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 |

whi ch is produced b%
CHARGE RETENTION PROPERTIES AND PROCESS FOR PRODUCING THE

5 SAME

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.



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 G bbs' formation free energy
for formng an oxide is also sinply referred to as oxide formation free
energy. 2 BACKGROUND ART Heretofore, for portable information term nal

devi ces such as cell phones, flash nenorie%s are widely s used as nenory
devi ces capable of nenorizing in a nonvolatile nmanner. The reason is that

hi gh density integration of frash nenory is relatively easy, production
techni que for_frash ”E”DHy Is highly conpatible with those of conventional
| ogi c or DRANFAEK $RGnd cost of frash rrem)ry Is relatively | ow
However, it is not eaSéEto fo m a th|n iIm i nsul at or Suriounding a

floating gate of HE¥f oﬁ%nn PATbRRL? %ngﬁ BAF EORhEFYBI 8t ent i on of
floating gatg, fhal lSun raes"?bii $Hols MTEEPLY "ELenti o o TLesthy
| 5 used as memory devices capable of memorizing in a
nonvolatile manner. The reason is that high density
integration of frash memory is relatively easy,
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



Is menory, it is necessary to nmake the filmthickness of the insul ator
surrounding a floating gate at |l east a predeterm ned thickness. Thus,
forming of thin filmof insulator is difficult, in a flash nmenory of

structure, progress toward high performance 20 of device such
as mniaturization, high speed, |low voltage operation and | ow power
becones difficult, and theresis a prediction that progress
toward high performance reaches a limt as early as year 2007. As a
t echni que solgatry it sbuprbitierebfpbeees i ips 2eer|padpdseyd. ofAschar ge

convent i onal

consunpti on,

retention and achieving a thin film of insulator at the sane tine in a

single floatiany eeanple \pe spech emethod fechbividing aifladithinghe

floating 3 gate into a plurality of pieces, has been proposed. As an
exanpl e of spmaidimpeth@licrlliyief iecds odthene bate metlod efurality of
pieces, there is a nethod of forming a [arge nunber of Si ultrafine
particl es forfeaing arehwrge ananeer ahdusihgraf rowroiiclesh Bbrueachfine
particles as a floating gate (for exanple, Patent

5

10

15

20

25

memory element and using a group of such Si ultrafine
particles as a floating gate (for example, Patent
Document 1). By thus dividing a floating gate, even when
leakage of retained charge occurs, loss of accumulated
electric charge can be limited to a small region, whereby
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
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
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
floating gate constituted by metal ultrafine particles
can improve charge retention performance more than Si

ultrafine particle floating gate (for example, Patent

si nce



Docunent 1). By thus dividing a floating gate, even when | eakage of

ret-ai ned charge occurs, |oss of accunulated electric charge can be limted
to a small region, whereby 10 requirenent for reliability of insulator can
.be eased. A flash nenory having such a floating gate divided into a
plurality of pieces is referred to as a divided floating gate type flash
menory, and the above-nentioned flash nenbry of conventional structure is
referred to as a is single floating gate type flash nmenory in this docunent.
The techni quaeFuREng dhg Fhe gesisey d&t eecepwer Makeds hag iampiBenent of
reliability of charge retention of an insulator, and enables formng of a
thin film offynaticn drelafmvebr tander ddegn, thaee leehrPyurt fsrpbtynet of
techni ques for, solving the_above-nentioned problem of conventional single
floating gatStyrnd |3FPTRIRILY . FWRrRRtI (RRFRI el % @EBEFEHC in which
the ultrafine particles serving as a floating gate is not _nade of Si but

made of a net@erde Tetxinmm ihadthe meta} JatFHRf 1 PRBNEETE ut tA2bi Pt al

ultrafine particles . [ rove char retentio erformapce nore.than S
5p gate 1is hfghegmkhan thatggor electrPcpcharge Qn the Si

ultrafine particle floating gate.

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.



ultrafine particle floating gate (for exanple, Patent 4 docunent 2) The
reason i s because netal has a work function relatively larger than the
electron affirmty of Si, and accordingly, a potential barrier for electric
charge retained in the netal ultrafine particle floating s gate is higher
than that for electric charge in the Si ultrafine particle floating gate.
Here, in the technique for formng a netalSultrafine particle floating gate
di sclosed in Patent Docunment 2, an insulation film (hereinafter referred to
as gate io insul RIGT PRI ost t ed vdtvidet & et al ultrafine particle

floating gate and a control gate,_is forned gx_a CVD nethod, there is a

case where the netaFeRf (YR par t 1984y 2% ditfi%ed at a tine of formng
the gate insulation film It is pointed qut that en the nmetal 15

ul trafine particl%%?%ﬁ?aQ?ﬁﬂ@%&?dfieg%{%ﬂéﬁﬂﬂéﬁg7ﬁgl metal ultrafine
particles effectively working for charge retention may decrease. As a
techni que for preventing such an oxidation of

