produci ng nonwpl.ald | ,&+ SEM GPRUA YndFREPry el enent capabl e of effectively
renovi ng by-product material such asmO—| groups which may remain after the

oxi dationgreduct i @p-¢fSat nend; xier Sap L 25r MRS fdte MRy &ePBbR after the
oxi dation reduction treatment, may cause adverse affects such that it

decreases neldidfg Rol ithofp ﬁJlf‘e%'ﬂﬁr ProARLEBRF S ddhvdsd @t i on performance
of the oxide.” Further, a seventh aspect of the present invention provides a

nonvol atile S GRS TRy & et dlad mgdihe; hasgh pgoxi di zabl e
material, and produced by

retention characteristics according to any one of the
first to fifth aspects, wherein the heat treatment is

10 carried out in a mixed gas of the oxidizing gas and the
reducing gas so that the hardly oxidizable material is
reduced and the oxide of the easily oxidizable material
is oxidized, and subsequently, a further heat treatment
is carried out in a predetermined inert gas atmosphere or

15 under a reduced pressure.

By this construction, besides the effect of any one
of the above first to fifth aspects, since a further heat
treatment is carried out in a predetermined inert gas
atmosphere or under a reduced pressure after the

20 oxidation reduction treatment is performed, it is
possible to realize a process for producing nonvolatile
semiconductor memory element capable of effectively
removing by-product material such as OH groups which may
-remain after the oxidation reduction treatment. Here, OH

25 groups that may remain after the oxidation reduction
treatment, may cause adverse affects such that it

decreases melting point of the oxide or decreases



s using the process for producing nonvol atile sem conductor nenory el enent
as defined in any one of the above first to sixth aspects. By this
construction, it is possible to realize a nonvolatile sem conductor nenory
el ement providing an io0 effect of any one of the above first to sixth
aspects. EFFECTS OF THE | NVENTI ON Accordaﬁg to the present invention, in a
nonvol atil e sem conductor nenory el enent “hHaving a construction that a 1s

hardly oxi di zgp ei]?j}cﬁ{iﬁérf@fmé}?@éj@f @?eggcf)ée/y? i or Co is used as an

ultrafine partic oatlng gate or a oating gate and an oxide

such as S Q2 of af,,eAst| va OXLALARR! S PBLET LRI chs Yoededs aivbRoubAL of

enconpassi ng the oatl ng gate, wherei ultrafine 20 particle floating

gate or a singlg, fdnatd N9 Lad Sle f URRDL Y, USSP Indndhty Sk £ahed©r M ng et hod
and the insulator 1s forned by using a physical formng nethod or a

chem cal formpg Bthed. hdtaly Ressi e d AnDond; OXY o8y BB thy,
oxygen-shortage type defects or free valencies 25 in an insulator such as

Si @2 whilg thesild rald ierfeddd cter @Rl 1y GBSl at NEe Séd0] Coddwaibng gate

is not oxidized or while it is reduced, whereby it is possible to inprove

17 insul ati QRenReF W TERGE: of s tdher imsall Bl odn g WAOUNE ige tdSovd | PAEANY gate
such as the netal ultrafine particle floating gate, and to decrease the

rati o of oxi digeghxtwetadpadigafine particles in the floating gate, whereby 5
it is possible to provid% a nonvol atil e sem conduct or
By this construction, it is possible to realize a
nonvolatile semiconductor memory element providing an

10 effect of any one of the above first to sixth aspects.

EFFECTS OF THE INVENTION
According to the present invention, in a nonvolatile

semiconductor memory element having a construction that a

15 hardly oxidizable material composed of e.g. W, Ni or Co
is used as an ultrafine particle floating gate or a
single floating gate and an oxide such as SiO, of an
easily oxidizable material is used as an insulator
encompassing the floating gate, wherein the ultrafine

20 particle floating gate or a single floating gate is
formed by using a physical forming method and the
insulator is formed by using a physical forming method or
a chemical forming method, it is possible to bond oxygen
atoms with oxygen-shortage type defects or free valencies

25 1in an insulator such as SiO, while the ultrafine particle
floating gate or the single floating gate is not oxidized

or while it is reduced, whereby it is possible to improve



menory el enment having high charge retention performance and a process for
produci ng such a nonvol atile sem conductor nenory elenent. 10 BRI EF
DESCRI PTI ON OF THE DRAW NGS Fig. 1: An explanation view schematically
shoring an exanple of a cross sectional structure of nonvolatile

sem conductor nenory el ement according to;gn enbodinent of the present
invention. is Fig. 2: A view explaining an oxidation-reduction conditions

in a constructifAn dthiddn PdrRfrhdardd aifs il Jmsle AfrMhaiag angk matri x
insulator is made of Si02. Fig. 3. Aflow chart for explaining a production

process of nawtaitrid eyaam faduss athdeiayal allaeitinebaeciafdi ng to Exanpl e
1 of the present invention. Fig. 4: An explanation view explaining 5101 step
accordi ng to @iy hatde t hadrieseidcianentiion. rfii £ Aniddgdanation view
expl ai ning S102 step according to Exanple 1 of the present invention. 25
Fig. 6: An exjdtalatildradiow eqtaidliery 9l GhetEpataiaeprah iy, twhdxewipl e 1 of
the present invention. Fig. 7: An explanation view explaining S104 step 18
accor di ngst o iExainplmds i1 d he prseide iavestivalnt Heg.sdhidshdx@@Enat i on vi ew
expl ai ning S105 step according to Exanple 1 of the present invention. Fig.
9: An expl anaidnryvieheneet diawingy Sl stleprges wecaitlidty pex foampie 1 of the
present invention. Fig. 10: An explanation view explaining S107 step

and a process for producing such a nonvolatile

semiconductor memory element.

10 BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1: An explanation view schematically shoring an
example of a cross sectional structure of nonvolatile
semiconductor memory element according to an embodiment
of the present invention.

15 Fig. 2: A view explaining an oxidation-reduction
conditions in a construction that ultrafine particles are
made of W or Ni and matrix insulator is made of SiO,.

Fig. 3: A flow chart for explaining a production
process of nonvolatile semiconductor memory element

20 according to Example 1 of the present invention.

Fig. 4: An explanation view explaining S101 step
according to Example 1 of the present invention.

Fig. 5: An explanation view explaining S102 step
according to Example 1 of the present invention.

25 Fig. 6: An explanation view explaining S103 step
according to Example 1 of the present invention.

Fig. 7: An explanation view explaining S104 step



according to Exanple 1 of the present invention. Fig. 11: An explanation

vi ew expl ai ning 5108 step according to Exanple 1 of the present invention.
10 Fig. 12: An explanation view explaining S109 step according to Exanple 1
of the present invention. Fig. 13: An explanation view explaining 5110 step
according to Exanple 1 of the present invggtion. Fig. 14: An explanation

vi ew explaining 5111 step is according t0o Exanple 1 of the present

invention. Figcdmiidd) &XRagion Wew X padild fllnsigp. according to
Exanple 1 of the present invention. Fig. 16: An explanation view expl aini ng

5114 step acs:ordtfg.t@: BExaimlg 1hrift ildhe RIRs @¥plaivetd ao&Gddg. 17: An
expl anation view schematically show ng an exanple of cross sectional

structure of fAORYAHAd GxHEM L ONBICt e rf&@éh@lﬁmﬁtf&gprdi ng to
Exanple 2 of the present invention. Fig. 18: An explanation view explaining

S103 step 25 accpiding.tq lahad iQn WRRWISSAM i diMe 0. sthd. 190 An
expl anation view expl aining S104 step according to Exanple 2 of the present

inventions 1%cddaird tAmenprnat i on e el Nimeerntl{d, step according
to Exanple 2 of the present invention. Fig. 21: A view explaining oxidation

reduction conditFpgs i0: a repRSdpluaidtand RatewlldfAfd e mardict esceg e s made
of CoO and matrix insulator is nmade of Si02. Fig. 22: An explanation view
expl ai ni ng SlcSstd®ihg to Example 1 of the present invention.
Fig. 11: An explanation view explaining S108 step
according to Example 1 of the present invention.

10 Fig. 12: An explanation view explaining S109 step
according to Example 1 of the present invention.

Fig. 13: An explanation view explaining S110 step
according to Example 1 of the present invention.
Fig. 14: An explanation view explaining S111 step

15 according to Example 1 of the present invention.

Fig. 15: An explanation view explaining S112 step
according to Example 1 of the present invention.

Fig. 16: An explanation view explaining S114 step
according to Example 1 of the present invention.

20 Fig. 17: An explanation view schematically showing
an example of cross sectional structure of a nonvolatile
semiconductor memory element according to Example 2 of
the present invention.

Fig. 18: An explanation view explaining S103 step

25 according to Example 2 of the present invention.

Fig. 19: An explanation view explaining S104 step

according to Example 2 of the present invention.



and S107 step according to Exanple 2 of the present invention. Fig. 23: A
view schematically show ng a cross 10 sectional structure of an el enent
after S115 step according to Exanple 2. Fig. 24: An explanation view
schematically showi ng an exanple of cross sectional structure of a

nonvol atil e sem conductor nenory elenentlgccording to Exanple 3 of 15 the
present invention. Fig. 25: An explanation view explaining S104 step

according to Exanpig 3 ®f mee&@q%%ttlb&vwelwo%xpﬁlagm%@ A sedilepnat i on
view illustrating selective renoval of SiO2 matrix insulator according to

Example 3 2Qorddiggrees eilanigient idi tHd GredentALXdH @i | on vi ew
illustrating 5105 step according to Exanple 3 of the present invention.

Fig. 28: A view itigstrnii ngvaxwdakipddihaedC oxdla tGerdidddRig iidh a
construction that ultrafine particles are 25 made of W tunnel insulation

filmis nmade dndiitghrd alred rdchsranfdtatn iy vt off i sid i it dngpe and
gate insulation filmis made of Si2. 20 Fig. 29: A view schematically

show ng ascr agsies &t icumalarst mMaaddnine iofsulig ot enendadd ter HIALS step
according to Exanple 3 of the present invention. 5 EXPLANATI ON OF NUMERALS
1: Sem conduct or BipstaIai ean 2xpdlagiRilon 3dledt iedblaining S106 step

and S107 step according to Example 2 of the present

invention.

Fig. 23: A view schematically showing a cross

10 sectional structure of an element after S115 step
according to Example 2.

Fig. 24: An explanation view schematically showing
an example of cross sectional structure of a nonvolatile
semiconductor memory element according to Example 3 of

15 the present invention.

Fig. 25: An explanation view explaining S104 step
according to Example 3 of the present invention.

Fig. 26: An explanation view illustrating selective
removal of SiO, matrix insulator according to Example 3

20 of the present invention.

Fig. 27: An explanation view illustrating S105 step
according to Example 3 of the present invention.

Fig. 28: A view illustrating oxidation reduction
conditions in a construction that ultrafine particles are

25 made of W, tunnel insulation film is made of high

dielectric constant material of HfO, silicate type and

gate insulation film is made of SiO,.



3, 23, 33: tunnel insulation film 4, 24, 34: charge retention |ayer, 10
4al, 24al, 34al: ultrafine particles, 4b: matrix insulator, 4c, 5b, 34c:
oxygen shortage type defect, 4d, 5c, 34d: free val ency 4e, 5d: OH group, 15
5, 5a, 25, 35: gate insulation film 6: control gate, 7: source region, 7a,
8a: shallow junction region, 7b, 8b: contgct region, 20 8: drain region,

9: sidewall, 10: halo ion inplantation region, 21: screen oxide film 24f:

oxi di zed portion,p2b 34b; ﬁiQ&éﬂﬁ@dﬂéﬂa&i@a&ﬁ%’qyshm,nggo,cr%3 nonvol atil e
sem conductor nenory elenent 21 BEST MODE FOR CARRYI'NG OUT THE | NVENTI ON

From now, enhedidmisl oft fhe yfeesemtt Heedneat Wider ke desardped with
reference to drawings. s EMBODIMENT Fig. 1 is an explanation view

schemati cal | yacstmi ity ) Bxaile Ploforass matddnalnvdddidilr e of a
nonvol atil e sem conductor nenory el enent according to an enbodi nent
5 EXPLANATION OF NUMERALS
1l: Semiconductor substrate,
2: element isolation,
3, 23, 33: tunnel insulation film,
4, 24, 34: charge retention layer,
10 4al, 24al, 34al: ultrafine particles,
4b: matrix insulator,
4c, 5b, 34c: oxygen shortage type defect,
4d, 5c¢, 34d: free valency
4e, 5d: OH group,
15 5, 5a, 25, 35: gate insulation film,
6: control gate,
7: source region,
7a, 8a: shallow junction region,
7b, 8b: contact region,
20 8: drain region,
9: sidewall,
10: halo ion implantation region,
21: screen oxide film, .
24f: oxidized portion,
25 34b: Si0, matrix insulator,
100, 200, 300: nonvolatile semiconductor memory

element



of the present invention. In Fig. 1, a nonvolatile io sem conductor nenory
el enent 100 is fornmed on a sem conductor substrate 1, and is isol ated by

el enent isolation 2. Here, the sem conductor substrate 1 in Fig. 1l is a
sem conduct or substrate of p-type, and the elenent isolation 2 is one
formed by using a STI (Shallow Trench is,}solation) technique. The

nonvol atil e sem conductor nenory elenent 100 has a structure that on the
sem conductor substrate 1, a tunnel insulation film3, a charge retention

| ayer 4 for retaining an electric charge, a gate insulation filmb5 20 and a
control gate BRITAIMODHE bR TARRSING d2IT THEE IMWENJEION et ention | ayer 4 has a
structure that ultrafine particles 4al functioning as a floating gate is

di spersed in a retdmXndwsErbediMdnte tdF hilgh slensdidty. iteses idMew Lt r ol
gate 6 forns a channel on a 25 surface of the sem conductor substrate 1
accordi ng t o s dexepiked waltlage fantridy aci sirawirejseases an el ectric charge
to/fromthe charge retention |layer 4. On the 22 surface of the
sem condust oOrEMBIISIMENT 1, a source region 7 and a drain region 8 are
formed. The source region 7 and the drain region 8 are regions doped with
n-type inpuritiésigand imven oo baotatriegn onsew bsclgdmd torcablai shogisg an ohnmi ¢
contact with an Al circuit, and shallow junction regions 7a, 8a containing
relatively | owm cotmmmrlta atfi grrasfs sedtyipma Inmnudtesrd oof semamgplarileal i ze
hi gh withstand voltage of diffusion |ayer and to suppresses excess
semiconductor memory element according to an embodiment
of the present invention. In Fig. 1, a nonvolatile
10 semiconductor memory element 100 is formed on a
semiconductor substrate 1, and is isolated by element
isolation 2. Here, the semiconductor substrate 1 in Fig.
1 is a semiconductor substrate of p-type, and the element
isolation 2 is one formed by using a STI (Shallow Trench
15 Isolation) technique.
The nonvolatile semiconductor memory element 100 has
a structure that on the semiconductor substrate 1, a
tunnel insulation film 3, a charge retention layer 4 for
retaining an electric charge, a gate insulation film 5
20 and a control gate 6 laminated in this order. The charge
retention layer 4 has a structure that ultrafine
particles 4al functioning as a floating gate is dispersed
in a matrix insulator 4b with high density.
Here, the control gate 6 forms a channel on a
25 surface of the semiconductor substrate 1 according to an

applied voltage and injects or releases an electric

charge to/from the charge retention layer 4. On the



generation of hot carriers. 10 The above source region 7 and drain region 8
are’ each fornmed so that its region (gate overlap region) overlapped with a
regi on where the charge retention layer 4 and the control gate 6 are forned,
is mnimzed by using a technique of so-called self alignment. This is
construction is for the purpose of reducing parasitic capacitance forned by
the overlap. Further, in a case of elenent having a gate | ength of about

0.3 pmor snvédlefaceléfl@h@r@éﬁé&qﬁﬁ@tcﬁprmm&paﬁ@m P! SBE Bt OPed £&hONs 10
in the sem conductor substrate 1 in regions nore inside 20 fromthe shall ow

junction regipnendaa &fai®yrédion Pl ard | Agrmed Yy parHdRpditdeesRAGNY t he sanme
polarity as that of the sem conductor substrate 1 so that the

concentrati omad tthé y@eaimpredidess i Sré NEsgbeesl. ddped wieth oni©gpé npl ant ati on
exhibits an effect of decreasing 25 | eakage between the source and the drain

occurred at aimporit Des slaghthyveeepetatthartedhenyi Thni 8y Hbr Sethiigact or
surface where a channel is fornmed when the 23 gate length is short. As the
sem conduct orasudisti @t ot aat swiigh eacryst@d resitbst amad eslodl Tow ofufetién si ngl e
crystal substrate of SiCGe, a single crystal substrate of SIC, or a SO 5
(silicon on insglahorjasubsteatiea @imnggral st ivelyrPov hatncent ayeiowfofiny of
these single crystals is formed on an insulator, may be enployed. A single
crystal substmatype oimShiritsies efer resrfimgtte reabdnethaghi vitipdysndal
voltage of diffusion layer and to suppresses excess
generation of hot carriers.
10 The above source region 7 and drain region 8 are
each formed so that its region (gate overlap region)
overlapped with a region where the charge retention layer
4 and the control gate 6 are formed, is minimized by
using a technique of so-called self alignment. This
15 construction is for the purpose of reducing parasitic
capacitance formed by the overlap. Further, in a case of
element having a gate length of about 0.3 um or smaller,
it is preferred to form halo ion implantation regions 10
in the semiconductor substrate 1 in regions more inside
20 from the shallow junction regions 7a, 8a, by ion-
implanting p-type impurities having the same polarity as
that of the semiconductor substrate 1 so that the
concentration of p-type impurities is increased. This
halo ion implantation exhibits an effect of decreasing
25 leakage between the source and the drain occurred at a

portion slightly deeper than the vicinity of

semiconductor surface where a channel is formed when the



properties are identified, and it is easily available. 10 As a material of
sem conductor substrate (or layer) for contributing high speed operation of
el enent, a single crystal of e.g. Ge or SiGe or a single crystal of Si
having a strain fromthe viewpoint that they inprove carrier nobility.
Further, fromthe viewpoint of is decreashgg delay tinme by decreasing
parasitic capacitance of substrate depletion |ayer, or for inproving
subt hr eshol d gyweperdrigsh & Flomubstrate is preferred. Further, for
operation under high tenperature environment or a high voltage drive, e.g.

a single crystal msibshe atemicbn@licthE ssopredes red. a Helwgld ofrydeal eason
that el ectrons having higher nobility than holes can be used as carriers,

the above sefimsdrhicd a3f SSDSdr adee, 186 Piefles abtys tta P-dukpe: vt copductor. 25
From now, explanation will be made under assunption that the sem conduct or
substrate 1 iSiGe sia@mglyséimfstaslsibsdimtod & .siq, tde abwye, the el enent
isolation is 24 a STl type elenent isolation, but when high integration
density i s notsilkipon esh mnsdaabt)edsudXEORd dealingxd dat et wife sthatcon)
type el enent isolation may also enployed. 5 The tunnel insulation film3
may be fornmedc bhayest nof amy oxi dehddd ns sugrle asrestSi @ 14 | formedidmiae fil m or
any of other insulative materials, and anong these, a SIQ2 filmis
preferred forirmahiswomg goodel aneltyaper &t isdimgle crystal substrate
of Si is preferred for the reason that its physical
properties are identified, and it is easily available.
10 As a material of semiconductor substrate (or layer) for
contributing high speed operation of element, a single
crystal of e.g. Ge or SiGe or a single crystal of Si
having a strain from the viewpoint that they improve
carrier mobility. Further, from the viewpoint of
15 decreasing delay time by decreasing parasitic capacitance
of substrate depletion layer, or for improving
subthreshold properties, a SOI substrate is preferred.
Further, for operation under high temperature environment
or a high voltage drive, e.g. a single crystal substrate
20 of SiC is preferred.

Here, for the reason that electrons having higher
mobility than holes can be used as carriers, the above
semiconductor substrate is preferably a p-type
semiconductor.

25 From now, .explanation will be made under assumption

that the semiconductor substrate 1 is a single crystal

substrate of Si. In the above, the element isolation is



since dense and stable SiQ2 filmcan be obtained by to subjecting Si to
thermal oxidation. Further, as a tunnel insulation film3, a high
dielectric filmmnade of a high dielectric material (high-k material) such
as SIOXNY or a Hf type oxide, is preferred for the foll owi ng reasons.
Nanely, by enploying a dielectric filn1nagg of a 15 high dielectric
material, it is possible to increase capacCitive coupling property between

the sem condyctsarr tSpfestdiaint aRd1he FONHR! WIRLE 18 JiD iHHIRYRSS sthor t -

channel effect, and’it is possible to suppress diffusiion of metal elenents

froma fl oat id&lﬁ%}}ﬁ ile0 rdte r2nuSead ondue - 19uks ticrics L 1when the netal is
enpl oyed for the floating gate in the charge retention |ayer 4 on the

tunnel insul ¥xietfiidimc: SHari&ort)he yeowd eedtd isol1sdtiicH insy Qg2 and
O<y<4/ 3. Here, it is preferred that the x and y further satisfy a condition
2x+3y=4 at theyp22y&d®e tinme for reducing free val encies. The charge
retention layer 4 is fornmed on the tunnel insulation film3 and has

ul trafinesparticlgse 4aindel Abulradiadmifdearn elBetld of S RNes hdmat ri X
insulator 4b in which the ultrafine particles 4al are dispersed. Various

met hods for faar oxigd e lehangh ref entdion Eayar 4 haveidbegenlaewel aped, and
as described in e.g. JP-A-2004-55969, s a nethod (hereinafter referred to as
si mul t aneous ofs mtHear i uleithod) mftexiialld, anenlsinorspuiieard NG WEiclg both a
target for ultrafine particles 4al nade of a material having a | arge work
function and falmarigetpdedfrerred for achieving good element operation
since dense and stable Si0O, film can be obtained by
10 subjecting Si to thermal oxidation. Further, as a tunnel
insulation film 3, a high dielectric film made of a high
dielectric material (high-k material) such as SiO.N, or a
Hf type oxide, is preferred for the following reasons.
Namely, by employing a dielectric film made of a
15 high dielectric material, it is possible to increase
capacitive coupling property between the semiconductor
substrate 1 and the control gate 6 to suppress short-
channel effect, and it is possible to suppress diffusion
of metal elements from a floating gate to the
20 semiconductor substrate 1 when the metal is employed for
the floating gate in the charge retention layer 4 on the
tunnel insulation film 3. Here, the above x and y
satisfies 0<x<2 and 0O<y<4/3. Here, it is preferred that
the x and y further satisfy a condition 2x+3y=4 at the
25 same time for reducing free valencies.

The charge retention layer 4 is formed on the tunnel

insulation film 3 and has ultrafine particles 4al for



the matrix insulator 4b, is preferred for the followng 10 reasons. By
using the above form ng nmethod of charge retention layer, a filmhaving a
structure that nmetal wultrafine particles 4al is highly densely dispersed in
the matrix insulator 4b, is obtained. By enploying a is charge retention

| ayer 4 in which ultrafine particles 4al f a metal having a | arge work
function are highly densely dispersed, tf followng nerits are obtained.

Nanmely, sincedih§ fiPrEile 19c tiild diagPadd ¢ &ichamitguiadd.0al ng, gate
is a metal having a lITarge work function, 20 1t is possible to retain

el ectric changs  thedeARSA FigReAY-titMels ahicymaradputdes sea-gegduct or,
which increases a potential barrier at an interface wwth an insulator. As

a result, it petHRRESIHRre fAddnlite RIE chard Sttt iRAT Niskfe10fs g d unnel
insulation film3, it is 25 possible to suppress |loss of electric charge

fromthe ul i rRRAGIR el ddirRRlcd8akpgs, Arfl idpis RARsiddeoto
i ncrease charge retention performance. 26 Further, since a |l arge nunber of

netal ulteafinedtddd clies ifaTtRe &8N HAL Al BN i N a nenory
el ement with high density and the particles are insulated one another by a

mat ri x insul afRitt QMR WREMA)J.ofS diftlltidedn dIne AR QGGHY idihd he tunnel
insulation film the anmount of |lost electric charge can be limted to a

narrow area d¥HNNITAHYATFEHR IBWT ird Wadtane1&fs dd10addi0 grate provi des an
effect of tolerating occurrence
material having a large work function and a target for
the matrix insulator 4b, is preferred for the following
10 reasons.
By using the above forming method of charge
retention layer, a film having a structure that metal
ultrafine particles 4al is highly densely dispersed in
the matrix insulator 4b, is obtained. By employing a
15 charge retention layer 4 in which ultrafine particles 4al
of a metal having a large work function are highly
densely dispersed, the folléwing merits are obtained.
Namely, since the material of ultrafine particles forming
a floating gate is a metal having a large work function,
20 it is possible to retain electric charge at a deeper
energy level as compared with a semiconductor, which
increases a potential barrier at an interface with an
insulator. As a result, it is possible to increase a
potential barrier of the tunnel insulation film 3, it is
25 possible to suppress loss of electric charge from the
ultrafine particles by tunnel-leakage, and it is possible

to increase charge retention performance.



of insulation breakage to a certain extent,

yield of the elenent. The nore nunber of floating gates are contai ned

el enent ,

t he hi gher the above effect can be increased,
achi eved by formng ultrafine particles

ultrafine particle is is preferably as sn?%l as possible. Here, since
xtre

possible to disperse a | arge nunber of e

in

and this can be
at a high density. The size of each

it

nmely small netal ultrafine

whi ch 10 contributes to inprove

an

is

particles of a diﬁgﬂﬁé of er@éJt 118458 niBeAensehdrd Bl £{Xe 1 Nsul at or
by enpl oyi ng the above r'sisrru tanaeous]pgspurtlter? ng mst%odl,n L?\Jhe rretrﬁ%d for

the above charge retention performance an i nsul at'i on breakage, etc.
reason why i tejlehndS it HiyHli RRAISS R d "RfA e R tdd eshdn A sl |
size at high density by 25 using the above sinultaneous sputtering nethod,

is that sinceddedmialr Wy rafide-pariiales and ke Mhidd % .4 hsul ator
formed simultaneously, the matrix insulator 27 covers around each of

met al ul t gaf i nespadtis s

matri x

However,

~insulator functions to suppress particle growth of the netal
ultrafine pardie€!ffourftUrdierostundedct e B ScHPMNKH tlQRs-dd vhiLh
mgration is sufficiently allowed, netal fine particles on a substrat

general ly gr a¥4#owd a £ daiE mbnesis i Zeowdet er mhingd by viikeompdy¢nam cs.
in a sputtering nethod, since netal fine

10

15

20

25

floating gate provides an effect of tolerating occurrence
of insulation breakage to a certain extent, which
contributes to improve yield of the element.

The more number of floating gates are contained in
an element, the higher the above effect can be increased,
and this can be achieved by forming ultrafine particles
at a high density. The size of each ultrafine particle
is preferably as small as possible. Here, since it is
possible to disperse a large number of extremely small
metal ultrafine particles of a diameter of about 1 to 3
nm, densely in a matrix insulator by employing the above
simultaneous sputtering method, the method for forming
ultrafine particles is extremely suitable from the
viewpoint of the above charge retention performance and
insulation breakage, etc.

The reason why it is possible to disperse the
ultrafine particles in a small size at high density by
using the above simultaneous sputtering method, is that
since the metal ultrafine particles and the matrix

insulator are formed simultaneously, the matrix insulator

The

are
t he

e

Form ng 20 uldy.afidne PardintlRp d Sridt 8IF9h i 4.ab 5 QP the a igypal nt of

hedye tdiecuttd raf ivife Raldie] esAl®d Qdred 1,and t he



particles are fornmed at a relatively |low tenperature, it 10 becones possible
to stop the reaction for particle gromh in a non-equilibriumstate before
the particles grows to the thernodynam cally determ ned size. For these
yeasons, as the nethod for form ng charge retention [|ayer, the sinultaneous
sputtering method using a netal is target,and an insulator target, is
extrenely preferred. Further, a netal for formng the netal ultrafine

particles preiRicy @ esik SR aetefl Rt YHihe 88 DWs alish cl ose
to the work functions of the sem conductor substrate and the control gate,

for the 20 pwHeosSA tafaflintky gRsiUIG lIcArge rmeiwiid o iy naeix Here, the
wor k function of sem conductor substrate nmeans an energy difference between

its Ferm | evelsu\lnttomaunoti@elto Spapfdsaldartidld gypwefiersedidat the
netal has a work function of at least 4.2 eV and the difference 25 fromthe

wor k funct i omnedfals el toeifliied gariksligat eFattheent akdegatdel grawtmost 0.5 eV.
Further, the netal to be used for formng the netal 28 wultrafine particles

preferably hasoralitighgreld iwlg qioiniigranicrnrade aff firc isdradiBnta Ml | oni zi ng
energy in a semconductor is sufficiently smaller than a half of energy
band (herei nafdterl rieifresy ed-ttice lass gap etgradte yendarid yWwaprod tides
sem conductor, for the reasons that a high nelting point nmetal is stable in
a hi gh t enpenatadetemmdiad ey det drwel reeinigondeatrerdyremifact uri ng process
and that when the netal is diffused through the tunnel
However, in a sputtering method, since metal fine
particles are formed at a relatively low temperature, it
10 becomes possible to stop the reaction for particle growth
in a non-equilibrium state before the particles grows to
the thermodynamically determined size. For these
reasons, as the method for forming charge retention
layer, the simultaneous sputtering method using a metal
15 target and an insulator target, is extremely preferred.
Further, a metal for forming the metal ultrafine
particles preferably has a work function of not only
large but also close to the work functions of the
semiconductor substrate and the control gate, for the
20 purpose of increasing charge retention performance.
Here, the work function of semiconductor substrate means
an energy difference between its Fermi level and vacuum
level. Specifically, it is preferred that the metal has
a work function of at least 4.2 eV and the difference
25 from the work function of semiconductor substrate or

control gate is at most 0.5 eV.

Further, the metal to be used for forming the metal



insulation filmto reach the sem conductor substrate, the 10 netal does not
af fect generation and recoupling of electron and hole in the channel.
Specifically, the netal preferably has a nelting point of at |east 1,400C
and its ionizing energy is preferably at least 0.1 eV smaller than a half
of the gap 15 energy. By putting together 5the viewoints of work function,
melting point and ionizing energy, the netal for formng netal ultrafine

particles is specifigalpyrt pEeéerghtfeMbMe, hds, a Pdighi meT@ing p&int he |ike,
but it may be Gs, Re, Nb, Ru, Rh or Pt as well. 20 Further, In order to

obt ai n i nsul adhd®mdds WVeEnan agl aaemt wesed Ldhiafhdeepardyciesa the di stance
between netal ultrafine particles is preferably larger than the

pr edet er m nedsé&hbtandect @indi &t susf speentigashyl peef ehabl ¥ hatfleast 1 nm
Further, when the distance is too large, 25 high density of the ultrafine

particles is &gy coatd ai e rehta fieeor t higtyedt he &é sgapcenésgpy eigrabl y at
nost 5 nm The di stance between adjacent netal ultrafine 29 particles
substanti al | ypalepegals off the sexicseduatdn, of ort tite neéasocnsdchde ansul at or

in a target used for sputtering, and the di stance between adjacent netal
ul trafine parhigheseraindpepcimt rroéted by adabbéi g &hkrighntahpeeatatéeo.
Here, the distance between ultrafine particles in this explanation neans
t he shortest engiaceeent rimm ane i sdei tacdudedtneemmadaattr ahgnerpaesscl e and
the matrix insulator to an interface between another
and that when the metal is diffused through the tunnel
insulation film to reach the semiconductor substrate, the
10 metal does not affect generation and recoupling of
electron and hole in the channel.
Specifically, the metal preferably has a melting
point of at least 1,400°C and its ionizing energy is
preferably at least 0.1 eV smaller than a half of the gap
15 energy. By putting together the viewpoints of work
function, melting point and ionizing energy, the metal
. for forming metal ultrafine particles is specifically
preferably W, Mo, Ti, Pd, Ni, Ta, Cr or the like, but it
may be Os, Re, Nb, Ru, Rh or Pt as well.
20 Further, in order to obtain insulation between
adjacent metal ultrafine particles, the distance between
metal ultrafine particles is preferably larger than the
predetermined distance, and it is specifically preferably
at least 1 nm. Further, when the distance is too large,
25 high density of the ultrafine particles is hard to

obtain, and accordingly, the distance is preferably at

most 5 nm. The distance between adjacent metal ultrafine



ultrafine particle and the matrix insulator when these 10 two ultrafine
particles are adjacent to each other. Meanwhile, the matrix insulator 4b is
preferably a material having low electron affirmty which easily becones
anor phous, for the purpose of increasing charge retention performance.
Further, the matrix insulator 4b is prefeégbly has a high nelting point for
the reason that such a matrix insul ator is stable in a high tenperature

envi ronnent i 4che 198M LANGUGHOR 1 IPHERGIHY I HOESEuPeddisald y, the
electron affirmty is preferably at nost 1.0 eV, and the nelting 20 point

is preferabl yial ffRast shAQ¥e BwBHddNGn ORI theyiguwpoi nts of

electron affirmty, easiness of form ng anorphous and the nelting point,

the matrix igeROMAD drtt RS fiahlah &N RGP URI RIS dletrde of e g.
Si2. As an alternative, an anorphous A1203 or TiQ2 "~ 25 may al so be

enpl oyed. HoEV&laf WD £th.c1dk BEfied TR a5, e udmitdd X Hasul at or
4b of the charge retention layer 4, an 30 oxide usually contains a |arge

nunber of sdefgsittrduadtd o shaetagetak axyganceusbrascaxyderaghoet age type
defects or free valencies (hereinafter sinply referred to as defects due

to oxygen sh@ydrade;ildde i aHies poididit tSi diehididd Ahd SsRMHdRI @lsude
defects such as shortage type defects or free valencies in an insulator

such as a niflrdnflerptiiffedtfide Gdtt@den tdiend traflitee frd oM g arfll alleem
Nanely, an electric charge retained in an
matrix insulator to an interface between another
ultrafine particle and the matrix insulator when these
10 two ultrafine particles are adjacent to each other.
Meanwhile, the matrix insulator 4b is preferably a
material having low electron affirmity which easily
becomes amorphous, for the purpose of increasing charge
retention performance. Further, the matrix insulator 4b
15 preferably has a high melting point for the reason that
such a matrix insulator 4b is stable in a high
temperature environment in the semiconductor
manufacturing process. Specifically, the electron
affirmity is preferably at most 1.0 eV, and the melting
20 point is preferably at least 1,400°C. By putting
together the viewpoints of electron affirmity, easiness
of forming amorphous and the melting point, the matrix
insulator 4b is preferably an amorphous material made of
e.g. Si0,. As an alternative, an amorphous Al,0; or TiO,
25 may also be employed.