5 DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION

However in such a conventional producing 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



metal ultrafine particles, a technique of formng a gate 20 insulation film
by using a sputtering nethod is disclosed (for exanple, Patent Docunent 3).
Since a sputtering nethod enables to forma filmat a | ower tenperature as
conpared with a CVD nethod or a thermal oxidation nethod in general, and
accordingly, it becomes possible to 25 deposit a gate insulation filmon the
metal ultrafine particles while oxidatio of the netal ultrafine particles
i s suppressed. 5 . Patent Docunent 1: JP-A-11-186421 Patent Docunent 2:

JP- A- 2003- 51858134t Docunment 3: JP- A-2003-86715 5 DI SCLOSURE OF THE

| NVENTI ON PROBLENMS TO BE SOLVED BY THE .| NVI NTICNE£%¥?ver In such a
conventional pro R §$CHni PuEn G ARHIRRST dadii 0 "f%r&?ﬁa‘?ﬁ)ry

el enent errpl%?gfin a spl%{?tsf&rﬂn met hod,, an insul ator sych as Si Q2 forned by
a io sputteri od,? 9 WHRRETH g VFaS Y ooV ® shortage type

f nd h itiaon ratiq of
defects and ﬂ%%é%fé 1(£;§éﬁ%coﬂaﬁé%é} memory element capable of

5 improving insulation performance of an insulator
surrounding a floating gate composed of e.g. metal 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

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



excess Si in many cases. Further, since many free valencies (dangling
bonds) are contained, there is a problemthat such an insulator has | ow

i nsul ati on 15 perfornmance as conpared with SiQ2 | ayer fornmed by using a CVD
et hod or a thermal oxidation nethod. Accordingly, enployment of a CVD
method or a thermal oxidation nmethod and enpl oynent of a sputtering nethod
cause a problem of oxidation of metal ultrafine particles 20 and a probl em
of Iom/insulationzfegforna cg.of an insulator, respectively. As a result,
there occurs Such (5)Sroﬁpgngﬂhat hi gh charge retention perfornmance of the

metal ultrafine [ 'Hg gg{ can not be sufficiently exhibited or
that thin film(#gﬁ%méﬁéiéégg%% ré%’

be sufficiently achieved, and

el enent performarggesé)%If ngny@}ﬂggie%ﬁ%%o&g%égé nory, (#gygnt havi ng a

netal fine particle i ng ga een sufficien exhi bi t ed.

The present | eI AN 3% AL IMRER P glleitd Rk &Y WS B f0bE Ne
present | nvention provides a
5 the easily oxidizable material by a physical forming
method; and
a step of 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,

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



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
+sretal portion in the floating gate, and the present invention provides a
process for producing such io0 an elenment. MEANS OF SOLVI NG THE PROBLEM
Consi dering the above points, a first aspdct of the present invention

provi des a process for .prodquci,ng a i s nonvol atile sem conduct or, nenory
Bl oot - havh 76 GaR e e B it ek (ORI E GO 1S LA TS ! &

mat eri al conposed of a hardl oxi di.zabl e el enment . havi G bbs' formation
(oo baer v HER LGSR SRt R PR E 1ih daITd oo 20

energy of Si faor form ng oxide ynder the sane tenperature condition at 1
2t and i n a TR @G (O E H PADOUCS AP At T an
easi |y oxi di zabl & Iy et ala SUROSELs S AL RN dRAnd L Sohs formtion
5 particles in the floating gate as compared with
conventional elements, whereby it is possible to realize
a process for producing nonvolatile semiconductor memory
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



25 form ng oxide |lower than the G bbs' formation free energy of Si for
form ng oxi de under the sane tenperature condition at 1 atmin the

tenperature range of fromOC 7 to 1,200C, and Si; the process conpri sing;

step of form
portion nade

formng nethod; and a step of carrying ot a heat treatnent

of an oxi di zi

ng a portion nmade of a hardly oxidizable material and a

a

of the oxide of 5 the easily oxidizable material by a physical

acing agen m xture ratio of the
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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 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
to 1,200°C, and Si;

the process comprising;

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
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



oxi di zabl e material conposed of e.g. W N or Co is used as an ultrafine
particle floating gate or a single floating gate and that an oxi de of
easily oxidizable 20 material such as Si02 is used as an insul ator
surrounding the floating gate, wherein the ultrafine particle floating
gate or the single floating gate and the 6nsu|ator are formed by using a
physical formng nethod, it is possible t °bond oxygen atons to

oxygen shor t age, A% e def iR Yorde8a N AleNILTBhG 1k Rk Nt o such

as Si02 whilet afine particle“floating gate or the sing oating

gate is not QydizedhiQr Jhidieddd %‘a%efi%qug%d,re\m&feeé%ﬂ'cﬁ r%h%t W@' eto

I nprove insulating pérformance of the insulator surroun oating

gate such as dhe yetdls juht rafidie £ANd infl @ fil-0ati N Q.03 i& e fNG, tL decrease the
ratio of oxidized netal dltrafine s particles in the floating gate as

conpared with g %rl;é%qltrieor}adqug . Sy vga@rggylilboioscpossi ble to realize a

process for producing nonvolratile sem conductor nmenory el ement having high
charge retention perdipf SBnGest Héion, 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 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



"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 formng oxide of the material is
higher than an oxide-formation free energy of Si in an environment of 1 atm
and the sane tenperature, is defined 1is ;3 a property of nore hardly

oxi di zabl e than Si. Further, an el enent having such a property is defined as

a hardly oxi 4i,zaphl fe &l LB ce ANk & TSI @Ing UMb it A1 e hardly oxi di zabl e

el enent is defined as a hardly oxidizable material. On the other hand,

"easily 20 oxJfiZahlfictd indPSeNimddtY GV Oy BaSkdd RS OPRIdnadd@t a
material is nore easily oxidizable than Si, an specifically, a property
that G bbs' fgrapddofe foee energy for formng oxide of the material is
equal or lower than an oxide-formation free energy of Si in an 25

environnent of 1 atma thei §2Ebl & Met S LB, coipdedd N6l a aBapdpyoperty of
nore easily oxidizable than Si. Further, in the sanme nmanner as the case of
the aboves9 oxidizable element having a Gibbs’ formation free energy
for forming oxide higher than the Gibbs’ formation freé
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
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



hardly oxi di zabl e property, easily oxidizable elenent and easily oxidizable
material are defined correspondingly. Further, a second aspect of the
present invention provides a process for producing a nonvolatile s

sem conductor nenory el enent having a m xed or lamnated structure of: a
hardly oxi di zabl e material conposed of a hardly oxidizable el enment having a
G bbs' formation free energy for forninglgxide hi gher than the G bbs

formation freﬁaé@r%‘ﬁr g;y%ogisﬁj1 fé)rpﬂﬁéi‘ci,é?ﬂ P&rﬁﬁq#‘qg@{}b%@e %agrsztenperat ure

condition at atmand 1m a tenperature range o rom 00C, and an

oxide of an eashycoXi ZRPle MEISd e COMASE e DL Al ehenBat chaving 2

G bbs' formation free energy for 1s formng oxi ower than the G bbs

formation freg, Nty oyx Phi ol Ormd QLA LY OXI e { hee SAOEn] ggPELALYre
condition at 1 a{'%yi nxthle terrpenr1ature range o? rorr?OC eto 1,20 C,<£l ng Si;

the process cpoampedpLogiveDy arsh&Pe®@f d04mM ng a portion made of the hardly

5 a step of 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

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



oxi di zabl e material by a physical formng nmethod and formng a portion nmade
of the oxide of the easily oxidizable material by a chem cal formng

nmet hod; and a step of carrying out a heat treatnment in a mxed 25 gas of an
oxi di zi ng gas functioning as an oxidi zing agent and a reducing gas
functioning as a reduci ng agent, mhereinlghe m xture ratio of the oxidizing
gas and the 10 reducing gas and the tenpérature are controlled so that the

hardly oxidi zgRl\g SRS I Hr f Srof HHUC E Ak e s Artd& A% | the

oxidizable material is oxidized in a tenperature range of fromOC to

1,200C. s By fihis GRPYJUCTdh 44 hdh ol Bl e SRS Quci Oofe Menory
el enrent having a construction that a hardly oxidizable material conposed of

e.g. W N oreied shd!sffte and@ndlddafddse paid ixedei d | oatdpuaale e single
floating gate and using an oxide of easily oxidizable io material such as

Si Q2 is used a5 @¥ i Y AHO 1 NN 1 dei g C{T’éﬂé‘,g wed febypr ei ) the
ultrafine particle floating gate or the single flToating gate is fornmed by

5 possible to realize a process for producing nonvolatile
semiconductor memory element having high charge retention
performance. Further, since the first oxide such as SiO,
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'’



using a physical formng nethod and the insulator is fornmed by using a
chem cal formng nethod, it is possible is to bond oxygen atons to
oxygen-shortage type defects or free valencies in an insulator such as Si Q2
by reducing the ultrafine particle floating gate or the single floating
gate w thout oxidizing them whereby it is possible to inprove insulating
performance of the 20 insul ator surroundiﬁ@ a floating gate such as the

e e T L B, W R ol

oxi di zed neta tra particles | e as conpared with

conventi onal r%a U it%%rheéjyog'tdé %quﬁlsé lgaes ihQ, IS l.izzeabalé)rrrpa ey 4107
nvol at Ivi (iL l| nen g Cc

produci ng 25 no e sem conduct or nenory e avi ng hi ar ge

retention peg&pgggﬂﬁgwéqgﬁfgﬂé é%ﬂﬂgfélﬁﬁﬁfﬁ%?ég the present invention 11

provi des a proc or produci ng a nonvo sem conduct or nenory el enent

having a mxed Orgy ;’/ﬂﬂf@t@&nséﬁé@{éﬁﬁ 10451 e 1Al Ye AL AL 3P g reg gL i al

conposed of a har

5 of the first to third aspects, in a range of from 0°C to
1,200°C, the oxidizing 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