However, when e.g. an oxide is employed as the

matrix insulator 4b of the charge retention layer 4, an



ultrafine particle easily noves to adjacent another 10 ultrafine particle
vi @& such a defect due to oxygen shortage, to cause deterioration of

i nsul ation between wultrafine particles. In order to avoid such
deterioration of insulation, it is necessary to bond oxygen atons to a

| arge nunmber of 15 defects due to oxygen3%hortage such as oxygen shortage
type defects or free valencies contained in the matrix insulator of the

charge retentdofid ayfliallp DY End heseardlehBalise duss th QYEeNIshord age.
Here, renoval of these ef ects due to oxygen shortage needs to be carried

out so 20 as gWbréfy@Xdfli @eydli raldmes PastysdeSshdy SRECT i Se NBEFOLL st O

suppress oxidization of ultrafine particles and at the sanme tinme to bond

oxygen atons ¢p gedecisidicide mdaeinafidt danglegcrd hegrd@tes. adhe nethod
for formng the gate insulation film5 25 formed on the charge retention

layer 4 are r@agidys &ad egordzesen o Ptegd Cadhd addi e pRidiDsls and cheni cal
form ng nethods, and any one of these nethods nmay be used 31 for formng

the gate isnsudétiwntioh mS, appwliddesesaeihadisfecashsbas & nefiottansd denmerit.
First of all, in a physical form ng nethod such as a sputtering mnethod,

since the filtyporde gt enper ek evaberi€l@d i Melan | wsubatdereudls asngerit
that oxidation of a floating gate 4al in the underlying charge retention
| ayer 4 can heitsidpresised. tidonwesetde s) Nelee e gbd echasfb Bl dwindi | m formed by
this method contains nany defects due to oxygen
problem. Namely, an electric charge retained in an
ultrafine particle easily moves to adjacent another
10 ultrafine particle via such a defect due to oxygen
shortage, to cause deterioration of insulation between
ultrafine particles.
In order to avoid such deterioration of insulation,
it is necessary to bond oxygen atoms to a large number of
15 defects due to oxygen shortage such as oxygen shortage
type defects or free valencies contained in the matrix
insulator of the charge retention layer, to remove these
defects due to oxygen shortage. Here, removal of these
defects due to oxygen shortage needs to be carried out so
20 as not to oxidize ultrafine particles. A specific method
to suppress oxidization of ultrafine particles and at the
same time to bond oxygen atoms to defects of the oxide,
will be described later.
The method for forming the gate insulation film 5
25 formed on the charge retention layer 4 are roughly

categorized into physical forming methods and chemical

forming methods, and any one of these methods may be used



shortage, its insulation performance is generally low 10 Accordingly, in a
case of forming the gate insulation filmb5 by a physical form ng nmethod, an
effect of suppressing ultrafine particles 4al present in the underlying
charge retention layer 4, is high, but insulation performance of the gate
insulation film5 15 itself becones | ow a result, the possibility that
an electric charge accunulated in the ultrafine particles 4al |eak through

a | arge nunbefo0fr defield it |RMA Sind18%e¥n i 1hhe I¥R idkdatidihddd m 5
into the control gate 6, increases, and the charge retention performance

20 of the el e HigCILaRAS+t Ghd RRnihier. handsti Braachemigak form ng met hod
that is nore widely used for formng an insulator than a physical formng

net hod, the denaitaaloff defiesf medid GuddXgen spRtras g mdtHdwsul at or
formed, is low, and its 25 insulation performance is generally higher than

that obtai nedrne ahhySilesl f i g gigidiedurddoviey afel dtiva 1w cal form ng
nmethod, the filmformng tenperature is 32 generally high, and there is a

demerit that dHereulity &f ineritpasHdtcles dalidm dfhe Wwlderd o gaahearags rigt enti on
| ayer 4 tend to be oxidized at a time of filmformng. Accordingly, in a
case of formtlg thislgdle rigsiHaideonrex dritdinord layeax cheydrcale f or m ng net hod,
the insulation performance of the gate insulation film5 itself is high,
but the ultrafiprraardd cl Eswéatrcostiaiceed gatthénsuddedbyi figlahdogaed
retention layer 4 tend to be oxidized.
by this method contains many defects due to oxygen
shortage, its insulation performance is generally low.
10 Accordingly, in a case of forming the gate
insulation film 5 by a physical forming method, an effect
of suppressing ultrafine particles 4al present in the
underlying charge retention layer 4, is high, but
insulation performance of the gate insulation film 5
15 itself becomes low. As a result, the possibility that an
electric charge accumulated in the ultrafine particles
4al leak through a large number of defective levels
present in the gate insulation film 5 into the control
gate 6, increases, and the charge retention performance
20 of the element decreases.
On the other hand, in a chemical forming method that
is more widely used for forming an insulator than a
physical forming method, the density of defects due to
oxygen shortage in an insulator formed, is low, and its
25 insulation performance is generally higher than that

obtained by a physical forming method. However, in a

chemical forming method, the film-forming temperature is



Nanely, a situation opposite to that in a case of using a io physical
forming method, is realized. Wen the floating gate 4al is oxidized, an
energy level for retaining electric charge increases, and as a result, a
potential harrier decreases and the charge retention perfornmance
decreases. is As described above, two typ$§ of nmethods considerable as

nmet hods for formng the gate insul ation Ilmb5, nanely, a physical formng

method and a gdisiLlly Highj nghdredhexs #ach dasedi Proleniwtutesisapt e from
the viewpoint of charge retention performance of an elenment. 20 Problens to

be sol ved in ghesiaclew 400 nimghethiatier ofiddiechgage tasaneddon dyémb, are
to decrease defects due to oxygen shortage in the gate insulation film5 in

the case of fpENGitcalbd osaddigzetetdtod tamk tef decIeatermiglat i on of
ultrafine particles 4al present in the underlying charge 25 retention |ayer
4 in the caseacfordiamiloal Frorari caperetfhatbrmiYoy, tles @t elaihoml stethict | on
treatnment nmethod according to the present invention which solves the 33
above- menti onedlmprotibens, chdnil cdile emcindeatetiistdlg tdse ansekanjpde of a
construction that the charge retention layer 4 conprises netal ultrafine
particl es ancherfhmtmance i ofsS utlag ayatrmdinsodl sani axxi ffelm afidit dal f the lgiagle,
insulation 5 film5 is an oxide fornmed by using a physical formng nethod.
Here, the turmet thesulbtrahide IppXiclessAakddentabeednioxile. An oxi di zi ng
agent for renoving defects due to
underlying charge retention layer 4 tend to be oxidized.
Namely, a situation opposite to that in a case of using a
10 physical forming method, is realized. When the floating
gate 4al is oxidized, an energy level for retaining
electric charge increases, and as a result, a potential
barrier decreases and the charge retention performance
decreases.
15 As described above, two types of methods
considerable as methods for forming the gate insulation
film 5, namely, a physical forming method and a chemical
forming method, each has a problem not desirable from the
viewpoint of charge retention performance of an element.
20 Problems to be solved in these two forming methods of the
gate insulation film 5, are to decrease defects due to
oxygen shortage in the gate insulation film 5 in the case
of physical forming method, and to decrease oxidation of
ultrafine particles 4al present in the underlying charge
25 retention layer 4 in the case of chemical forming method.

Now, an oxidation reduction treatment method

according to the present invention which solves the



oxygen shortage in the oxide, and a reducing agent for 10 reducing the
oxi'di zed netal ultrafine particles, are assuned to satisfy the follow ng
standards. First of all, the oxidizing agent has to be a nmaterial having
sufficient oxidizing power for oxidizing an easily oxidizable material such
as Si, but not oxidizing a is hardly oxidihzable material such as N or W
Meanwhi | e, the reducing agent has to be a material satisfying a condition

that it can rasiee el shed Qo Zahd ¢ wRl Brbal e Seeibas MMigy b it does

not reduce an easily oxidizable material. Here, hardly oxidizable and

easily 20 oxidghtagdle of ea tesidefedt el thatising ehdejerateantiee 1epergy for
form ng an oxi de as descri bed above. As an oxi de satisfying the above

condi tions, H2QomMNPse N a NQ1INPAE i 150 pa BBl £82andQ afia O may, for
exanpl e, be used for oxidizing Si. Further, as a 25 reduci ng agent

sati sfying thenaloe€antdd | ©ohsan HxidNES, andN2tKa t N2, gd¥2 oinddiatrbon f or
exanpl e, be used. Especially, using H2O as an oxi di zi ng agent and using H2
34 as a sedutilng mgentan Soxide nbsimekdey | eind o Shigdt cakafonsitdiat
i nfluence of residual by-product is relatively small, they are extrenely
wi dely used imetthodonHeMs ,ontdle semnednduciudra timmuffadinurd Ng @aeess] tdere s
are many academ c and techni cal know edges already obtained for these
gases, and thHs¢ damttide. of these gases is relatively easy. Here, e.g. 02
or 03 may be used as an oxidi zing
An oxidizing agent for removing defects due to
oxygen shortage in the oxide, and a reducing agent for
10 reducing the oxidized metal ultrafine particles, are
assumed to satisfy the following standards. First of
all, the oxidizing agent has to be a material having
sufficient oxidizing power for oxidizing an easily
oxidizable material such as Si, but not oxidizing a
15 hardly oxidizable material such as Ni or W. Meanwhile,
the reducing agent has to be a material satisfying a
condition that it can reduce a hardly oxidizable material
such as Ni or W but it does not reduce an easily
oxidizable material. Here, hardly oxidizable and easily
20 oxidizable are terms defined by using a formation free
energy for forming an oxide as described above.
As an oxide satisfying the above conditions, H,0,
NO,, N,04, NO, N,0, S0,, 80,, CO,, CO or HClO may, for
example, be used for oxidizing Si. Further, as a
25 reducing agent satisfying the above conditions, H;, NHj,

N,H,, N;H,, CO or CH; may, for example, be used.

Especially, using H,O as an oxidizing agent and using H,



agent, but there occurs production problens such that 10 these materials
have extrenely strong oxidizing power and they oxidize netal ultrafine
particles that are supposed to be reduced, whereby the equilibrium
ctondition at which reduction reaction becones dom nant noves to a high
tenperature side. In a case of using thesg,strongly is oxidizing agent for
oxi di zing defects due to oxygen shortage in an oxide, it is preferred to

use e.g. H2 o Nedidihg eafditviily oMd ddte e entd A2 AlcH3, as a
reduci ng agent, so that they sufficiently react to produce e.g. H20 gas

before they afeaddiy atiied refsl whdd et Ry AldIDIRhg R iuse the produced
reacted product as an oxidizing agent. Next to H20 and H2, a nitrogen type
conpound i s y¥lefteirfedd, asnall 0UHEZ idYe: ageitemdIsy eyiddlyt hisedase,ait S

necessary to note generation of nitrogen conpound as a 25 by-product, and it

i s necessary donaiyieptd latedni dadne: ors wethuf Ju turagen fraaeamnd.tHard he ot her
hand, a carbon type conpound or a sul fur type conpound are not preferred 35

since sol 6d kyrepmedictacitdnias grapddimicalc &l ed@pailncady a sul fur
conpound tends to be precipitated and renoval of these by-products becones
necessary. Framained for tdmbenaswe dndxygilematdreilind of tdsseed that 5
H20 i s used as an oxidizing agent, H2 is used as a reducing agent and each
of the above gmdedesid seHisd2ivels ggadyis a view for illustrating oxidation
reduction conditions in a construction that ultrafine
Here, e.g. O, or O3 may be used as an oxidizing
agent, but there occurs production problems such that
10 these materials have extremely strong oxidizing power and
they oxidize metal ultrafine particles that are supposed
to be reduced, whereby the equilibrium condition at which
reduction reaction becomes dominant moves to a high
temperature side. In a case of using these strongly
15 oxidizing agent for oxidizing defects due to oxygen
shortage in an oxide, it is preferred to use e.g. H;
having high reactivity with the above e.g. O, or 03, as a
reducing agent, so that they sufficiently react to
produce e.g. H,O gas before they are introduced as
20 treatment atmosphere, and use the produced reacted
product as an oxidizing agent.
Next to H,O0 and H,, a nitrogen type compound is
preferred as an oxidizing agent. Here, in this case, it
is necessary to note generation of nitrogen compound as a
25 by-product, and it is necessary to appropriately remove

such a nitrogen compound. On the other hand, a carbon

type compound or a sulfur type compound are not preferred



particles are made of Wor Ni and a matrix insulator is 10 nmade of Si02. In
t he oxidation method of the matrix insulator and the reduction nethod of
ultrafine particles according to the enbodi nent of the present invention, a
m xed gas of H20 gas and H2 is used as an atnospheric gas. In Fig. 2, the
vertical axis represents a partial is prg$sure ratio (hereinafter referred
to as H2 partial pressure ratio to H20) of H2 based on H20, the | ateral

axi s represendnce tIPRI AypHprddict Bacdh ofs theaphirees a shomponn Fig. 2 is
cal cul ated under the condition that each of H2 and H2ZO is an i deal gas

havi ng a fugasiripowi cnefd iailenir dondpourd thendal tadlliad ipre ®fpLtat@s shown in
Fig. 2, a saturated vapor pressure of H2Ois used as a partial pressure of

H2O i n a tenmaidtzgoraingsf afhd£s oyt-arodudC.bddbidiemeddes Oty Ve Fdescr i bed
as "Si" indicates 25 that Si is reduced by an atnospheric gas in a region

above the currvew antbiSicarsverd ehge bbhyearil aiamispheritt gasasdumed riggaton bel ow
the curve. The curves described as "W 36 and "N " respectively, indicate
t he sane manr@O. ilsn uskel taseanmesti dianngemenng dief €6t asddeatoaoxygen
shortage, at a tenperature |ower than a predeterm ned tenperature, the
reacti on speecedwsciroy ageht hend rexsathresft the iateobecmneded oig. S1, .t he ot her
hand, at a tenperature higher than the predeterm ned tenperature,
aggl oneration ofFneta? fsne poevi Ldesikblastsatingcoxidatiohe netal and the
i nsul ator forma new conpound at their interfaces,
reduction conditions in a construction that ultrafine
particles are made of W or Ni and a matrix insulator is
10 made of Si0O,. In the oxidation method of the matrix
insulator and the reduction method of ultrafine particles
according to the embodiment of the present invention, a
mixed gas of H,0 gas and H, is used as an atmospheric
gas. In Fig. 2, the vertical axis represents a partial
15 pressure ratio (hereinafter referred to as H, partial
pressure ratio to H,0) of H, based on H,0, the lateral
axis represents a temperature (°C). Each of the curves
shown in Fig. 2 is calculated under the condition that
each of H, and H;0 is an ideal gas having a fugacity
20 coefficient of 1.
In the calculation of curves shown in Fig. 2, a
saturated vapor pressure of H,0 is used as a partial
pressure of H,O in a temperature range of less than
100°C. Further, the curve described as “Si” indicates
25 that Si is reduced by an atmospheric gas in a region

above the curve and Si is oxidized by an atmospheric gas

in a region below the curve. The curves described as “W”



such being not preferred. Further, it is also not 10 preferred that the
matrix insulator, the gate insulation filmand the tunnel insulation film
are partially crystallized by the high tenperature treatnment. \Wen el ectric
charge retained in an ultrafine particle noves through an insul ator by
tunnel conduction, 15 and when the insulgtor is anorphous, a material wave
of electric charge tends to be scattered Since the lattice arrangenent of

the insul atoryfs$ vNieHd HoctWRRIIBDY il c MY RN Be @lBRIdd C charge to
adjacent ultrafine particles, the control gate and the sem conductor 20

substrate by the funngl GANHUAIONEoH SreRPITRS Rk QL de «f hgtydand, when

the insulator is crystalline, since its lattice is regularly arranged, the

material wavesHrtRJeECtdtd G e dtiandyad kst bt dhe fmyenment by

t he tunnel conduction becones relatively easier than the 25 case of

anmor phous. Thiesnpehraittires, e MR g dey ingy el AR Al tingdntcs
required for the charge retention |layer, and the gate insulation film and

the 37 tynnelinienPdcnemn fddgn BhroghthesBe-easans, atha texpdahicamer eduction
treatnment in the present invention is preferably carried out in a

t enper at ur e raRGR 10 ft Hard healpadd 5@ e D HGpantt Uiy & fdffeteakitidm a
range of s from 700C to 800C. Further, in an actual oxidation reduction

treatment, afSagal eipey intas led eypartal We ducinrgr ttat ddeal saple in a
state of roomtenperature is noved into an

the insulator form a new compound at their interfaces,
such being not preferred. Further, it is also not

10 preferred that the matrix insulator, the gate insulation
film and the tunnel insulation film are partially
crystallized by the high temperature treatment.

When electric charge retained in an ultrafine

particle moves through an insulator by tunnel conduction,

15 and when the insulator is amorphous, a material wave of
electric charge tends to be scattered since the lattice
arrangement of the insulator is irregular, whereby the
movement of electric charge to adjacent ultrafine
particles, the control gate and the semiconductor

20 substrate by the tunnel conduction, is suppressed. On
the other hand, when the insulator is crystalline, since
its lattice is regularly arranged, the material wave of
electric charge is hard to be scattered, the movement by
the tunnel conduction becomes relatively easier than the

25 case of amorphous. This state is not preferred

considering the characteristics required for the charge

retention layer, and the gate insulation f£ilm and the



oxi dation reduction treatnent furnace, subjected to an i o oxidation
reduction treatnent at a predeternined tenperature, and thereafter, noved
to the outside of the oxidation reduction treatnent where the tenperature
is a roomtenperature. However, during the oxidation reduction treatnent,
it is necessary to satisfy the 15 oxidatign reduction conditions in the
entire tenperature range that the sanple wafer experiences. Considering

this point, camdel iefswaitdicd fressureomathesal rbBgonat,mgRrheric gas is
i nportant. For exanple, when the ultrafine particles are made 20 of W when

the treat mentoxislaidirdn atkdubt iddn addfaddntin i gmddder ofnv&Gord higs H2
partial pressure ratio to H2O nmay be within a range of from 101 to 108 from

Fig. 2. Howpweiferdbla, temmperal W liowel tdigeddtivrd angeye adf afrdm N of e. g.
novi ng the sanple into or out fromthe 25 oxidation reduction treatnent

furnace, the gxddd aoo°pr €8SVING°C At 4RAOhotR pLetREUPERISNt @ Bgnbaceeased, for
exanpl e, to about 107 or higher at a roomtenperature to 38 avoid oxidation

of W Accerdifivdny,7@t°catbi meoof. noving the sanple into or out fromthe
oxi dation reduction treatnent furnace, it is necessary to sufficiently
decrease the H2O pasthpsurf | b 4ot esstuael | oxideet 1o at et t Sof Ut Negemernd f or
this purpose, it is necessary to stop supply of H20O gas and sufficiently
di scharge thea gesndle ddtpemidrsiate oftdnpefatnnese aidMtothithdt nehe by once
evacuating the inside of the
sample in a state of room temperature is moved into an
oxidation reduction treatment furnace, subjected to an
10 oxidation reduction treatment at a predetermined
temperature, and thereafter, moved to the outside of the
oxidation reduction treatment where the temperature is a
room temperature. However, during the oxidation
reduction treatment, it is necessary to satisfy the
15 oxidation reduction conditions in the entire temperature
range that the sample wafer experiences. Considering
this point, control of partial pressure ratio of the
atmospheric gas is important.
For example, when the ultrafine particles are made
20 of W, when the treatment is carried out at a treatment
temperature of 750°C, the H; partial pressure ratio to H,0
may be within a range of from 10' to 10® from Fig. 2.
However, at a temperature lower than this range, at a
time of e.g. moving the sample into or out from the
25 oxidation reduction treatment furnace, the partial

pressure ratio of H, to H,0 needs to be increased, for

example, to about 10’ or higher at a room temperature to



oxi dation reduction furnace to a pressure of about 10-2 10 Pa or |ower,

foll owed by introducing H2 gas, it is possible to securely discharge H2O
gas, such being nore preferred. Meanwhile, when the ultrafine particles are
made of Ni, the lower limt value of the H2 partial pressure ratio to H20
remar kably decreases to about 10-2, is ang t he tenperature range neeting the
oxi dation reduction treatnent according 8 the present invention, is w de.