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 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
fromOC to 1,200C. and 10 an oxide of an easily oxidizable materi al
conposed of an elenent having a G bbs’ fgrnation free energy for formng
oxide |l ower than the G bbs' fornmation fre 5energy of Si for form ng oxide

under the sa ture . QQgi-i tam §Q§?r e of
fromOC 15 {H@%e% ;!Lntg lﬁc; t Stelk%%ogcteos;re%ol?pér%qs% ?r%:c;a S ecgg%%kﬁf%ra&r}\gng a
portion nade ar dl : 'diﬁ;ﬁ% s rJgd t-af,i form ng
| ayer in V\hiﬁé{?c?h%%réhsyﬂyx'i I za %e%fgllqﬁ %népa{%é}%@%%& e %eaof t he
east |y oxi di bl IRLEI Alerdldoiab L mdi N AU ehen DA, My sl Tormi ng
met hod, followed by selectively renoving the first oxide the easily

oxi di zabl e r@;ﬂ%@lré%ﬁﬁ%ﬁ eAtd M drmng layer; a step of formng a
t

portion made of e oxli de of the

5 Further, a sixth aspect of the present invention
provides the process for producing a nonvolatile
semiconductor memory element excellent in charge
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



25 easily oxidizable material by depositing a second oxide of the easily
oxidi zable material that is the sane or different fromthe first oxide of
the easily oxidizable 12 material, by using a physical form ng nmethod or a
chem cal formng nethod after the first oxide of the easily oxidizable
material in the tentative formng |ayer az selectively renoved; and s a
step of carrying out a heat treatnent in m xed gas of an oxidizing gas

functioning a i gzl t0g gas functioning as a
A P ce B R

reduci ng agent, ure ratio e oxidizing gas and the

reduci ng gas and ﬁLP&ﬂQPPeé al L &n @, €3 0L L oL E e@hé%ﬁ@%nﬁ-%ﬁ@@n@%ﬂ' y

oxidi zable material 1s reduced and the second oxi t he easi

oxi di zabl e ngleried S R MIEL i Tk el LRI AL L R, of1 4 OC to

1,200C. By this construction, in a nonvolatile sem conductor menory el enent
havi ng a consgidyigld amhd hadrd Pas i 2 510Xl Zabl £ Ml el i o gormesed of e.g.

W N or Cois used as an ultrafine particle floating gate or a single
5 using the process for producing nonvolatile semiconductor
memory element as defined in any one of the above first
to sixth aspects.
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



floating gate and an oxide of an easily oxidizable material such as SIQ2 is
used as an insulator surrounding the floating gate, wherein the ultrafine
particle 20 floating gate or the single floating gate is forned by wusing a
physical formng nmethod and the insulator is formed by using a physical
form ng nethod or a chemcal formng nethgod, it is possible to bond oxygen
atons to oxygen-shortage type defects or free valencies in an 25 insul ator

such as Si Q2 whidgatdih Wdrfimdardd aie fdQatdig gale-Qindiey singl e
floating gate is not oxidized or while it is reduced, whereby 1t is

possi bl e to ifyahol HatdsSildt idy he fgtEnea fadiies igediadis surroundi ng
the floating gate such as the netal ultrafine particle floating gate and

to decrease tfiedtaind pftoxidizeth rid@teadd tuad ine pardf ceidided he floating
gate, whereby it is s possible to realize a process for producing

nonvol atil e nsatdIcaridiied imaByEtyi Eledreit diay i i dd iy cetege wiadesty on

performance. Further, since the first oxide such as SIQ2 of the easily

oxi di zabl e nHitteriisalpasitsienitig pdatdeved yhonvolatile semiconductor
memory element having high charge retention performance

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



| ar ge anobunt of oxygen-shortage type defects in the io tentative formng

| ayer fornmed by using a physical formng nethod, is selectively renoved,
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 is nonvol&%ile sem conductor nenory el ement
having an insulator containing further |Iittle oxygen-shortage type

defects. Furtd&lsy&dPWd easieed 0Ofod N PrBSEMUnd MUEALA Oy Provi des the

process for producing a nonvolatile 20 semconductor nenory el enent, wherein

change amount of p{Ebbs: fAregneng i thewd:g1d R0 s TeAudgd for
oxidation reaction Wth the easily oxidizable material 17s negative in the

tenperature rm&ifngrm%ﬂﬂel,ﬁwﬁth@fw&@emmeﬁi&i.bbs' free energy
of the reducing gas required for reduction reaction with the oxide of the

hardly oxidizabl ery@t esi alad & dtvieord Fitdhe HReraldy s1dangepf from 0C
to 1, 200C, and change anount of G bbs' 14

5 according to Example 1 of the present invention.

Fig. 10: An explanation view explaining S107 step
according 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.



free energy of the reducing gas required for reduction reaction with the
oxide of the easily oxidizable material 1is positive in the tenperature
range. By this construction, besides the effect of any one 5 of the first
to third aspects, in a range of fromOC to 1,200C, the oxidizing gas can
appropriately oxidizes an easily oxidizagge material such as Si w thout
oxidizing, the ultrafine particle floating gate or the single floating

gate, and the redrcd NG ©AS pe2RxPARMARM IR &li¥w @xpAAUEE & 1wt Ifdpne
particle floating gate or the single floating gate w thout reducing the

oxide such asddd¥dioly N Bawidle oXidh zal redeard alnveAacdi ngly, it is
possible to regul ate the oxidation power of the oxidizing gas used and

reduction pover ofidheredachi@wlakplsting! xS dat iReS HidahR thierpr oper |y
performthe heat treatnment for oxidation and reduction, and to realize a

process for dqureHiuGiond Nen\eold@ndawRiicrondisd ol tRiline earmndidmyng  high
charge retention performance. Further, a fifth aspect of the present
inventions 2Ghgied\dfdend kP meaasik fiefsylraadiciing madw sl sta,l.e

Fig. 22: An explanation view explaining 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,.



sem conductor nenory el enent according to any one of the first to fourth
aspects, wherein the oxidizing gas contains H20 and the reducing gas
contains H2. By this construction, besides the effect of any one 25 of the
above first to fourth aspects, since hydrogen and water vapor are w dely
used in the field of sem conductor elene manuf acturing and easy to
handl e, are used in the 15 mxed gas, it I's possible to realize a process

capabl e of produeidg £asi Y visdf @lcheag iWalh yoeedwieky edugidyd ity a
nonvol ati |l e sem conductor nmenory el enment having high "charge retention

performance. geduiidhial stridoidde aPadie AfldndndrLay dmvendd«gn  provides
the process for producing a nonvolatile sem conductor nenory el enent

excel l ent i n Lhay@Eing el N:iQip1char astt afHes tg s aaac andidix #¢h any one of the
first to fifth aspects, wherein the heat treatnment is 10 carried out in a
m xed gas of the oxidizing gas and the reducing gas so that the hardly
oxi di zable material is reduced and the oxide of the easily oxidizable
material s 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



I s oxidized, and subsequently, a further heat treatnent 1is carried out in a
predeterm ned inert gas atnosphere or is under a reduced pressure. By this
construction, besides the effect of any one of the above first to fifth
aspects, since a further heat treatnent is carried out in a predeterm ned
inert gas atnosphere or under a reduced pressure after the 20 oxidation
reduction treatnent is perfornmed, it is possible to realize a process for
produci ng nonvol atile sem conductor nenory el enent capable of effectively
removi ng by-product material such as OH groups which may renmain after the

oxi dati on r edEST MODHE GURTEINRRYRIGE 0UGH T3E gnovgderidat may remain after the
oxi dation reduction treatnent, may cause adverse affects such that it

decreases nel ti ngFsm Mow, drilsoditeter Orofletheasassdifc 1msettai bonwPEL f or mance
of the oxide. Further, a seventh aspect of the present invention provides a
nonvol ati | e Semdesudtidieat wisniorne fedrenerd tdhaldawgiride. hardly oxi di zabl e
mat eri al, and produced by
5 EMBODIMENT
Fig. 1 is an explanation view schematically showing
an example of cross sectional structure of a nonvolatile
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
200 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



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 Accordi,ng to the present invention, in a
nonvol atil e sem conductor nenory el enent having a construction that a 1s

hardly oxi di zabtess@tef i tthe COMDSQMIOEt & GsuV¥t Mt &1 Coa | Souts€s ASgahn

ultrafine particle floating gate or a single floating gate and an oxi de

such as Si 2 pfaed a ed@sd iy 0otz apl £reret @Fmed . | Thes e st ddisd at or
enconpassing the floating gate, wherein the ultrafine 20 particle floating

gate or a singhd thoadiain gedépids 8 foraetedyonsi dgpad physh calt & m ng et hod
and the insulator is fornmed by using a physical form ng nethod or a

chem cal formmgunet hee, andilsapossobt £ct ordyhcho®Xxylgensb af efsobt 4ining

oxygen-shortage type defects or free valencies 25 in an insulator such as

Si 2 whil e then ublimad i entpaet iwleh an Al circuit, and shallow junction
regions 7a, 8a containing relatively low concentration of
n-type impurities for serving to realize high withstand
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



floating gate or the single floating gate is not oxidized or while it is
reduced, whereby it is possible to inprove 17 insulation performnce of the
i nsul ator 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, jyhereby 5 it is possible to
provi de a nonvol atil e sem conductor nenory el enent havi ng hi gh charge

retention perdydranagytiank aHy@cess for producing such a nonvol atile
sem conductor menory el enment. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS Fig. 1:

An expl anation vizy siEdesehi EahdycishOr silgs tra t € Xa) 1P s DigBe CEBgStSBCL i onal
structure of nonvolatile sem conductor nenory el enent according to an

enbodi ment  afubdrergdesentsi merdd o dindli¢g.cRistfalViaw e s ndhg an

oxi dation-reduction conditions in a construction that ultrafine particles
are nade of dNaew, N sinthIatctystdlsBubsirdte maflesof, P2 Foy. 3: A flow
chart for explaining a production

5 (silicon on insulator) substrate having a structure that
a layer of any of these single crystals is formed on an
insulator, may be employed. A single 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



process of nonvol atile sem conductor nenory el ement 20 according to Exanple
1 of the present invention. Fig. 4: An explanation view explaining 5101 step
according to Exanple 1 of the present invention. Fig. 5 An explanation view
‘expl ai ning S102 step according to Exanple 1 of the present invention. 25
Fig. 6: An explanation view explaining S193 step according to Exanple 1 of
the present invention. Fig. 7: An explanalion view explaining S104 step 18

according to Al pk @ ke tPeIAR iidh eMitONhdE hidh Nt Rl@nat i on view
expl ai ning S105 step  according to Exanple 1 of the present i'nvention. Fig.

9: An expl anddrityi 6 Y AHYuid-e 06 HLRald A IWNY L-fFxanpl e 1 of the
present invention. Fig. 10: An explanation view explaining S107 step

accordi ng to dxeagionl o Jihg preseRipd rRIMdn@N.i Jd1gt ibk iy exlanat i on
vi ew expl ai ning 5108 step according to Exanple 1 of the present invention.
10 Fig. 12: Ampgxpieanation view expl aining S109 step
5 The tunnel insulation film 3 may be formed by using
an oxide film such as a SiO, film, a nitride film or any
of other insulative materials, and among these, a SiO,
film is preferred 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



according to Exanple 1 of the present invention. Fig. 13: An explanation

vi ew expl aining 5110 step according to Exanple 1 of the present invention.
Fig. 14: An explanation view explaining 5111 step is according to Exanple 1
.of the present invention. Fig. 15: An explanation view explaining 5112 step
according to Exanple 1 of the present inéggtion. Fig. 16: An explanation

vi ew expl aining 5114 step according to nple 1 of the present invention.

20 Fig. 17: AipeeXRlidRAtdoR1\WRW iSCheiBldLalld ShaM MY @Y aPfiLross

sectional structure of a nonvolatile sem conductor nenory el enent according

to Exanple 2.8fj cH RODPLAISRLE iy §alitAR 1 dF Aa1lGir AN ipdanad | 0 ¥ 8Ws
expl ai ning S103 step 25 according to Exanple 2 of the present invention.

Fig. 190 An excplpnl ifefy WovHionP tdienicha ral04- et i AL ARAING Uiy Jfexanpl e 2 of
the present invention. 19 Fig. 20: An explanation view explaining S105 step

accordi ng t oo Rl ed Rfed har e3eMeddMYYd O e.g. JP-A-2004-55969,
5 a method (hereinafter referred to as simultaneous
sputtering method) of simultaneously sputtering using
both a target for ultrafine particles 4al made of a
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.



Fig. 21: A view explaining oxidation reduction conditions in a construction
that ultrafine particles are s made of CoO and nmatrix insulator is nmade of
Si02. Fig. 22: An explanation view explaining S106 step and S107 step
according to Exanple 2 of the present invention. Fig. 23: A view
schematically showing a cross 10 sectiong% structure of an elenent after
S115 step according to Exanple 2. Fig. 247 An explanation view

schematical |y showifighe AN &30 £ gL %ﬁnﬁ@ﬁt%ﬁ)%t§f Myt girgéog

nonvol atile sem conductor nenory el enent according to Exanp 15 the

present inventd ac1fd A% i) £X0 AP YL 2R A U $104 Sy
according to Exanple 3 of the present invention. Fi'g. 26: An explanation

view illustralidygiehgGit e g fEN tyPfard] Fhd Bdded d sl Ators daendiqg to
Exanple 3 20 of the present” invention. Fig. 27: An explanation view

i1lTustrating cHO%RIERr ALY Wt 10 ARS8, dvddeuesery. i nvention.