Further, when,@,phus@lasyioh &ynes ofcdBlals iy e £y etk Je mysapl e, it
is preferred to acconmmodate the treatnent condition to the condition of

metal materialnbayhigl &hend HArEQVeEEoR OPROT Hk 1\da €054 Li Q£ 8Hge. By
appropriately carrying out the oxidation reduction treatnent, it is

possible to avpigipehdatupRaol, ide;sefabesbdrpfidesppEibcdes1pr reduce the
oxidized portion, and at the sane tine bondi ng oxygen atons wth 25 oxygen

shortage typejdefests ohe flige 9! Yu3eS 10pddeuXide Bl agYtatehit he netal

ultrafine particles. As a result, it becones possible to i nprove charge

retentions39 rpekhies Mease Pbr atmp@vledlﬁﬁtaéé@, S LONGIEL 9% 2 PR S Vs €bgMENt
using netal ultrafine particles as a floating gate. However, there is a

case where asg@pglecelfigfigf dle suarove i datd irHAdc i JdLatdrent
nmet hod, hydrogen 5 atons enter into an atom c bondi ng network of the oxide,

and bond w t h- Qxygehs a8ONBft ©hé OF B &tgroups to cut or termnate the
bondi ng network. Since the OH groups may adversely affect e.g. the

At this time, by once evacuating the inside of the
oxidation reduction furnace to a pressure of about 1072

10 Pa or lower, followed by introducing H, gas, it is
possible to securely discharge H,0 gas, such being more
preferred. Meanwhile, when the ultrafine particles are
made of Ni, the lower limit value of the H; partial
pressure ratio to H,O remarkably decreases to about 1072,

15 and the temperature range meeting the oxidation reduction
treatment according to the present invention, is wide.
Further, when a plurality of types of metals are employed
in a sample, it is preferred to accommodate the treatment
condition to the condition of metal material having the

20 narrowest conforming condition range.

By appropriately carrying out the oxidation
reduction treatment, it is possible to avoid oxidation of
the metal ultrafine particles or reduce the oxidized
portion, and at the same time bonding oxygen atoms with

25 oxygen shortage type defects or free valencies of the

oxide adjacent to the metal ultrafine particles. As a

result, it becomes possible to improve charge retention



melting point and the insulation performance of the 10 oxide, it becones
necessary to renove the OH groups fornmed by carrying out the above oxidation
reduction treatnent. For this reason, after the above oxidation reduction
treatnment, it is necessary to continuously carry out annealing (hereinafter
referred to as inert 15 atnosphere annealgﬁg) in an inert atnosphere or a
reduced- pressure atnosphere, to di scharge hydrogen atons bonded wi th oxygen

atonms and fO:gExfﬂa_ﬂ‘érgfé)% 4 hdlio1 AU e cddifudd dMmddb AP d I&fdnt
at nosphere annealing for the purpose of 20 renoving OH groups, it iIs

necessary to LPJiCHQ Gl Nerdmd £ 1 Rt iU dd Jenf f1atCcilld idwr OH bonds to
| et the hydrogen atons free, and to quickly discharge the TJQenerated H2 to

the outside qfofdiReSYSirdte &Kl d tcdse WIRGASSAY Ya 10 AVl O QX A& 114 reacti on
of nmetal ultrafine 25 particles and reduction reaction of the oxide. For

this purposgpdhe d:eidt AADsRNEs 6 HINGA d O md o PUTBREEog& T enovi ng
OH groups, is preferably carried out in an 40 inert gas or in a

reduced- pressiiénAtdmshet o B &t dic BaRIing ase tBfore BIE chdr &84 €
at nosphere, should be controlled and maintained also at tinmes of noving a

sanpl e into aih BEnd RINBH heRydrladd il e Ul el Jregiaend du na€e. I n
order to provide sufficient thermal energy to cut OH bonds, it is preferred

to set the trestwRidte M aR IRy et . | east 600C. On the ot her hand,

Since the OH groups may adversely affect e.g. the
melting point and the insulation performance of the
10 oxide, it becomes necessary to remove the OH groups
formed by carrying out the above oxidation reduction
treatment. For this reason, after the above oxidation
reduction treatment, it is necessary to continuously
carry out annealing (hereinafter referred to as inert
15 atmosphere annealing) in an inert atmosphere or a
reduced-pressure atmosphere, to discharge hydrogen atoms
bonded with oxygen atoms and forming OH groups to the
outside of the film.
In an inert atmosphere annealing for the purpose of
20 removing OH groups, it is necessary to provide a thermal
energy sufficient for cutting OH bonds to let the
hydrogen atoms free, and to quickly discharge the
generated H, to the outside of the system, and it is
necessary to avoid oxidation reaction of metal ultrafine
25 particles and reduction reaction of the oxide. For this
purpose, the inert atmosphere annealing for the purpose

of removing OH groups, is preferably carried out in an



when the tenperature is too high, aggloneration of netal 10 ultrafine
particles beconmes to occur, or the netal and the insulator forns a new
conpound at their interfaces, such being not preferred. Further, at a high
tenperature, the matrix insulator, the gate insulation filmand the tunne
insulation filmare partially is crystallized, such al so being not

|
preferred. Wien electric charge retained f8 an ultrafine particle noves

through the isulalols by el e SRMIGH AMbu AN A | NELR, Ok res

anor phous, since the lattice arrangenent of the insdlator is irregular, 20

the material mave Qfad M SleRlddE Shads-d endsdimde , saaltrl ek and

novenment of the eléectric charge to adjacent ultrafine particles, the

control gate Qind:hel 1 SEHRPMHGHOL AUDSITE b £hes tinnely GRpdUCt i on, i s

suppressed. On the other hand, when the insulator is 25 crystalline, since

the lattice ighoegulady Ad agekrdendmberdal i Waveficdivy el ectric charge
is hard to be scattered, and novenent of the electric charge by tunnel 41

conducti og bacumside! atiMelae easier than the case of anorphous. This state
is not preferred considering the properties required for the charge

retention layer, theordsterd NStbd dONshff 2k tgethiDebné RSyl b1 R fil m
For s the above reasons, the treatnent tenperature is preferably from about

600C to 900C,onychdy efiar al Yordfom a0 tax 80 Ke thhextaxddat i on reduction
treatment and the inert

temperature to be at least 600°C. On the other hand,
when the temperature is too high, agglomeration of metal

10 ultrafine particles becomes to occur, or the metal and
the insulator forms a new compound at their interfaces,
such being not preferred. Further, at a high
temperature, the matrix insulator, the gate insulation
film and the tunnel insulation film are partially

15 crystallized, such also being not preferred.

When electric charge retained in an ultrafine
particle moves through the insulator by tunnel
conduction, and when the insulator is amorphous, since
the lattice arrangement of the insulator is irregular,

20 the material wave of the electric charge tends to be
scattered, and movement of the electric charge to
adjacent ultrafine particles, the control gate or the
semiconductor substrate by the tunnel conduction, is
suppressed. On the other hand, when the insulator is

25 crystalline, since the lattice is regularly arranged, the
material wave of the electric charge is hard to be

scattered, and movement of the electric charge by tunnel



at nosphere annealing in an inert gas atnosphere or a 10 reduced-pressure

at nosphere, may be carried out in any step on and after formng of the
charge retention layer, and it can be carried out an optional nunber of
times. However, the oxidation reduction treatnment and the inert atnosphere
annealing are treatnents mainly effective,for 15 the charge retention |ayer,
the gate insulation filmand the tunnel insulation film and accordingly,

it is the mandiefRmtecsirtd il futvaly) efad i tithPftHdeHad &f | nsul ation
film In a case of carrying out the oxidation reduction 20 treatnent after

deposi ting angidigshdid m afhlier stard Ag hbe eqe Pl it idve e and the

gate insu!ation filn15 it I's necessary t the reaction material is
diffused in ghsp ﬁéi%diﬂéﬂaﬂ&rtﬁ%%ﬁ@@ £hodgel sret enpdon digyer 4
and the gate insulation f In the same manner, in 25 order to discharge

reacti on produpie tinhduieaoid:si fiel wfaideches i@l lin.‘t,@lmsﬁml hatort he
reaction product is diffused through the deposited filmto nove to the 42

surface of t hthsahdwe Pawehsucathdgiffasimnt akagpoardtong: isnme, it is not
preferred to carry out the treatnment in a state that the above another film

i's thickly depasid€ghljomeserabdut WEEC e nepac! ﬂi_@kér?%@éﬁébﬂ)?rt' ons of
s the charge retention |layer 4 and the gate insulation film 5, or in order

to repair a detsfitgyeticedpancons of the control gate 6, that are caused by
a plasma damage at a tinme of gate fabrication or other reactions, it is
The oxidation reduction treatment and the inert

atmosphere annealing in an inert gas atmosphere or a

10 reduced-pressure atmosphere, may be carried out in any
step on and after forming of the charge retention layer,
and it can be carried out an optional number of times.
However, the oxidation reduction treatment and the inert
atmosphere annealing are treatments mainly effective for

15 the charge retention layer, the gate insulation film and
the tunnel insulation film, and accordingly, it is the
most preferably carried out after forming of the gate
insulation film.

In a case of carrying out the oxidation reduction

20 treatment after depositing another film after forming the
charge retention layer 4 and the gate insulation film 5,
it is necessary that the reaction material is diffused in
the deposited film and reaches the charge retention layer
4 and the gate insulation film 5. In the same manner, in

25 order to discharge reaction product to the outside of the

system, 1t is necessary that the reaction product is

diffused through the deposited film to move to the



extrenely effective to carry out the treatnment again 10 after the gate
fabrication. Further, when side walls 9 are formed on gate sidefaces after
the gate fabrication, and when the form ng of the sidewalls is carried out,
for exanple, by a CVD nethod, the ultrafine particles may be oxidized in
the step of depositing the sidewall filns,,is Also in this case, it is
preferred to carry out the above oxidation reduction treatnment and the

inert at nDsphairacRldg ed e af kehckheutar ai fguefi osi dawek! s. 15hg
control gate 6 may be nmade of any one of a polycrystal Si containing

impurities, ainetalitSig2haompaighrad R dardy oMl x radeidrd as 2
conbination of a plurality of materials such as a |lamnation of the above
materi al s. | sterdercHay iy bW idridtheand idmasing hiepdnatdepovsipartls, the
resi stance of the control gate is preferably Iow, and the control gate
preferably has a Bovesheel iesoésdemnco oferpdinoddtar {@sapedperpt@ierabl y at
nost 1 0/sq. In a case of using a polycrystal Si for the control gate, when
the contrel gdte dimm@pplteatbrita an 4AhyatMISERE then-dagee dimmilration stilsual |y
contained in the polycrystal Si, and on the other hand, when the control
gate is appli®d dw in pMdsht o agpdipea idgueriordted ysualidogncant aileed i n t he
polycrystal Si. 5 A source region 7 and a drain region 8 preferably have
shal | ow j unctaartreEgigate %, tBmtr especddusdd/ Hyo argkensnsd ajresagd datmpurity

concentrations in the vicinities of connection regions of the regions 7, 8
with the channiele of gate fabrication or other reactions, it is
extremely effective to carry out the treatment again

10 after the gate fabrication. Further, when side walls 9
are formed on gate sidefaces after the gate fabrication,
and when the forming of the sidewalls is carried out, for
example, by a CVD method, the ultrafine particles may be
oxidized in the step of depositing the sidewall films.

15 Also in this case, it is preferred to carry out the above
oxidation reduction treatment and the inert atmosphere
annealing again after the forming of sidewalls.

The control gate 6 may be made of any one of a
polycrystal Si containing impurities, a metal Si

20 compound, a metal or a complex material as a combination
of a plurality of materials such as a lamination of the
above materials. In order to improve writing and erasing
operation speeds, the resistance of the control gate is
preferably low, and the control gate preferably has a

25 sheet resistance of at most 5 Q/sqg, more preferably at
most 1 Q/sqg. In a case of using a polycrystal Si for the

control gate, when the control gate is applied to a



to thereby weaken electric field intensity in the lateral 10 direction (a
direction in parallel with sem conductor surface) in order to suppress
generation of excessive hot <carriers. In these shallow junction regions 7a,
Ba, the inpurity concentrations are |lower and the junction depths are
shal | ower than those in contact regions 733 8b. 15 In order to formthe
above shallow junction regions 7a, 8a and"the contact regions 7b, 8b,

sideval I's 9 afysi®r Med Qg e whdefapess L1 heoad tnd@ D Provi ded
with sidewalls 9 neans an entire portion constituted by the tunnel

insul ation figdyerydeaLhed gean@t@ntimd dayer Rdxd, wien gehe dasttation film
5 and the control gate 6. This definition is applied hereinafter. These

side walls adsoiseipeliad dasreaMoIVeT | ap pegypasimpuiheygase With the
source region 7 and the drain region 8, particularly overlap regions of the

gate with theucgl Betco g DNsd 7in tRS Sbl yeirygedi obi concentration i npurity
regions. By decreasing overlap regions, it is possible to decrease

par asi ti c scapaci t angeufoe nedgiont hesedr£giipasn asgdidtn d4dprpfevadeyeffects of
hi gh speed operation and | ow power consunption of the elenent. Further, for

t he purpose diave ufipd EBSw NMpuneakagerdgiovwen’d hes s otk See@ntivé e €l amakén a
m croelement, it is preferred to forma halo ion 5 inplantation region 10.
As descri bed aboyes ofi ireupt of esendatt paoibies non  tloevel @lnleisenb£onduct or
menory el ement according to the enbodinment of the present invention, in a
nonvol atil e connection regions of the regions 7, 8 with the channel,
to thereby weaken electric field intensity in the lateral
10 direction (a direction in parallel with semiconductor
surface) in order to suppress generation of excessive hot
carriers. In these shallow junction regions 7a, 8a, the
impurity concentrations are lower and the junction depths
are shallower than those in contact regions 7b, 8b.
15 In order to form the above shallow junction regions
7a, 8a and the contact regions 7b, 8b, sidewalls 9 are
formed on gate sidefaces. Here, the gate to be provided
with sidewalls 9 means an entire portion constituted by
the tunnel insulation film 3, the charge retention layer
20 4, the gate insulation film 5 and the control gate 6.
This definition is applied hereinafter. These side walls
9 also serve to decrease overlap regions of the gate with
the source region 7 and the drain region 8, particularly
overlap regions of the gate with the contact regions 7a,
25 8b being high concentration impurity regions. By

decreasing overlap regions, it is possible to decrease

parasitic capacitance formed in these regions, and to



sem conductor nenory el enment having a construction that a io hardly

oxi di zabl e material conposed of e.g. W N or Co is used as a ultrafine
particle floating gate or a single floating gate, and an oxide of an easily
'oxi di zable material such as SiQ2 is used as an insulator surrounding the
floating gate, wherein the ultrafine part%}%le 15 floating gate or the single
floating gate and the insulator are simltaneously fornmed by using a

physi cal forduig qetdiadcdd dS Hasidded Qand %y 38k alQMpimdh €. 9.
oxygen shortage type defects or free valencies in an insulator such as Si02

while the ul tdg{dunptiadd iH a0 diaridtng gatenak,t kersihgl Fufrb%_tei Bg gate is
not oxidized or while it is reduced, whereby it is possible to inprove

i nsul ation pesfpyraditiePh ddiadd B ldin THe Padid e tHd aatd g gate such
as the nmetal ultrafine particle floating gate, and to decrease the ratio of

oxi di zed 25 wlidrddiRandiad ! iid e igrdafddatd b@ate haml idnis possible to
produce a nonvol atil e sem conductor nenory el enment having high charge

retentionsperfngyinance:ictb rdgiidhera. in a nonvol atile senm conductor menory
el ement having a construction that a hardly oxidizable nmaterial conposed of

e.g. W N or Cois dseshdsednabold ) afm nehpastdcedes ffontpregd@aiegor a single
floating 5 gate and an oxide of an easily oxidizable material such as Si Q2
is used as arhdmisilladidre Hantitsiutg: dhandat idigemgt eacohedl@d tdeche
ultrafine particle floating gate or the single floating gate is formed by
usi ng a physiem@odiment of the present invention, in a nonvolatile
semiconductor memory element having a construction that a
10 hardly oxidizable material composed of e.g. W, Ni or Co
is used as a ultrafine particle floating gate or a single
floating gate, and an oxide of an easily oxidizable
material such as SiO; is used as an insulator surrounding
the floating gate, wherein the ultrafine particle
15 floating gate or the single floating gate and the
insulator are simultaneously formed by using a physical
forming method, it is possible to bond oxygen atoms with
e.g. oxygen shortage type defects or free valencies in an
insulator such as Si0O; while the ultrafine particle
20 floating gate or the single floating gate is not oxidized
or while it is reduced, whereby it is possible to improve
insulation performance of the insulator surrounding the
floating gate such as the metal ultrafine particle
floating gate, and to decrease the ratio of oxidized
25 ultrafine particles in the floating gate, and it is

possible to produce a nonvolatile semiconductor memory

element having high charge retention performance.



formng nethod, it is possible to bond oxygen atonms with 10 oxygen shortage
type defects or free valencies in an insulator such as SiQ2 while the
ultrafine particle floating gate or the single floating gate is not
oxidized or while it is reduced, whereby it is possible to inprove

insul ation performance of the insulator sygrounding the 15 floating gate
such as the netal ultrafine particle floating gate, and to decrease the

ratio of oxidizedrurEiad, Ud rafidlerdpdt i rd esehicdittudd @atmdigbgate, and it is
possi bl e to produce a nonvol atil e sem conductor nenory el ement having high

char ge ret entd1emeify flernaRf e cthdtmidielion ithat nROMatdn e isBiaanguct or
menory el enment having a construction that a hardly oxidizable material

conposed of enaerWalNicaMpdsed ofusedy asi aNi W ey iine yadd iad earf | 0ating gate
or asingle floating gate, and an oxide of an easily oxidizable material
such 25 as St daf isehax iddld Bldadiolg SyateWwdiangs il d | fladd tichg gat e,
wherein the ultrafine particle floating gate or the single floating gate is
fornmed bysusigurea gy srcalxide dHran ngagEelhatki dikhbihemeitemifdlerswcH i r st
insulator forned sinultaneously with the floating gate is selectively
renmoved, a sexorgid,ndugl aked as hor iedubytousisng raupkdy sigc ahef dilwand nget hod or
a chemcal formng s nethod; it is possible to bond oxygen atons with oxygen
short age typeyadef . ectlserrird ride wal terect iose ipam@ni d s ui latatrinapfgaet eg.o1Si ke whi | e
the ultrafine particle floating gate or the single floating gate is not
oxi di zed or whidcld tfloating gate is formed by using a physical
forming method, it is possible to bond oxygen atoms with
10 oxygen shortage type defects or free valencies in an
insulator such as SiO; while the ultrafine particle
floating gate or the single floating gate is not oxidized
or while it is reduced, whereby it is possible to improve
insulation performance of the insulator surrounding the
15 floating gate such as the metal ultrafine particle
floating gate, and to decrease the ratio of oxidized
metal ultrafine particles in the floating gate, and it is
possible to produce a nonvolatile semiconductor memory
element having high charge retention performance.
20 Further, in a nonvolatile semiconductor memory
element having a construction that a hardly oxidizable
material composed of e.g. W, Ni or Co is used as an
ultrafine particle floating gate or a single floating
gate, and an oxide of an easily oxidizable material such
25 as S8i0, is used as an insulator surrounding the floating

gate, wherein the ultrafine particle floating gate or the

single floating gate is formed by using a physical



is reduced, whereby it is possible to inprove insulation 10 performance of
the insulator surrounding the floating gate such as the netal ultrafine
particle floating gate, and to decrease the ratio of oxidized netal
ultrafine particles in the floating gate, and to thereby produce a

nonvol atile sem conductor nenory el ement having high is charge retention
performance. Further, since an oxide of the first easily oxidizable

material contryriitg mRltdddeland e A WH:af a dafreat S iia 4t 0Xygen
shortage such as Si02 in a tentative formng |ayer forned by a physical

formng 20 netdiamkd issnRAlteeidotdily WAl etheaFd csiviery yatexiide of the second
easily oxidizable material having | ess defects due to oxygen shortage, is

subsequent | y s¢aresiikedsy idenicreOsSiddc@nd iprseduaera iRomarhald 8/
sem conductor menory elenent having further few defects due to oxygen 25
shortage. Furidiglg d phydiage ffrrfirmMmEHA br2Q0GhdnliealoXd ity gas

appropriately oxidizes the easily 47 oxidizable material such as Si w thout
oxi di zi ngst henetdd ;afilne PpardsGild o Iteatdordl @adyeyedr ddmnssiwiglie dxyerdr ng
gate, and the reducing gas can appropriately reduce the wultrafine particle
fl oati ng gat ehlortdde Iy edieaats g T s eralidntdds riedun nghddilated de of
easily oxidizable material such as Si 02, and accordingly, it is possible to
regul at e oxi det ieory .pEieY, ehiflketbri diztrafigasphethelesédoaandgr gdttei ng power
of the reducing gas to be used, to
or the single floating gate is not oxidized or while it
is reduced, whereby it is possible to improve insulation
10 performance of the insulator surrounding the floating
gate such as the metal ultrafine particle floating gate,
and to decrease the ratio of oxidized metal ultrafine
particles in the floating gate, and to thereby produce a
nonvolatile semiconductor memory element having high
15 charge retention performance.
Further, since an oxide of the first easily
oxidizable material containing relatively large amount of
defects due to oxygen shortage such as Si0O, in a
tentative forming layer formed by a physical forming
20 method, is selectively removed and since an oxide of the
second easily oxidizable material having less defects due
to oxygen shortage, is subsequently deposited, it is
possible to produce a nonvolatile semiconductor memory
element having further few defects due to oxygen
25 shortage.

Further, in a range of from 0°C to 1,200°C, the

oxidizing gas appropriately oxidizes the easily



suitably carry out the heat treatnents of the above 10 oxidation and

reducti on,

and to thereby produce a nonvol atile sem conductor nenory

el enent having high charge retention performance. Further, since hydr
and wat er vapor, that have sufficient experience of use in a field of
sem conductor is elenent manufacturing agq easy to be handled, are us
m xed gases for oxidation and reduction, it is possible to produce a

nonvol atil e s&mSOMRIE GlatB Y Slared shay tibd Wk ces geg retent i on

performance easily and safely with good reproducibility. 20 Further,
the oxi dati onyrehictdOpd et Nl de ik dd ted SMtsha d8ai1d repddegi s

carried out

in a predetermned inert atnosphere or under reduced-pres

it is possibleatd, effeaiie etequeimy aydyy - U Sosticdt S5y  £AEGF O URge Wh
may renmain after the oxidation-reduction 25 treatnent in the productio
nonvol atil e send €Ot iy rt TEnDryl &l eimptgatdderss the SHhgroupsoahind may
remain after the oxidation-reduction treatnent, may cause 48 advers
ef fect sugh agateoweitinghofrdmiding s dxide tde exi Ve Sidetgpiorati on of
i nsul ation properties. As described above, the nonvolatile sem conduct
menory el ementatecididgel ;ad e @nbedidrericoaidinka yor asents godgivart iten, has

an effect produced by the process for

ogen

ed as

after
sure,
ich
n of
e

or

produci ng nonvol atil e sem conduct or

menory el enenteqildtee oxpidseidn i gt | Of, t o thohiadi Hi g gharge vetwsdd on
performance and el enment performance.

10

15

20

25

and reducing power of the reducing gas to be used, to
suitably carry out the heat treatments of the above
oxidation and reduction, and to thereby produce a
nonvolatile semiconductor memory element having high
charge retention performance.

Further, since hydrogen and water wvapor, that have
sufficient experience of use in a field of semiconductor
element manufacturing and easy to be handled, are used as
mixed gases for oxidation and reduction, it is possible
to produce a nonvolatile semiconductor memory element
having high charge retention performance easily and
safely with good reproducibility.

Further, after the oxidation reduction treatment is
carried out, a heat treatment is carried out in a
predetermined inert atmosphere or under reduced-pressure,
it is possible to effectively remove by-products such as
OH groups which may remain after the oxidation-reduction
treatment in the production of nonvolatile semiconductor
memory element. Here, the OH groups which may remain

after the oxidation-reduction treatment, may cause



10 EXAMPLES Specific Exanpl es based on the above-nentioned enbodinments of
the present invention, are described below EXAMPLE 1 15 Fig. 3 is a
process flow chart for explaining a process for producing nonvolatile
‘sem conductor nenory elenent according to Exanple 1. In this Exanple,
process steps for produci ng peripheral chgcuit portions such as el enent
sel ection transistors or signal anplification 20 circuit, are omtted, and

only process hRAssd AUt £ OGN G JTEIMRE S BIE BN e BY S g5 dess fid st of
all, elenent isolations 2 are forned on a surface of a sem conduct or

substrate 1 maeRidfoR &t for It Af InHAonad W thrdbd ypeed Mpuri ties (S101;
refer to 25 Fig. 4) Then, ion inplantation for adjusting threshold voltage

is carried out (Sl023es&fBbed Oatbde, She Heb®vol bef Ds eséhi Son@ict 88! ant ati on,
afilmcalled as screen 49 oxide film21 schematically shown in Fig. 5 is

formed by usidib:S dihekerd Lxdstadie. t A HOsmbsd igentdantied, pREZent | ons
are enpl oyed, and the sem conductor substrate is tilted by 7 to the
i nci dent di r eiaivenit dn | i aded f o prssdided dhechdmdaddass i s do not
cause channeling of the sem conductor substrate. Here, "channeling" neans a
phenomenon t hatodu e treshvens: Hee B am pefireduct & idiiory SN BIE e
substrate without colliding crystal lattice.

present invention, and has high charge retention

performance and element performance.

10 EXAMPLES

Specific Examples based on the above-mentioned
embodiments of the present invention, are described
below.

EXAMPLE 1

15 Fig. 3 is a process flow chart for explaining a
process for producing nonvolatile semiconductor memory
element according to Example 1. In this Example, process
steps for producing peripheral circuit portions such as
element selection transistors or signal amplification

20 circuit, are omitted, and only process steps for
producing memory elements are described.

First of all, element isolations 2 are formed on a
surface of a semiconductor substrate 1 made of a single
crystal Si doped with p-type impurities (S101; refer to

25 Fig. 4). Then, ion implantation for adjusting threshold
voltage is carried out (S102; refer to Fig. 5). Here,

before this ion implantation, a film called as screen



10 Then, the above screen oxide film21 is renoved so that the surface of
the sem conductor substrate 1 is exposed, and a tunnel insulation film3 is
formed on the surface of the sem conductor substrate 1 (S103; refer to

Fig. 6) The formng of the tunnel insulation film3 is 15 carried out by
formng a Si thermal oxide filmby thernghly oxidizing the sem conductor
substrate 1 surface in a dry 02 atnosphere. Here, the thickness of the

tunnel insul d:diofe fAdim D1 schemat i@y Ghdwhe i), sy atdqred igym 3
formed in the 20 step 5103, a charge retention layer 4 is formed (5104,

refer to FigusAngll® ftiddng dxicharigm .rehenioas kaybe ifplaneads,i ed,out by
a nethod of sinultaneously sputtering a netal target and an insul at or
target. By thichdreidodmplaoyeanstand i ddditcomivdt ot tddddvieadaarid cl es are
densely 25 dispersed in a matrix insulator, is obtained in self-

organi zati on dfEIMR] .byAS7°t ke FBEalinkadgat, darbetiBhabf Rh@llantedenpheyed, and
as the insulator target, a 5102 50 plate is enployed. Here, the fornmation

free energi esoftiNt atitk Simglantddrivmy ddeiot @dwes,clarmmelfinig exingiie, at a
tenperature of 800C, -286.0 kJ/nol for N (reaction fornmula: 2N +02 s ,
2Ni O and - 7lsenti daldmitdworsst{raect | Herkor nehann8il402” SGie@Rk, aand t he
formation free energy of Si for forming an oxide of Si is |ower. Sputtering
is carried oythamsemort hehagonichdlicontsed hiadnd eeninf gEnaetreet & atntoo bet ween a
Ni target and a SiQ2 target is 15:85, the atnospheric gas is
semiconductor substrate without colliding crystal
lattice.
10 Then, the above screen oxide film 21 is removed so
that the surface of the semiconductor substrate 1 is
exposed, and a tunnel insulation film 3 is formed on the
surface of the semiconductor substrate 1 (S103; refer to
Fig. 6). The forming of the tunnel insulation film 3 is
15 carried out by forming a Si thermal oxide film by
thermally oxidizing the semiconductor substrate 1 surface
in a dry O, atmosphere. Here, the thickness of the
tunnel insulation film 3 is 3 nm.
Then, on the tunnel insulation film 3 formed in the
20 step S103, a charge retention layer 4 is formed (S104;
refer to Fig. 7). The forming of charge retention layer
4 is carried out by a method of simultaneously sputtering
a metal target and an insulator target. By this method,
a construction that metal ultrafine particles are densely
25 dispersed in a matrix insulator, is obtained in self-

organization manner. As the metal target, a Ni metal

plate is employed, and as the insulator target, a SiO;



10 Ar, the pressure is 0.5 Pa and the supplied power is 200 W The

t hi ckness of the charge retention layer 4 is made to be 5 nm A cross
section of the charge retention |ayer 4 formed under the above conditions,
is observed by a is transm ssion electron mcroscope (TEM, and it is
confirmed that Ni ultrafine particles haviggg an average dianeter of 2 nm
are dispersed in an anorphous Si2 matrix insulator. Further, using an
ener gy dispergiate {4 uaigksegsd. X-ray neasurenent (EDX), the atomic ratio 20
between Ni elenents and Si elenents in the formed charge retention |ayer 4
i s measured, and Hepa) t tike vBbueaahont iiree densryes of Wheah 8kt feti ne
particles, an area density of N wultrafine particles are estimted, and as
a result, itfommBxd i ointox e djoveeney , fdr caxatmd e pfatRud hesfipe dature
backscattering (RBS) nmethod, it is confirnmed that the nunber of oxygen
atoms is | essof ety ceaef. ot g /MdIbeoroMNiSi ( rafa@¥s o fidieniih . matiriog

i nsul ator (Si02) 4b, and that oxygen shortage type defects 4c are present,
and from dat a» cZN&dlecamadn- 8Pl 5 k&donhnter (ESRjrest hioh formsbaange+0,
absorption peak indicating the presence of free valencies (dangling s
bonds) 4d is de$Eetled.arntheme & ogatae liams firated emefidymdE iSSL flometbmmirtche
charge retention layer 4 formed in the step S104 (S105; refer to Fig. 8).
The form ng ofngekede nelil &t i bn Idver 5 Imitdchiieged shycagarired muitoutnder
sputtering using a Si02
the conditions that the surface area ratio between a Ni
target and a SiO, target is 15:85, the atmospheric gas is
10 Ar, the pressure is 0.5 Pa and the supplied power is 200
W. The thickness of the charge retention layer 4 is made
to be 5 nm.
A cross section of the charge retention layer 4
formed under the above conditions, is observed by a
15 transmission electron microscope (TEM), and it is
confirmed that Ni ultrafine particles having an average
diameter of 2 nm are dispersed in an amorphous SiO,
matrix insulator. Further, using an energy dispersive
fluorescent X-ray measurement (EDX), the atomic ratio
20 between Ni elements and Si elements in the formed charge
retention layer 4 is measured, and from the value and the
diameters of the Ni ultrafine particles, an area density
of Ni ultrafine particles are estimated, and as a result,
it is 8x10%*/cm’.
25 However, from data of Rutherford backscattering

(RBS) method, it is confirmed that the number of oxygen

atoms is less than twice of the number of Si atoms in the



10 target in a Ar gas atnosphere under the conditions that the pressure is
0.5 Pa and the supply power is 200 W Here, the thickness of the gate
insulation filmis made to be 10 nm Also with respect to the gate
insulation filmb5 forned in step 5105, evaluation is carried out by 15

Rut herford back scattering (RBS) nethod aﬁg el ectron spin resonance (ESR)
nmethod in the same manner as the above charge retention |ayer 4, and as a

result, it ismateand iimmedaideat @qygenaBhoshagenhypexygéackhobbagadeipee
val encies Sc are present. 20 Then, in order to renove the above oxygen

shortage typefédefecus 4¢e Prearatreddv@rencidesaddf 2Qec@ror0gpdat i on
reduction treatnent described belowis carried out (S106; refer to Fig. 9)

An oxi dat i on reedueincen (HIRatmE@Mod,urknaees onankeata@d et Cpedk f uncti oni ng
as a 25 reducing agent is supplied to the oxidation reduction treatnent

furnace to subidiciagnigy tSbpridsdinecant FirEes pdetidikd h@aexyldalg on reducti on
treatnent furnace 52 by H2, and thereafter, H20 gas produced by burning H2
with 02 sn &onddj)adentissepareaited.reatnent furnace, is supplied so that its
flow rate becones the sane as that of H2. In this case, the H2 parti al
pressure ratio t@H4R0 ian ddtee siroildaticon fridduc iion ficwesddrent the nace is 1,
and inthis state, Ni is reduced and Si is oxidized as shown in Fig. 2. A
sanpl e waf er cheingeyv ew tiemtd drhd ayeardat ifonrmeeduct itdre stregatat®dt fHdUd5ed wit h
t he above atnosphere, and oxidation treatnent is carried out for 30
m nut es. refer to Fig. 8). The forming of gate insulation film 5
is achieved by carrying out sputtering using a SiO,
10 target in a Ar gas atmosphere under the conditions that
the pressure is 0.5 Pa and the supply power is 200 W.
Here, the thickness of the gate insulation film is made
to be 10 nm. Also with respect to the gate insulation
film 5 formed in step S105, evaluation is carried out by
15 Rutherford back scattering (RBS) method and electron spin
resonance (ESR) method in the same manner as the above
charge retention layer 4, and as a result, it is
confirmed that oxygen shortage type defects 5b and free
valencies 5c are present.
20 Then, in order to remove the above oxygen shortage
type defects 4c, 5b and free valencies 4d, 5c, an
oxidation reduction treatment described below is carried
out (S106; refer to Fig. 9). An oxidation reduction
treatment furnace is heated to 800°C, H,; functioning as a
25 reducing agent is supplied to the oxidation reduction

treatment furnace to sufficiently substitute an

atmosphere in the oxidation reduction treatment furnace



10 A nonitor sanple obtained by carrying out the above oxidation reduction
treatnment is evaluated by a Rutherford back scattering (RBS) nethod and an
el ectron spin resonance (ESR) nmethod, and as a result, the elenment nunber
rati o between Si and oxygen is 2 according to the 15 RBS nethod, and the
resonance absorption peak intensity of elgctronagnetic waves is a
background | evel according to the ESR nethod, whereby it is confirned that

oxygen shor tisgens ypardlefiraies MG ,Shi,angakr peowakeaches bhenihe HLMRitRre
present before the oxidation reduction 20 treatnment, are di sappeared.

Further, an eyalidftdroradiscdmdedpatitiand va tleend riaieam did faaadlim ( ED)
nmethod, and as a result, only diffraction pattern of face- centered cubic

crystal is desectiegh Dbt flddrogtée Ovecopnds efife ofamde £xi tRatush Bs. NIQ i s not
detected, and 25 accordingly, it is confirmed that Ni does not form an

oxi de by the eixidlathoa, redelclii gantiedl Pdsdutte idat ifered gd iin ahstate of N
as it is. 53 However, when an absorption spectrumof infrared rays is
measur ed by uskidaaidourédict tamnst oeaahenn funhdaes etls specan@nehryh{&TlI R)
met hod, and as a result, a infrared absorption derived from OH groups 4e in
the SI2 5 fisnaoé, the thargduced eand odi | Ay esxddbndd Gk gsbops Hd Fig.t he
SiQ2 gate insulation filmb5, are confirmed. Nanely, presence of OH groups
in the matrix2i ndulstmplellwadfert hiss neherdya et aritd axidateirord wathdthieorgat e
insulation film5 are confirnmed. In order to renmove such OH groups, after
treatment filled with the above atmosphere, and oxidation
treatment is carried out for 30 minutes.
10 A monitor sample obtained by carrying out the above
oxidation reduction treatment is evaluated by a
Rutherford back scattering (RBS) method and an electron
spin resonance (ESR) method, and as a result, the element
number ratio between Si and oxygen is 2 according to the
15 RBS method, and the resonance absorption peak intensity
of electromagnetic waves is a background level according
to the ESR method, whereby it is confirmed that oxygen
shortage type defects 4c, 5b and free valencies 4d, 5c
that are present before the oxidation reduction
20 treatment, are disappeared. Further, an evaluation is
made by using an electron beam diffraction (ED) method,
and as a result, only diffraction pattern of face-
centered cubic crystal is detected, but diffraction
pattern of Ni oxide such as NiO is not detected, and
25 accordingly, it is confirmed that Ni does not form an

oxide by the oxidation reduction treatment but it

remained in a state of Ni as it is.



io the above oxidation reduction treatnent is finished, inert atnosphere
anneal ing of the sanple wafer is subsequently carried out (S107; refer to
Fig. 10). The inert atnosphere annealing is carried out at 800C for 10
mnutes after the atnosphere in the is oxidation reduction treatnent is
substituted by N2 gas so that the atnobsphgre beconmes inert. The atnpsphere
in the oxidation reduction treatnment furnace at this tinme is sanpled, and

the H2 partial prgssaver! alhén tan HELbSpt IBRSs &6 PYm 2o Hagn £R5 88@L ogr aph
spectronmeter, and as a 20 result, H2 partial pressure ratio to H20 is about

108. Wen a iR pasddAR by aid ef irivr ustdsformiieh  sanpl e
obt ai ned by the above inert atnosphere annealing in the manner descri bed

above, it is fGoWdFdEGgdairdmie ry Nfrerred hSosd) | o des |y egeduni @ groups
is 25 disappeared. Then, a thin filmfor control gate 6 is forned on the

gate insul at i {HF Fdrddld nl<dfk i srefddr iviedri Brord 10H . gSusd 44 hien tine didm for
control gate 6, a polycrystal Si film is deposited by using a | ow pressure
CVD (LPCVB) nkEihohf thie tdhsrdd Netenttioted Hosr of HidHomi diolHs 5& ised as a
filmformng gas, and P is doped as inpurities. 5 After the thin filmfor
control gate tthe Siay gade Anssilep iDH0F ilgatte faaler icoaifiiameds CHamegd, out
(5109; refer to Fig. 12) . The gate fabrication is carried out by formng
a resist pattpresdrycarnnArdH expogie el rapyies alatsrix antswl yt @t cdth nof ttiee t hi n
filmfor control gate 6, the
charge retention layer 4 and the gate insulation film 5
are confirmed. In order to remove such OH groups, after
10 the above oxidation reduction treatment is finished,
inert atmosphere annealing of the sample wafer is
subsequently carried out (S107; refer to Fig. 10).
The inert atmosphere annealing is carried out at
800°C for 10 minutes after the atmosphere in the
15 oxidation reduction treatment is substituted by N, gas so
that the atmosphere becomes inert. The atmosphere in the
oxidation reduction treatment furnace at this time is
sampled, and the H, partial pressure ratio to H,0 is
measured by a gas chromatograph spectrometer, and as a
20 result, H, partial pressure ratio to H,0 is about 10°.
When a FTIR measurement is carried out by using a monitor
sample obtained by the above inert atmosphere annealing
in the manner described above, it is confirmed that the
infrared absorption derived from OH groups is
25 disappeared.