5 insulation breakage occurs in the tunnel insulation film,
the amount of lost electric charge can be limited to a
narrow area and minimum amount. Thus, division of
floating gate provides an effect of tolerating occurrence
of insulation breakage to a certain extent, which

10 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

15 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

20 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

25 using the above simultaneous sputtering method, is that
since the metal ultrafine particles and the matrix

insulator are formed simultaneously, the matrix insulator



Fig. 28: Aviewillustrating oxidation reduction conditions in a
construction that ultrafine particles are 25 made of W tunnel insulation
filmis nade of high dielectric constant material of Hf 02 silicate type and
gate insulation filmis nmade of SiQ2. 20 Fig. 29: A view schematically
showi ng a cross sectional structure of the-,elenment after 5115 step
according to Exanple 3 of the present invention. 5 EXPLANATI ON OF NUVERALS

1: Sem conduGRfersiisiduai®.each o eRNindt3al &flitUxf ihe Fhr3T1ddIMRIn
insulation film 4, 24, 34: charge retention |ayer, 10 4al, 24al, 34al:

ul trafine pardHech8%rafiliie Firtdclidis Wrd @ormdel, Shd s aogien shortage
type defect, 4d, 5c, 34d: free valency 4e, 5d. OH group, 15 5, 5a, 25, 35:
gat e insul at ijesdlidd8r functions to suppress particle growth of the
metal ultrafine particles. Further, under the growth
5 conditions in which migration is sufficiently allowed,
metal fine particles on a substrate generally grow to a
predetermined size determined by thermodynamics.
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



6: control gate, 7: source region, 7a, 8a: shallow junction region, 7b, 8b:
contact region, 20 8: drain region, 9: sidewall, 10: halo ion inplantation
region, 21: screen oxide film 24f: oxidized portion, 25 34b: SiQ2 nmatri x
insulator, 100, 200, 300: nonvol atile sem conductor nmenory elenment 21 BEST
MODE FOR CARRYI NG QUT THE | NVENTI ON From pgw, embodi ments of the present

I nvention will be described with reference to drawi ngs. s EVMBODI MENT Fig. 1

i's an expl anaii ©FaFigy Sehei@léeablyf SPa 1thadna e%f@mtﬁeptiiﬁégﬁéiﬁ@ﬁ i onal
structure of a nonvolatile sem conductor nmenory el enment according to an
enbodi nent  and made of an element whose ionizing energy in a
semiconductor is sufficiently smaller than a half of
energy band (hereinafter referred to as gap energy) in a

5 band gap of the semiconductor, for the reasons that a
high melting point metal is stable in a high temperature
environment in the semiconductor manufacturing process
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



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 ésolation) techni que. The
nonvol ati |l e sem conductor nenory el enent i 0 has a structure that on the

sen1conductor5y§¥3ygge§&bsg%ngfgyyy ddpl @ i dHd Mide LHANGS Tt enti on
| ayer 4 for retalnlng an electric'charge, a gate insulation film5 20 and a

control gate §d aEhat ehd tHNIiHR18r The Lhamndp: el&ntdgan layer 4 has a
structure that ultrafine particles 4al functioning as a floating gate is

di spersed inRptRRliding, e Aty Astdde Hahddansddacdir Geddle control

gate 6 forns a channel” on a 25 surface of the sem conductor substrate 1
accordi ng to.akra80Rld §haldiage @il Béﬂ&ﬁ{t&dlrlécﬂk%ﬂ%‘%ﬁj@%ﬁ{gﬁ@l{é c charge

to/fromthe charge retention layer 4. On th

5 mixture ratio. Here, the d1stance between ultrafine
particles in this explanation means the shortest distance
from an interface between an ultrafine particle and the
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



surface of the sem conductor substrate 1, a source region 7 and a drain
region 8 are fornmed. The source region 7 and the drain region 8 are regions
doped with n-type inpurities, and have contact regions 7b, 8b for obtaining
s an ohmc contact with an Al circuit, and shallow junction regions 7a, 8a
containing relatively |l ow concentration o n-type inmpurities for serving to
realize high withstand voltage of diffusion |ayer and to suppresses excess

generation ofofide Gadhd BT - bt aiies aD VeSO UNGRbd £ B 0N E s di@d Ne & egi on 8
are each fornmed so that its region (gate overlap region) overlapped with a

regi on where $her€dgd 46 r&tRMdH dudayes dk tdeo S0l d byt G et & formed,
Is mnimzed by wusing a technique of so-called self alignment. This is

construction é5 f@e thel ik Pose(10dr& BIEE Y PRIEEY) tH&f CaRagi tange fornmed by
the overlap. Further, in a case of elenent having a gate | ength of about

0.3 pmor snmedé®dcts idué StPretpidehiOrfLfen hhd drrd spbagiagi on regi ons 10
I n the sem conductor substrate 1 in regions nore inside 20 fromthe shall ow
junction regi @Sind:ida, idyapPlied also to defects such as shortage
type defects or free valencies in an insulator such as a
nitride other than oxide), there is the following
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



I mpl anting p-type inpurities having the sane polarity as that of the

senmi conductor substrate 1 so that the concentration of p-type inpurities is
increased. This halo ion inplantation exhibits an effect of decreasing 25