Then, a thin film for control gate 6 is formed on

the gate insulation film 5 (S108; refer to Fig. 11). As



10 gate insulation film5, the charge retention layer 4 and the tunnel
insulation film3 by using a hal ogen type gas. Subsequently, a wet etching
is carried out to conpletely renmove N ultrafine particles. Here, in order
to eval uate residual amount of Ni 15 ultrafine particles, a Ni-SiQ2 type
thin filmof 5 nm thick simlar to the chgarge retention layer, is forned,
it is subjected to a wet etching treatnment simlar to one described above,

and resi dual ta@EWHinOff iNm @t kersuidlacrit 0fe ,t lae praARicagrAal i suhsirate 1
after the wet etching 20 treatnent is analyzed by a total reflection

fluorescent % Rpoyidlesits UPIND Aoy asdsured WD egirdval) a@myd. of Ni
is less than detection limt (about 109 atomi cn2 and Ni is not detected.

Then, ion inptatthdlsd @ines Gamixed @lds toF foaHn kdtRhahl ovs jwaed i H€ 4 egi ons
7a, 8a (5110; refer to Fig. 13). |In order to nmake junction depth shall ow,
As' is inplarftifeh- fatrdiow ejaay,g\arsd B Had ddped angdmbudtiariess .of i npl anted 55
i ons becones short. After ion inplantation is carried out in step 5110, a
Si02 filneis depasitead diye uing i 1o ED ameithwosl, gatck tdeid i fowrmesd sitbj ect ed
to anisotropic etching to formsidewalls 9 (Sill; refer to Fig. 14). s
Then, using tdteye Hiddewaddte Fady ixatasia isoranmileahtcatd oi8109% aarfrared out to
formcontact regions 7b, 8b (5112; refer to Fig. 15). The ion inplantation
for form ng ttee Fdent d) r eGhengatébfaBlbicatdanr iedcautiatl auhi by
i npl antation energy to
forming a resist pattern by an ArF exposure apparatus,
and dry etching the thin film for control gate 6, the
10 gate insulation film 5, the charge retention layer 4 and
the tunnel insulation film 3 by using a halogen type gas.
Subsequently, a wet etching is carried out to completely
remove Ni ultrafine particles.
Here, in order to evaluate residual amount of Ni
15 ultrafine particles, a Ni-SiO, type thin film of 5 nm
thick similar to the charge retention layer, is formed,
it is subjected to a wet etching treatment similar to one
described above, and residual amount of Ni on the surface
of the semiconductor substrate 1 after the wet etching
20 treatment is analyzed by a total reflection fluorescent
X-ray analysis (TXRF). As a result, the residual amount
of Ni is less than detection limit (about 10° atom/cm?),
and Ni is not detected.
Then, ion implantation is carried out to form
25 shallow junction regions 7a, 8a (S110; refer to Fig. 13).

In order to make junction depth shallow, As® is implanted

at low energy so that the range distance of implanted



10 nmake the injunction depth of the contact regions 7b, 8b deeper than the
junction depth of the shallow junction regions 7a, 8a. After ion
inplantation is carried out in step 5112, in order to activate the
inplanted As, an annealing (hereinafter sinply referred to as activation is
annealing) for activating inpurities is csgried out by wusing a RTA (rapid
thermal annealing) apparatus in a reduced-pressure atnosphere at 1, Q00C for

S seconds  (51di -beldtiibs ashSoWN aifR el §onlBmpBEALat@B% alke dapliakt ed 20
froman oblique direction to a normal line to the substrate surface of the

sem conduct orowtbist redep Is1 (G 114)simnd ithe ismakppiedcB Hhoreihgaze subj ect ed
to an activation annealing (5115) at 800C for 10 seconds by using a RTA

appar at us, tofevoniedind orndiantftlinpn L Sueasd Kb ahledbt N3 & non- doped
silica glass) and PSG (phosphorus-doped silica glass) are deposited to form

protection fidtehirsl ) .f&m siwrwaXlontactsiwl escdfwr abd arig N 4) ectric
conductions to the control gate 6 and the contact regions 7b, 8b, are

formed (SE17)ThéAt, aigimb ttpadd esiddwll el ®cid iLald 9k Coivie Cimplgaritoa t 1ten
control gate 6 and the 5 contact regions 7b, 8b via the contact holes, are
formed (S118)s etk i asureadd NEp1ns ERiddd adids i THr e (ElETiric contact
between the circuit Al pattern and the Si substrate (S119). A nonvolatile
sem conduct orreferiyo Eigners) enpl oying netal ultrafine particles as a
floating The ion implantation for forming the contact regions
7b, 8b is carried out at a high implantation energy to
10 make the injunction depth of the contact regions 7b, 8b
deeper than the junction depth of the shallow junction
regions 7a, 8a. After ion implantation is carried out in
step S112, in order to activate the implanted As, an
annealing (hereinafter simply referred to as activation
15 annealing) for activating impurities is carried out by
using a RTA (rapid thermal annealing) apparatus in a
reduced-pressure atmosphere at 1,000°C for 5 seconds
(S113).
Then, as shown in Fig. 16, BF," ions are implanted
20 from an oblique direction to a normal line to the
substrate surface of the semiconductor substrate 1
(S114), and the implanted B (boron) are subjected to an
activation annealing (S115) at 800°C for 10 seconds by
using a RTA apparatus, to form halo ion implantation
25 regions 10. Then, NSG (non-doped silica glass) and PSG

(phosphorus-doped silica glass) are deposited to form

protection films (S116).



10 gates obtained in the manner described above, has a charge retention
performance of at |east 20 years in a tenperature environnent of 200C, and
has a rewitable performance of nore than 106 tinmes. EXAMPLE 2 is Fig. 17
is an explanation view schematically show ng an exanple of cross sectional
structure of a nonvolatile sem conductorcpenory el ement according to
Exanple 2. First of all, in the sanme manner as explained in Exanple 1, on

a surface of a sefAGPNAHGIRICSURSIdAlR ] dRdE HinE1dng & crystal Si doped
with p-type inpurities, element isolations 2 are formed (5101; refer to

Fig. 4), anddm@@udtiphantal iter icontaidli efteuts taddiHes tedritrahalddivald age
(5102; refer to Fig. 5). Then, the above-nentioned screen oxide film21 25
(refer to Fi gb,5)8H,s ar@ndeathesD (hat7)t,helswifraed tofpdthersesconduct or
substrate 1 is exposed, and a tunnel insulation film23 is forned on the
surface of tkadrtrisalilgornduticdit 5o alhe LonStd;, gfers tandithe 18) The
formng of the tunnel insulation film23 is carried out by thermally
oxi di zi ngsanaoritadtdireg itdies s, f @te vdfa tthe eervacandisdicy, silkstiatmed in a
N20 at nosphere to forma 5 SIOO5N film Here, the thickness of the tunnel
i nsul ation fi(9nlA] i anddr tanbel3ngmisThapried bthe twnaebroreul ation film
23 formed in step S103, a charge retention layer 24 is fornmed (5104; refer
to Fig. 19). elleetahar gontetcntbietivdeay ethe24dirguit Al pattern and the
Si substrate (S119). A nonvolatile semiconductor memory
element employing metal ultrafine particles as a floating
10 gates obtained in the manner described above, has a
charge retention performance of at least 20 years in a
temperature environment of 200°C, and has a rewritable
performance of more than 10° times.
EXAMPLE 2
15 Fig. 17 is an explanation view schematically showing
an example of cross sectional structure of a nonvolatile
semiconductor memory element according to Example 2.
First of all, in the same manner as explained in Example
1, on a surface of a semiconductor substrate 1 made of
20 single crystal Si doped with p-type impurities, element
isolations 2 are formed (S101; refer to Fig. 4), and ion
implantation is carried out to adjust threshold voltage
(s102; refer to Fig. 5).
Then, the above-mentioned screen oxide film 21
25 (refer to Fig. 5) is removed so that the surface of the

semiconductor substrate 1 is exposed, and a tunnel

insulation film 23 is formed on the surface of the



10 formed by sputtering a Co target to deposit a Co thin film Nanely, the
floating gate according to Exanple 2 is not a | arge nunber of isolated
ultrafine particles but a single thin filmshaped floating gate. Then, on
the charge retention layer 24 formed in is step 5104, a gate insulation
film25 is fornmed (5105; refer to Fig. 2?)7 The formng of gate insulation
film 25 is achieved by formng a SiQ2 filmby using a LPCVD nethod and

using a m xegGaicHdrmaporatmet LR (t edreet hagst [ehegiqand oxyganheas a raw
material. 20 Here, the thickness of the gate insulation film25 is nade to

be 10 nm Herfyritiiey fof ntid aurddele anugitesoroff o adl S drriddraatng their
oxi des are, for exanple, at 800C, -316.6 kJ/nol for Co (reaction formula:
2C0+02 -. 2Co) tatwmahly ok fdiin®laddmiSir{daastilon durfadaoSick 1
5102), and the formation free energy of Si for formng an oxide of Si is
| ower . For m ngngfcdriuctmy es B Prftid m i s carNjoedthdsphidireatt o Eloaim wel y hi gh
tenperature, and thus, a Co thin film 24al of the charge retention | ayer 24
is entireby @iopavtidimy oleirei,zethe tthifckimsan odxittiez&ainperlti on 24f (refer
to Fig. 20). s Then, in order to renove the above oxidized portion 24f by
reduction, anrmedldsticn f¥idwci3 ais tuisedd nesitbe desmii bed below is carried out
(5106; refer to Fig. 22). Fig. 21 is a view for expl aining oxidation
reducti on condi tTloes, i onatlbenstnnel | onsthatienffdhhi 23 fateedninan
step S103, a charge retention layer 24 is formed (S104;
refer to Fig. 19). The charge retention layer 24 is
10 formed by sputtering a Co target to deposit a Co thin
film. Namely, the floating gate according to Example 2
is not a large number of isolated ultrafine particles but
a single thin film-shaped floating gate.
Then, on the charge retention layer 24 formed in
15 step 8104, a gate insulation film 25 is formed (S105;
refer to Fig. 20). The forming of gate insulation film
25 is achieved by forming a SiO; film by using a LPCVD
method and using a mixed gas of evaporated TEOS
(tetraethoxysilane) and oxygen as a raw material.
20 Here, the thickness of the gate insulation film 25
is made to be 10 nm.
Here, the formation free energies of Co and Si for
forming their oxides are, for example, at 800°C, -316.6
kJ/mol for Co (reaction formula: 2Co+0, —» 2CoO) and -
25 717.5 kJ/mol for Si (reaction formula: Si+0, —» SiO,), and

the formation free energy of Si for forming an oxide of

Si is lower. Forming of the above SiO, film is carried



10 insulator surrounding the floating gate are made of Co and 502
respectively. It is understandable fromFig. 21 that in a case of carrying
out oxidation reduction treatnent for oxidizing Si and reducing Co at 800C,
it 1is sufficient that the H2 partial pressure to H20is set 1s to be about
1. This treatnent condition can be appli% ble in the same manner also to
cases of noving a sanple into and out fr t he oxi dation reduction

treatnent furfiacet maﬁéirmghﬁ{i%ﬂ dnpepddal| ahd edHE | o dd eatient 20

furnace is realized in the followng manner. First of all, H2 functioning

as a reduci nGiagentads stpd ethd i rdthatddatd e redudd g {xeas mpnt
furnace to sufficiently substitute the atnosphere by H2, and subsequently,

H2O produced bt {rR} nok ifdd 2 d h Q2 s ulpld-adiised rtdb22 parti al
pressure to the H20 beconmes 1. Then, in order to carry out oxidation
reduction tregtdpat ,td 7 tate, a sanple wafer is noved into the
oxi dation reduction 59 treatnment, and held there for 30 m nutes.

Subsequently, anThéef tiRtSRSPNEES PaMeRd | tige | So&d e P24 | PoMN2ion
at nosphere at 800C for 10 mnutes to renove OH groups forned in the gate

insul ation fidgn 35, (reaf@Itiich Figh 2d)dathiothemsdidt idie s maminer as
explained in Exanple 1 of the present invention, a thin filmfor control

gate 6 is faemadiEDHeldw gad eeddhirddaditon31nCarddfg g Fiplah) and ion
inplantation is carried out (110) to form shallow junction regions 7a, 8a.
Then, sidewalRisy9 Hreis a view for explaining oxidation reduction
conditions in a construction that a floating gate and an
10 insulator surrounding the floating gate are made of Co
and Si0, respectively. It is understandable from Fig. 21
that in a case of carrying out oxidation reduction
treatment for oxidizing Si and reducing Co at 800°C, it
is sufficient that the H; partial pressure to H,O0 is set
15 to be about 1. This treatment condition can be
applicable in the same manner also to cases of moving a
sample into and out from the oxidation reduction
treatment furnace.
The atmosphere in the oxidation reduction treatment
20 furnace is realized in the following manner. First of
all, H, functioning as a reducing agent i1s supplied into
the oxidation reduction treatment furnace to sufficiently
substitute the atmosphere by H,, and subsequently, H,0
produced by burning H, with O, is supplied so that H;
25 partial pressure to the H,O0 becomes 1. Then, in order to

carry out oxidation reduction treatment, in this state, a

sample wafer is moved into the oxidation reduction



10 fornmed (5111), ion inplantation is carried out to form contact regions
7b,” 8b (5112), an activation annealing is carried out by using a RTA
apparatus (5113), ion inplantation is carried out to formhalo ion
Tnplantation regions 10 (5114) and an activation annealing is carried is
out again by using a RTA appar at us (5115;55efer to Fig. 23). Fig. 23 is a
view schematically show ng a cross sectional structure of an elenent after

conpl etion ofttdermstep 40 AOrdn figehal Lo o9 it @d &t | eIz 140 (5114)
20 and the step of activation annealing (5115) in the process for “producing

nonvol ati | e sgin oodehtiC Eho SPHDFY arfh &MPIMMg acs A LAl d GolrXamplg, 2 of the
present invention. \Wen the above halo ion inplantation regions 10 are

formed, in the SBONGE #F0eNe HXAlAkedtds BAmRE %?[ %Ifotdbes present
i nvention, NSG and PSG are deposited as protection filns (5I16), contact

hol es are forf@end®lil()the Ayatd rcaddl Peiderniim Ior (B p1d8) rogd 312)

annealing is 60 carried out to inprove electric contact between the Al

circuit pattern andehpeiS tbebsihat @ahiSd29%s éxphanelaihl exsmpieonduct or
menory el ement enploying a Co thin filmas a floating gate obtained in the

followi ng 5 poPCEES PresSsént€ hi@ent Bbenta othperf DImefce ednetol egste 2 years
in a tenperature environnment of 200C. EXAMPLE 3 Fig. 24 is an explanation

vi ew schemat i t@l f yrvdd W $P08 AN £ Xpdtpd ef b r L dSBorsers | oanptisdiragt ure of a
nonvol atil e
(S109) and ion implantation is carried out (110) to form
shallow junction regions 7a, 8a. Then, sidewalls 9 are
10 formed (S111), ion implantation is carried out to form
contact regions 7b, 8b (S8S112), an activation annealing is
carried out by using a RTA apparatus (S113), ion
implantation is carried out to form halo ion implantation
regions 10 (S114) and an activation annealing is carried
15 out again by using a RTA apparatus (S115; refer to Fig.
23).

Fig. 23 is a view schematically showing a cross
sectional structure of an element after completion of the
step for forming halo ion implantation regions 10 (S114)

20 and the step of activation annealing (S115) in the
process for producing nonvolatile semiconductor memory
element according to Example 2 of the present invention.
When the above halo ion implantation regions 10 are
formed, in the same manner as one explained in Example 1

25 of the present invention, NSG and PSG are deposited as

protection films (S116), contact holes are formed (S117),

Al circuit pattern is formed (S118) and H; annealing is



10 sem conductor nenory el enent according to Exanple 3 of the present
invention. First of all, in the sane nmanner as ones explained in Exanple 1
and Exanple 2 of the present invention, on a surface of a sem conduct or
substrate 1 made of single crystal Si doped with p-type 15 inpurities,

el enment isolations 2 of STl type are forngg (5101; refer to Fig. 4), and
ion inplantation for adjusting threshold voltage is carried out (S102).

After removing.a 364 et @4 dedddvB A ddng! cddisidtdan,ddd 03 Jmde of a
Hf 02 silicate (HFSi.0y) type 20 high dielectric material 1s forned in

Exanpl e 3 of &g pireseiited iV eid Ahe Bl duBiisladdisidatgon il m 33 of H Q2
silicate type is formed by a sputtering nethod, and the filmthickness is

mede to be 3 vt QMG Hdtbd & RGtdic RSy dlg fored he

tunnel insulation film25 33, short-channel "effect can be suppressed and it

becones easytHit s@li@Ftdy el ¥ IRy YHte MHYdhddISiH atiy 4d1 1BbwisR] ective
renoval step of matrix insulator in a tentative 61 formng |ayer to be

descri beds| at@focddy edtetRidha e @t o fpdii srefdectof s dpid ows. Wien
a tunnel insulation filmis made of the sane material as that of nmatrix

insul ator suGh S Sirfo% ddigpdtifle il Adthd idpdes inevitably partially
renoved at a’tine of renoving the matrix insulator. However, when the

mat eri al s of gxrvprmty i X i nsulator and the tunnel insulation filmare
different, for exanple, when they are SiQ2 and a high dielectric materi al

such as Hf02 siligiye 24/pes nad eéxplanation view schematically showing
an example of cross sectional structure of a nonvolatile
10 semiconductor memory element according to Example 3 of
the present invention. First of all, in the same manner
as ones explained in Example 1 and Example 2 of the
present invention, on a surface of a semiconductor
substrate 1 made of single crystal Si doped with p-type
15 impurities, element isolations 2 of STI type are formed
(S101; refer to Fig. 4), and ion implantation for
adjusting threshold voltage is carried out (S102).
After removing a screen oxide film, a tunnel
insulation film 33 made of a HfO, silicate (HfSi.0,) type
20 high dielectric material is formed in Example 3 of the
present invention. The tunnel insulation film 33 of HfO,
silicate type is formed by a sputtering method, and the
film thickness is made to be 3 nm. By employing such a
high dielectric material for the tunnel insulation film
25 33, short-channel effect can be suppressed and it becomes
easy to selectively remove only matrix insulator in a

selective removal step of matrix insulator in a tentative



10 respectively, it beconmes possible to selectively renove only matrix
insulator in the tentative formng layer and to conpletely retain the
tunnel insulation filmwthout being renoved. Wien the selectivity for
Tenmoving the matrix insulator is lowin such as a case where the is tunnel
insulation filmand the matrix insul ator g{e the sanme material, the film
t hi ckness of the tunnel insulation filmbeconmes excessively thinner than

its design vah#8ngAndykhe tvabealde rafheldhd aftiehm t Rbgkngesajincr eases,
causing deterioration of charge retention 20 properties of the el enent and

increase of wapl1aha®no@f oft ihashelrd el tiages IEdb1aARARY. t RhaMohdt8HAB]
problens, in a nonvolatile sem conductor nenory elenent of this exanple

whose productingm1Riaess Fillnclivdasde Fephef sa@RDWate it [HsX thagulator in a
tentative formng layer, it is 25 extrenely preferred to apply a materi al

di fferent fre@ttikatingfilbhe rmeiidhx dshsulogt othtothhfet unAghilhasshatkion film
62 Then, on the tunnel insulation film33 forned in step 5103, a charge

retentions| ayer igwvdsadliyepladttiive 1yf dlefioved agera itdnfeoroted efolldig efeer to
Fig. 25). The formng of charge retention layer 34 is carried out in s the
same manner asithlial iexspllaivead | Hokxaapl ewhetindRe mbheerealdi bEoahkhat a W
netal plate is enployed as a netal target, a Si02 plate is enployed as an
i nsul at or t am@getrixanchsille toat iandftheutfaee larned dleiniesn ftilesadear gets is
set to 15:85. Here, the formation free energies of Wand
different, for example, when they are SiO, and a high
dielectric material such as HfO, silicate type material
10 respectively, it becomes possible to selectively remove
only matrix insulator in the tentative forming layer and
to completely retain the tunnel insulation film without
being removed. When the selectivity for removing the
matrix insulator is low in such as a case where the
15 tunnel insulation film and the matrix insulator are the
same material, the film thickness of the tunnel
insulation film becomes excessively thinner than its
design value, and the variation of the film thickness
increases, causing deterioration of charge retention
20 properties of the element and increase of variation of
threshold voltage. In order to avoid such problems, in a
nonvolatile semiconductor memory element of this example
whose production process includes a step of removing
matrix insulator in a tentative forming layer, it is
25 extremely preferred to apply a material different from

that of the matrix insulator to the tunnel insulation

film.



10 Si for formng their oxides are, for exanple at 750C, -403.4 kJ/nol for
W (reaction formula: W02 -. W2) and -726.2 kJ/nol for Si (reaction
formula: Si+02 -. Si02), and the formation free energy of Si for formng
the oxide of Si is lower. is A cross section of the charge retention | ayer
34 formed under the above conditions is ghserved by using a transm ssion
el ectron mcroscope (TEM, and as a result, it is confirmed that W

ultrafine particlesehavomotied t@vesRognshbaeies ©f1m 3N Bsemddspersed in a
Si02 matrix 20 insulator. Further, using an energy dispersive fluorescent

X-ray measur eggap {IHDX) a tdleamdondetdradicn latercesn \Aelemitsataiige Si
elenments in the fornmed charge retention |layer 34 is neasured, and fromthe
val ue and thoriianrptlensmofid otiad t (sfine pefdr deEigan Bea Thedensity of
Wultrafine particles are estimated, and as a result, it is 8x1012/cn®.
However, accdiaiming ooff hehalade wdtduttier floaye63 4 hiacksoatieat g (RBS)
method, it is confirmed that the nunber of oxygen atons is |ess than tw ce
as the Sisat ot samd hearBidd? amttrthat el atrord 3db, Exeawp tdhat wxdegencheshor t age
type defects 34c are present, and fromthe data s of electron spin resonance
(ESR) net hod,candgsiomandet abIdmpttiahn mpedie | ialiaglioywed hes pr esstrcke of free
val encies (dangling bonds) 34d is detected. Then, the Si 02 matrix insul at or
34b of the chaamet r et Siid0plladypern s34mpd oyledl bentat iineuflatwng arageer f or med
and the ratio of surface area between these targets is
set to 15:85. Here, the formation free energies of W and
10 Si for forming their oxides are, for example at 750°C,
-403.4 kJ/mol for W (reaction formula: W+0, - WO,) and
-726.2 kJ/mol for Si (reaction formula: Si+0, - Si0,),
and the formation free energy of Si for forming the oxide
of Si is lower.
15 A cross section of the charge retention layer 34
formed under the above conditions is observed by using a
transmission electron microscope (TEM), and as a result,
it is confirmed that W ultrafine particles having an
average diameter of 2 nm are dispersed in a SiO, matrix
20 insulator. Further, using an energy dispersive
fluorescent X-ray measurement (EDX), the atomic ratio
between W elements and Si elements in the formed charge
retention layer 34 is measured, and from the value and
the diameters of the W ultrafine particles, an area
25 density of W ultrafine particles are estimated, and as a

result, it is 8x10%%/cm®.

However, according to the data of Rutherford



io on the tunnel insulation film33 is selectively renoved and Wultrafine
particles 34al are retained. The selective renoval of the Si02 matrix
insulator 34b is <carried out by dry etching using a CF4+H2 type gas as an
etching gas (refer to Fig. 26). 1s Then, on the charge retention |ayer 34
formed in step S104, a gate insulation f'%n135 is formed (5105; refer to
Fig. 27) Formng of the gate insulation film 35 is carried out by formng a

Si 02 film by padkdR tamipd RES )Ntk HEX ed tgas HortfiapmdtathtTEGR and oxygen
as 20 a raw material. Here, the thickness of the gate insulation film35 is
made to be lGunBeiSidfcexdyjten fayomand 0fleSDA Hard mwicecard itttk @i soms

relatively high tenperature, Wultrafine particles 34al is entirely or
partial |y oxiiti zét td,omatatixoxnduzadopositbonandS thhenpxiygedr der to reduce
t he above oxidized portion, an oxidation reduction treatnent to be
descri bed | atsdtontsagec arypgee Hedidct(sSSHG) .add preXerits, and eixdnorthd Idesta ati ng
64 oxidation reduction conditions in a construction that wultrafine
parti cl essar efmedeecfrdly dpien tnemwlaraes u(BER )ometfiddn iss mabmanicea hi gh
dielectric material of H 02 silicate type, and the gate insulation filmis
made of 5 Si Ghsdrptiorunstks tiardiaddtei g ahdFigreXhdaatf i firee caskenaifes
carrying out the oxidation reduction treatnment for oxidizing Si and Hf and
reduci ng Wi n(demaxirgathards)r edicttisorddtresgttarent furnace at a tenperature of
750C, it is sufficient that the H2 partial pressure ratio to H20
Then, the Si0, matrix insulator 34b of the charge
retention layer 34 as the tentative forming layer formed
10 on the tunnel insulation film 33 is selectively removed
and W ultrafine particles 34al are retained. The
selective removal of the Si0; matrix insulator 34b is
carried out by dry etching using a CF;+H, type gas as an
etching gas (refer to Fig. 26).
15 Then, on the charge retention layer 34 formed in
step S104, a gate insulation film 35 is formed (S105;
refer to Fig. 27). Forming of the gate insulation film
35 is carried out by forming a SiO, film by a LPCVD
method using a mixed gas of evaporated TEOS and oxygen as
20 a raw material. Here, the thickness of the gate
insulation film 35 is made to be 10 nm. Since the
forming of SiO, film is carried out at relatively high
temperature, W ultrafine particles 34al is entirely or
partially oxidized to form an oxidized portion.
25 Then, 'in order to reduce the above oxidized portion,

an oxidation reduction treatment to be described later is

carried out (8106). Fig. 28 is a view for illustrating



10 is set to be in a wide range of fromabout 101 to 108. However, at timnes
of noving a sanple wafer into and out fromthe oxidation reduction
treatment furnace, since the tenperature of the sanple wafer drops to a
Toom tenperature, it is necessary to nake the H2 partial 15 pressure to H20
to about 107 or nore (H20 concentration ig about 0.1 ppmor lower). In
order to appropriately carry out oxidati A reduction in a range of from

room tenper gl i hedRPRiAtdd R i d dal | PnededuaidOfbn dig 1-12
partial pressure ratio to H2O and the tenperature 20 are controlled so that

they change ajiang £t Rafh QW add idde &B8.w Fidrd Qinddl idfsigeif the
oxi di zation reduction ‘treatnent furnace is evacuated to a pressure of about

10- 3 Pa or |omef.iAnchddheseal tl—@irq(h H2i d %o SUPRY ek d D) tdye 2o 0Xi dation
reduction treatnent furnace to nmake the pressure to 1 atm By this

treatnment, thgHE-LS tﬂﬁie, RS HHL gaaié Qi.ﬁéhl"@gér[‘ # $1an OXd @t dO b educt i on
65 treatnment furnace becones about 108 or nore, in other words, H20

becones aBoutgikf) .ppbt 0isl| @MB&rstanblbiestabm, Fighe2sagnke vaf gr chsenoved
into the oxidation reduction treatnment furnace and the tenperature is

raised to 604 Tavhiytihd huatdms pheldat Soretdtad thish thheemant i foit he
tenperature rises to 750C being an oxidation reduction treatnent

t enper at ure, d3Qigaig BOHKRADYaUrrddige gy W tih Gh | Sk Bdatedpracent separat e
treatment furnace is supplied into the oxidation
reduction treatment furnace at a temperature of 750°C, it
is sufficient that the H, partial pressure ratio to H,0
10 1is set to be in a wide range of from about 10' to 10°.
However, at times of moving a sample wafer into and
out from the oxidation reduction treatment furnace, since
the temperature of the sample wafer drops to a room
temperature, it is necessary to make the H, partial
15 pressure to H,O0 to about 10’ or more (H,0 concentration is
about 0.1 ppm or lower). In order to appropriately carry
out oxidation reduction in a range of from room
temperature to the temperature of oxidation reduction,
the H, partial pressure ratio to H,0 and the temperature
20 are controlled so that they change along the path shown
in Fig. 28.
First of all, inside of the oxidization reduction
treatment furnace is evacuated to a pressure of about 10~
* Pa or lower, and thereafter, H, is supplied into the
25 oxidation reduction treatment furnace to make the

pressure to 1 atm. By this treatment, the H, partial

pressure ratio to H,O in the oxidation reduction



10 reduction treatnment furnace so that its flowrate gradually increases,
and so that the H2 partial pressure to H20 becones about 102 when the
tenperature reaches 750C. In this state, oxidation reduction treatnent is
‘carried out for 30 m nutes. Subsequently, the atnosphere 15 in the oxidation
reduction treatnment furnace is substitut by N2 at nosphere, and an inert
at nosphere annealing for renoving OH groups is carried out for 10 m nutes.

The at IDSPNeGeltnhE FHIRAIODIRMUG ¥yl NRA! BRIROLUT NaRC Rt s tIme 1 s

sanpl ed, and partial pressure ratio to I's neasured by using a

gas chromat qgraphy }E‘B%&Sﬁ\esaﬁgﬁﬁ% gto[rggid' br 1BGeH2 PRLtiRls Pressure H20

is about 108. Then, rmmintaining the phere in this state, the sanple

waf er is moveg,d Sethp reegja%&ozié N SRIMEY Wi i&iﬁé%i?gn%ﬂtir&gumi on 25

treat nent furnace a cool e 0 a roomtenperature. T in the sane

manner as on%r@g@ggn@g%‘dr@?@%ar%lfg%sge & R gsenty irré"ies’étd Qn 6‘900t°Ei n film

for control gate s tornme gate fabrication is carried out

(5109), apd ien lidMRNtAAPHe L ard ind i dey form shal | ow junction
regions 7a, 8a (5110). Here, the gate length is nade to 65 nm by using an

el ectron beam s expasunGEPPA Uendditbul dNald & e eiled Galll).

ion inplantation is carried out tol?orn1contact regl ons b, 8b7(5112), an
activation arpeddti®r SeRidt i@t Gle dBerttS it BHARPPAL, 8t 4as(S113), ion

inplantation is carried out to formhalo ion inplantation regions 10
(5114), and produced by burning H, with 0, in an adjacent separate
treatment furnace is supplied into the oxidation

10 reduction treatment furnace so that its flow rate
gradually increases, and so that the H, partial pressure
to H,0 becomes about 10° when the temperature reaches
750°C. In this state, oxidation reduction treatment is
carried out for 30 minutes. Subsequently, the atmosphere

15 in the oxidation reduction treatment furnace is
substituted by N, atmosphere, and an inert atmosphere
annealing for removing OH groups is carried out for 10
minutes. The atmosphere in the oxidation reduction
treatment furnace at this time is sampled, and its H;

20 partial pressure ratio to H;0 is measured by using a gas
chromatography analyzer, and as a result, the H, partial
pressure H,O0 is about 10%. Then, maintaining the
atmosphere in this state, the sample wafer is moved to a
region of low temperature in the oxidation reduction

25 treatment furnace and cooled to a room temperature.

Then, in the same manner as one explained in Example

1 of the present invention, a thin film for control gate



10 an activation annealing is carried out again by using a RTA apparatus
(5115). Fig. 29 shows a schematic cross sectional view of an elenent after
the activation annealing (S115) is conpleted. Then, in the same nanner as
‘one explained in Exanple is 1, NSG and PSG are deposited as protection
films (5116), <contact holes are formed ( &7), Al circuit patternis forned
(5118), and H2 annealing is carried out to inprove electric contact between

the Al patterg antdhed SlSO‘Bt)St rlf Hed Wi 2l il &id é%frztlhaed Rracess from

t he above deposition of contro gate 6 to the above H2 annealing, are the

sane as thosg ) aided idh @ﬁﬁﬂ}%lrﬁ:%t]icﬁprSz RGARIG TRl e aake

fabrication step. A nonvol atil€ sen conductor mermory el ement enpl oyi ng W

ul'trafine pardy£lies afurfdtordd &ga% RS 70, Ay o 1®)dat geh@Ndithe0lya82 Nm
obt ai ned by the above process, has a charge retentlon per f or nafnce of at

least 20 yearshdth & d ERS aldires ey fﬁfﬁfﬁg Qin 20t das a 67
rewitable performance of nore than 106 tines. | NDUSTRI AL APPLI CABI LI TY The

nonvol ati ke s ariimy Yy eheAbntidedallls 9SaReOdUehean (810Q8SS
according to the present invention, enable to inprove |nsulat|on

per formance dforan Mgl taition Sy rdameiemg cutf [teatfidign gadre: sic hraai dvid al
ultrafine particle floating gate as conpared with before, and to reduce

the ratio of 1xi diizedet)al HOrddwivddidrhenkfed1108f 119 @ateiedhRuEely t he
el ement and net hod can be
using a RTA apparatus (S113), ion implantation is carried
out to form halo ion implantation regions 10 (S114), and

10 an activation annealing is carried out again by using a
RTA apparatus (S115). Fig. 29 shows a schematic cross
sectional view of an element after the activation
annealing (S115) is completed.

Then, in the same manner as one explained in Example

15 1, NSG and PSG are deposited as protection films (S11e6),
contact holes are formed (117), Al circuit pattern is
formed (S118), and H, annealing is carried out to improve
electric contact between the Al pattern and the Si
substrate (S119).

20 Detail of the process from the above deposition of
control gate 6 to the above H, annealing, are the same as
those explained in Examples 1 and 2 except for the gate
fabrication step. A nonvolatile semiconductor memory
element employing W ultrafine particles as floating gates

25 having a gate length of 65 nm obtained by the above

process, has a charge retention performance of at least

20 years in a temperature environment of 200°C, and has a



applied to a nonvol atile sem conductor nenory el ement having high charge
retention performance and its production process. Further, by the effect of
its treatnent, it is is possible to inprove charge retention performance
than conventional flash nenories, and accordingly, even in a case where
the filmthickness of tunnel insulation film is decreased, it is possible
to obtain a charge retention perfornanceGEquivalent to that of conventional

flash 20 rrem%réﬁ%t 241 t@éftor}%a rese |Or}\ée(rj}tﬂa?1n 1coan8be applied to e.g. a

nonvol ati |l e sem con r menory Sl émen al&ei on process which
contribute to inprove witing and erasing operation speeds of data and
m ni aturization and high density of elenents. 25 Further, the present

invention canhfrARA A€ nonvol ati |l e sem conduct or nenory
A 12’15?_11
el enents usi ng retentLi on Cp1 ecqirl c charge as a nenory nethod but al so 68

to e. roducti ’%ﬁﬁﬁ S50 %J‘é’ r I nts of

ot hergmeﬁory nmet ﬁi(;)hdﬁp suc erroﬁlt(%alizctﬁlrl C rreCn?rmrl %%%)%&? S

The entir dlp%:(a ﬁl%%%rge%%goq:t ?.jtg Q%olergeagq%ed}p AR 283792 f| | ed
el u I ng IC

on Septe 12, 2005 I speci ation al ns dlravm ngs and summary

is incor IOOr aér?a%lbe?rt‘%! rin%\ircﬁfef %rrf%.“xﬁ%ﬂl%d go%dﬁg{x‘n{aﬁd’e arPHAl R deo

process for producing a nonvolatile semc
surrounding a floating gate such as metal ultrafine

particle floating gate as compared with before, and to
reduce the ratio of oxidized metal portion in the

10 floating gate, whereby the element and method can be
applied to a nonvolatile semiconductor memory element
having high charge retention performance and its
production process.

Further, by the effect of its treatment, it is

15 possible to improve charge retention performance than
conventional flash memories, and accordingly, even in a
case where the film thickness of tunnel insulation film
is decreased, it is possible to obtain a charge retention
performance equivalent to that of conventional flash

20 memories, whereby the present invention can be applied to
e.g. a nonvolatile semiconductor memory element and its
production process which contribute to improve writing
and erasing operation speeds of data and miniaturization
and high density of elements.

25 Further, the present invention can be applied not
only to nonvolatile semiconductor memory elements using

retention of electric charge as a memory method but also



menory el enent having a mxed or |lam nated structure of a hardly oxidizable
mat eri al conposed of a hardly oxidizable elenent having a G bbs' fornmation
free energy for form ng oxide higher than the G bbs' formation free energy
of Si for form ng oxide under the sane tenperature condition at 1 atm and
in a tenperature range of fromOC to 1,200C and an oxide of an easily

oxi di zabl e material conposed of an el emeff havi ng a G bbs' fornation free
energy for fqQrmn i de l.ower t e G bhs' faqrmation free.energy of Si
for form ngocooxied u (r)fg(;reorﬁﬁtel snarPeIh? eerrsti)ée1 roa'?ulfoenvcoolna |JtrE|ieo né)ea lclo%c%u# oll% t he

t t f o i i sing:
formng a porf e e TR I el e, dernad O ComD 0Tl on made
of the oxide égrlicheel iICy r%%pj{gsab{ﬁemérlﬂ physi cal form ng

oui a heat

met hod; and carrying reatnment 1'n a m xed gas of an oxidizing
gas functioning as an oxidizing agent and a reducing gas functioning as a
reduci ng agent, wherein the mxture ratio of the oxidizing gas and the

reduci ng gas and bhe dEIPRS AYLe BLGLC0DE TS EMe 30 hELnt Doy

oxi di zable material is reduced and e oxide easi | x1 di zabl e

material is qd dizeds 1d&42 atx?c?%r? sd S {30806 1o @@y 2. A

process for producing a nonvo e semconductor " nenory el enent” having a

m xed or Iam%ﬁ%cgpfﬁg%ﬁu,recpgir@s, w%ﬁ%@(iﬂ&%ﬁ“@% al conposed of a

hardly oxidiz el ement’ having a G rormation ee energy for formng

oxi de hi gher fﬁ@kﬁ%@@%réﬂ{ Wi&r‘féfé}?céanﬁ{ giyt@fergﬂ-irety.



70 for form ng oxide under the sanme tenperature condition at 1 atm
and in a tenperature range of fromOC to 1,200C and an oxide of an
easily oxidi zable materi al conposed of an el enent having a G bbs'
formation free energy for formng oxide |ower than the G bbs'
formation free energy of Si for form ng oxide under the sane
tenperature condition at 1 atm in the tenperature range of fromO0C
to 1,200C, and Si, the process congriasmeg: form ng a portion nade of
the hardly oxidizable material by a physical form ng nethod and

form ng alportholgro&@éi@ &l theaddr af nbheoeasily exhdigabheor
material by a chemcal forning nethod; and carrying out a heat

t r eat ment MemoBY ne keHeRashofingh & oixgizioAg lgasnrbfdt FoRP RGeS @h @

oxi di zi ng,,ag fa Pz ath BIURLIKLGAS JAHRELEANLRL AfaPal U] Aig. AGRN!
wher ei n tRe Sﬁx?%r% r%tlfoqg% the oxiomgz%ng ggsaan% th% reduci ng gas
and the téppenatuneing ea coritywl |fedmsd ivhatf rehechardy yfooxi il e

material is.reduced and the .oxide.of, R i di | e eri al
is oxidi zgﬁlfiﬁ ar e%%e%?%r%h%a%%gsof tf%?ﬁ%ﬁfs%h €68§, %%%gy S?giél
process f @brproduthdgoai dronvoleat idiee Samec ordpetaturaenonyiel @emett 1

having a m xed or | am nated structure of .a_ hardl xi di

materi al é&%aggdl%faat%%ﬁ%}%ﬁ didrgs &t éFBWeﬁt" ¢ 56 ﬂgfg&lcfb%%d
formati onghr e@igaesgyah 0kad OIidig diexivde hiaghefat hadmpbeed dbsan
formation free energy of Si. for form ng oxide under the sane .

t enper at ufe SBERE; RpoRNAt2 1IC1 R SHRFat 187 EXBer SREFEYr SRgef oF™ %D m oC

to 1,200C,3%¢c 1ower than the Gibbs’ formation free energy of Si for

forming oxide under the same temperature condition at 1 atm
in the temperature range of from 0°C to 1,200°C, and Si,
the process comprising:

forming a portion made of the hardly oxidizable
material and a portion made of the oxide of the easily
oxidizable material by a physical forming method; and

carrying out a heat treatment in a mixed gas of an
oxidizing gas functioning as an oxidizing agent and a
reducing gas functioning as a reducing agent,

wherein the mixture ratio of the oxidizing gas and the
reducing gas and the temperature are controlled so that the
hardly oxidizable material is reduced and the oxide of the
easily oxidizable material is oxidized in a temperature

range of from 0°C to 1,200°C.

2. A process for producing a nonvolatile semiconductor

memory element having a mixed or laminated structure of a
hardly oxidizable material composed of a hardly oxidizable
element having a Gibbg’ formation free energy for forming

oxide higher than the Gibbs’ formation free energy of Si



an oxide of an easily oxidizable material conposed of an el enent
having a G bbs' formation free energy for formng oxide |ower than
the G bbs' formation free energy of Si for form ng oxide under the
sanme tenperature condition at 1 atm 71, in the tenperature range of
fromOC to 1,2000C, and Si, the process conprising: formng a
portion nmade of the hardly oxidizable material by formng a

tentati verdor fbgh dyes: de uddee thie sahar dkypexd dhzaldendmieid ale and
a first oxide of the easily oxidizable nmaterial are m xed or

| ani nat ed2EBy3Re pHy st CAMPSRRATTRG TABEROAL FEPROWRE 1Y et Wt vy

removing fhectidsStor oxl q,fascifl)l e iedshbYeOonhabzab] eccﬂﬁ%} &fddlod nd he
tentative formng |ayer; fornlng a portion made of e oxide of the

easi : y ox} eiemib| ke it rd &ilpg ' depogpting Arsecemelr ok b ofonthag
l...t h
easi |y OXJ&giéng[cﬁqé@tﬁ{ﬁr? eHd S;Ebho% t@Sx ape, rfgééf&{é%{%y J# am the.

first oxi e ‘easl oxi dirzabl e na eria a physica
form ng n‘écbhmri'lg)romctﬂ]emdmd ther mamg trephodtafe eq:omcﬁletjf@rr stt oxieder of

t he easil i di zabl e materla e te tive, f i
sel ecti ve é(kﬁ%ﬁb?/“g)ae cé‘ﬂrarnﬁe Ofouf"oﬁlrl t;gt Pre %) I’l(?gl i CYaesrrﬁ Ide

gas of anth@xpﬁbd&§EJ¢ﬁmpﬁuﬁnﬂg oni ng as an oxidizing agent and a
reduci ng gas functlonln a reducin en erein m xture
ratio of the oXdMHhg Sﬁ%rté‘ﬁ@ {RES é’guEgﬁghaﬁéﬂénﬂXWh@ hperature
are contrghtegi sp E)haet gHes handlpsrmexibdinzahbe spberbahing 4 eshiaadrand

the second oxide of the
made of the oxide of the easily oxidizable material by a

chemical forming method; and

carrying out a heat treatment in a mixed gas of an
oxidizing gas functioning as an oxidizing agent and a
reducing gas functioning as a reducing agent, wherein the
mixture ratio of the oxidizing gas and the reducing gas and
the temperature are controlled so that the hardly
oxidizable material is reduced and the oxide of the easily
oxidizable material is oxidized in a temperature range of

from 0°C to 1,200°C.

3. A process for producing a nonvolatile semiconductor
memory element having a mixed or laminated structure of a
hardly oxidizable material composed of a hardly oxidizable
element having a Gibbs’ formation free energy for forming
oxide higher than the Gibbs’ formation free energy of Si
for forming oxide under the same temperature condition at 1
atm and in a temperature range of from 0°C to 1,200°C and
an oxide of an easgily oxidizable material composed of an
element having a Gibbs’ formation free energy for forming
oxide lower than the Gibbs’ formation free energy of Si for

forming oxide under the same temperature condition at 1 atm



easily oxidizable material is oxidized in a tenperature range of
fromOC to 1,200C. 4. The process for producing a nonvolatile

sem conductor nenory el enent according to Claim1l, wherein change
amount of G bbs' free energy of the gxidizing gas required for

oxi dation reaction with the easily oxidizable material is negative
in the tenperature range of fromOC to 1,200C, change anount of

G bbs' frege energymedrithed edugengfgdson2oe cegdi 1 egodar, raducti,on
reaction with the oxide of the hardly oxidizable material is
negative FACtPECTRHHSTURITE 1N %nge of from OC to 1,200C, and change

amount of G bbgornidee gRedbrOnaldRekeddel Ag-gay SO zahdor
reduction reaction wth the oxide of the easily oxidizable materi al

i s positiveteniahedY eigiatiatdle teangéivs. TPhEipg ob2ssY ot PWrisdudiheg a
nonvol at i 1 sonductor .y qel t r di t i -
wherein chgﬁggwagrr]gunt hgfe é%lr)ggﬂéflr é‘gﬁgﬁe?fggggf‘gﬁ% oc%E o%k%l nrgggsglalg
requi red fpidipxhbatnareriedctaren mikel phelemnsnhyedxilly zalpley smatadr i al

is negative in the te t.ure nge of fromOC to 1,200 hange
amount of " BHSS TR R ondiay B e Feater heobhs TR s dr 1ot
reducti onoxeaetdodn-e tdndie, oxidd zeableheatbhat dl yioxtlek zad e tiateer i al
is negatiye in the tenperature range of fromOC to 1,200C, and

change ambdht'*®f GHDS’ free energy of the reducing gas required for

reduction reagdiRmynid hdhe AXind@e0brt Baceagiby oXighzakle mpteri al
is positive in the tenperature range. 6. The process for producing a
nonvol at | Peiderilebndigliaial by depositing a second oxide of the

easily oxidizable material that is the same or different
from the first oxide of the e=asily oxidizable material, by
using a physical forming method or a chemical forming
method after the first oxide of the easily oxidizable
material in the tentative forming layer is selectively
removed; and

carrying out a heat treatment in a mixed gas of an
oxidizing gas functioning as an oxidizing agent and a
reducing gas functioning as a reducing agent, wherein the
mixture ratioc of the oxidizing gas and the reducing gas and
the temperature are controlled so that the hardly
oxidizable material is reduced and the second oxide of the
eagily oxidizable material is oxidized in a temperature

range of from 0°C to 1,200°C.

4. The process for producing a nonvolatile semiconductor
memory element according to Claim 1, wherein change amount
of Gibbs’ free energy of the oxidizing gas required for
oxidation reaction with the easily oxidizable material is
negative in the temperature range of from ¢°C to 1,200°C,

change amount of Gibbs’ free energy of the reducing gas



menory el ement according to Claim3, wherein change anount of G bbs’
free energy of the oxidizing gas required for oxidation reaction
wth the easily oxidizable material is negative in the tenperature
range of fromOC to 1,200C, change apgunt of G bbs' free energy of
the reducing gas required for reduction reaction with the oxi de of
the hardly oxidizable material is negative in the tenperature range

of from OLet0ide@008x withahangeammubh oitl bhs' oxideewenaigy of the
reduci ng gas required for reductign, reaction with the oxide of the

easi |y oxP'ardapl eiterhs mateyisdi tpvaePRtite %%n’b%‘? AIMRETHAYE 73

7. The proggss 61RO NG a NeRvel abhhe-AERYE ORRMEAOor MRIAY Y
el enent according to Caim1, wherein the oxidizing gas contains H2O

and the rédeaci aeyms <ol redyEing, gfHerpEBEEsd foF PrHHIciFy a

nonvol at i t 0 o ,
wherein t 8 gglmj g‘fnlﬂ%? %s C%%%?érf‘se ka%@%ﬁgﬁghég%ggu%@négj rga{at{sgIgloar%t ai ns

H2. 9. Theapp@seissvéoxn priod usinrgratnorvobkagel e sem conductor  nenory
el enent according to Caim3, wherein the oxidizing gas contains HO
and the reducing gas contains H2. 10. The process for producing a
nonvol ati be senheoptbeday faremotuelianeat naﬂcoldtﬂgetgerﬁcai)r[ﬂlﬂqtor

wherein the heat _treatnent carried out_in m xed gas of the
oxi di zi ng"eYEY aRtEEHE raé%ﬁfb‘?‘f?d“gga?é’ ggatlﬁ‘a? t?’f Sh&tal ?g%&ﬁ%hai%ﬂﬂrbt

material b gedysed:and dhie-pxidge ok btheaeashbyqexi dégabted fmt eri al
i s oxidized, and subsequently, a further _heat _treatnment is carried
out in a 93@@@@@@@1 c%yﬁﬂtw the easily oxidizable material is

negative in the temperature range of from 0°C to 1,200°C,
change amount of Gibbs’ free energy of the reducing gas
required for reduction reaction with the oxide of the
hardly oxidizable material is negative in the temperature
range of from 0°C to 1,200°C, and change amount of Gibbs’
free energy of the reducing gas reguired for reduction
reaction with the oxide of the easily oxidizable material

is positive in the temperature range.

5. The process for producing a nonvolatile semiconductor
memory element according to Claim 3, wherein change amount
of Gibbs’ free energy of the oxidizing gas required for
oxidation reaction with the easily oxidizable material is
negative in the temperature range of from 0°C to 1,200°C,
change amount of Gibbg’ free energy of the reducing gas
required for reduction reaction with the oxide of the
hardly oxidizable material is negative in the temperature
range of from 0°C to 1,200°C, and change amount of Gibbs’
free energy of the reducing gas required for reduction
reaction with the oxide of the easily oxidizable material

is positive in the temperature range.



at nosphere or under a reduced pressure. 11. The process for producing
a nonvol atil e sem conductor nenory el enment according to Claim 2,
wherein the heat treatnent is carried out in a mxed gas of the
oxidizing gas and the reducing gas sgsthat the hardly oxidizable
material is reduced and the oxide of the easily oxidizable nmaterial

i s oxidized, and subsequently, a further heat treatnent is carried

out in a predetgenpActeidNerdr gaARIIMRS Rheba Vel aUNUer s@nl sttt or
pressure. 12. The process for_ producing a nonvol atile sem conduct or

menory el BRBAYY attoPdith 3Pt didmt®, Ciffdfeiln VRETR&AL LHE OF ¥R ¥hsht

I's carried,Qubohfafndi XM 928 cfk B8uLOXLY! 245009851 aNd,t he reducing
gas so that the hardly oxidizable material is reduced and the oxide

of the easily oxidizable material is oxidized, and subsequently, a

further heat i S r 1. i,n - 1 i S
atnnspherg'or E%§2¢P§E%%%d%%§E%#%@%%%é:alggngﬁgggég%g%§£$%$£§#%%%§ing
a nonvol atelhergeai eosadiuciorordierproe élledent  asgterdingthe €k adng g

wh in the heat t t ] [ t t h d
reduced BrEsSOPETY W AGd "Bt T8 P B §00C 16 H00C. 14, The

process for producing a nonvolatile sem conductor nenory el ement
according to Caim1ll, wherein the heat treatpent.in an,inqﬁtﬁgas
M 600C

at nospher @ -or GRBEPTACFEHUCE PIRBELH% @ POWRIAF &S oBEMLECR

to 900C. }amoFheePLRsesSadMrPIRdue R amnanvahathe seal senduei of
menory el ement according to Claim12, wherein the heat
gas contains H,0 and the reducing gas containg H;.

10. The process for producing a nonvolatile semiconductor
memory element according to Claim 1, wherein the heat
treatment is carried out in a mixed gas of the oxidizing
gas and the reducing gas so that the hardly oxidizable
material is reduced and the oxide of the easily oxidizable
material is oxidized, and subsequently, a further heat
treatment is carried out in a predetermined inert gas

atmogphere or under a reduced pressure.

11. The process for producing a nonveolatile semiconductor
memory element according to Claim 2, wherein the heat
treatment is carried out in a mixed gas of the oxidizing
gas and the reducing gas so that the hardly oxidizable
material is reduced and the oxide of the easily oxidizable
material is oxidized, and subsequently, a further heat
treatment is carried out in a predetermined inert gas

atmcsphers or under a reduced pressure.

12. The process for preducing a nonvolatile semiconductor

memory element according to Claim 3, wherein the heat



treatment in an inert gas atnosphere or under a reduced pressure, is
carried out at from600C to 900C. 16. A nonvol atil e sem conduct or
menory el ement, which is a nonvolatile sem conductor nenory el enent
having the hardly oxidizable materiaky, and produced by using the
process for producing nonvol atile sem conductor nenory el enent as
defined in Caim1l1. 17. A nonvolatile sem conductor nenory el enent,
whi ch i s areamonuvol atd lmrydmdcondudihorn mered yo®d enfe nthdaw iy Aihey

hardly oxidizable material, and produced by usi t he. process for 75
br oduti ngIHOMVET atH] & SR EnEaCt 6P MaRbr eI GHEMY 48 eEed | n

G aim2. d8ceA WMl aiduceds eidC REUEkORe NBADY e &l fiEIN oW ichibis a
nonvol atil e sem conductor nenory el enent having the hardly

oxi di zabl BAHEEEH alS AndiFteduésd By ESERgREhe i deEsd F07e 30 oduci ng
nonvol at i { e $6HH.CONAUCQ-1BMRLY eheneplascdehinead 4.4 3Ju 3.

atmosphere or under a reduced pressure.

13. The process for producing a nonvolatile semiconductor
memory element according to Claim 10, wherein the heat
treatment in an inert gas atmosphere or under a reduced

pressure, is carried out at from 600°C to 900°C.

14. The procesgs for producing a nonvolatile =emiconductor
memory element according to Claim 11, wherein the heat
treatment in an inert gas atmosphere or under a reduced

pressure, 1s carried out at from 600°C to S0C°C.

15. The process for producing a nonvolatile semiconductor
memory element according to Claim 12, wherein the heat
treatment in an inert gas atmosphere or under a reduced

pressure, is carried out at from 600°¢C to 900°C.

16. A nonvelatile semiconductor memory eiement, which is a
nonvolatile semiconductor memory element having the hardly
oxidizable material, and produced by using the process for
producing nonvolatile semiconductor memory element as

defined in Claim 1.

17. A nonvolatile semiconductor memory element, which is a
nonvolatile semiconductor memery element having the hardly

oxidizable material, and produced by using the process for
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producing nonvolatile semiconductor memory element as

defined in Claim 2.

18. A nonvolatile semiconductcr memory element, which is a
nonvolatile semiconductor memory element having the hardly
oxidizable material, and produced by using the process for
producing nonvolatile semiconducteor memory element as

defined in Claim 3.