1 eakage between the source and the drain occurred at a portion slightly
deeper than the vicinity of seniconductoglsurface where a channel is forned
when the 23 gate length is short. As the Sem conductor substrate 1, a

single crystaor sistinRl @ H it O] & 19N Hi8 nf ey StRlt SURsld et 1fas Si Ce,

a single crystal substrate of SIC, or a SO 5 (silicon on insulator)

substrate haddih day reledie it dendraver efiradyoef athesensingl e crystals
is formed on an insulator, may be enployed. A single crystal substrate of

Si is preferpgf didal FormEagpmdtid iduriphis i dputteanerd sy i dentified,
and it is easily available. 10 As a material of sem conductor substrate (or

| ayer) for ooidd Hd g Ind-Glorshiery tepgyatdteirofi eheimeitivalsingl e crystal
of e.g. Ge or SiGe or a single crystal of S

5 there is a merit that oxidation of a floating gate 4al in
the underlying charge retention layer 4 can be
suppressed. However, since a gate insulation film formed
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



having a strain fromthe viewpoint that they inprove carrier nobility.
Further, fromthe viewpoint of is decreasing delay tinme by decreasing
parasitic capacitance of substrate depletion layer, or for inproving
subt hreshol d properties, a SO substrate is preferred. Further, for
operation under high tenperature environmggt or a high voltage drive,
a single crystal substrate 20 of SiCis preferred. Here, for the reason

t hat el ectrongertend 1Mgy Mgher an®hbidddey fdhan dunesi Cahde tsediBSr£aiKéd er s,

t he above

e.g.

sem conductor substrate is preferably a p-type sem conductor. 25

From now, exparaidioss Widl {re thsleindwlelry ass Whdtqn rdthait ide Sepaconduct or
substrate 1 is a single crystal substrate of Si. In the above, the el enent
i sol ation is thd &S Be tyspidiedeireatt 4 ol |, £ - Sdweni g gh | ntegration
density is not required, a so-called LOCOS (local oxidation of silicon)
type el enent AcmdimylynpyiralscamnmOyBiskning the gate insulation

5

10

15

20

25

film 5 by a chemical forming method, the insulation
performance of the gate insulation film 5 itself is high,
but the ultrafine particles 4al contained in the
underlying charge retention layer 4 tend to be oxidized.
Namely, a situation opposite to that in a case of using a
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.

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.
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
retention layer 4 in the case of chemical forming method.

Now, an oxidation reduction treatment method

according to the present invention which solves the



5 The tunnel insulation film3 may be forned by using an oxide filmsuch as
aS®film anitride filmor any of other insulative materials, and anobng
these, a Si2 filmis preferred for achieving good el emrent operation since
dense and stable SiQ2 filmcan be obtained by to subjecting Si to thernal

oxi dation. Further, as a tunnel insulatigE film3, a high dielectric film

made of a high dielectric material (high-K material) such as Si OxNY or a

Hf type oxi deybdise piaiteisresh foro Temd ol DV Nee r gas@PsbedNan® g Ly £apl oyi ng
a dielectric filmmade of a 15 high dielectric material, it 1s possible to

i ncrease capagirpMe eOUP| ddigsProperdry el vegie tdita SN conshicion 1spdstrate
1 and the control gate 6 to suppress short- channel effect, and it 1s

possi bl e to supgssi shd frst 0N uirafimd ©deedl &s f4mdn @ haoaitng gate to
the 20 sem conductor substrate 1 when the netal is enployed for the

fl oati ng gat einguldtmcheade setantdoide ayaid 4olgat: tHige datwel nsubat dmon film
3. Here, the above x and y satisfies 0<x<2 and O<y<4/3. Here, it is
preferredst hafild e ixs ad yxide t hrermsdtibyfys ing ondbhyonc X +Hyedimdg t he
method. Here, the tunnel insulation film 3 is assumed to
be an oxide.
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,



25 same tinme for reducing free valencies. The charge retention layer 4 is
formed on the tunnel insulation film3 and has ultrafine particles 4al for
25 retaining an electric charge and a matrix insulator 4b in which the
ultrafine particles 4al are dispersed. Various nethods for form ng the
charge retention |layer 4 have been devel gped, and as described in e.g.

JP- A- 2004- 55969, s a nethod (hereinafter referred to as simnultaneous

sputtering meidhed)rfusingldifous Epwda ididadsidid ot at arget for
ultrafine particles 4al nmade of a material having a | arge work function and

a target for rddwrmigiat insuhaide 4 desieilesedbddudded ol lowing 10
reasons. By using the above form ng nethod of charge retention |ayer, a
filmhaving aedtadicidlne dnill Madhdy ddd reafd venglar twikdedsy 4aded sirhighl y
densely dispersed in the matrix insulator 4b, is obtained. By enploying a
i s charge ret@mvet lanedr senitortiudtdyd ttafu fe-naririci@sodals, afherdret al
having a | arge work function are highly
5 are many academic and technical knowledges already
obtained for these gases, and that handling of these
gases is relatively easy.
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



densely dispersed, the followng nerits are obtained. Nanely, since the
material of ultrafine particles forming a floating gate is a netal having a
| arge work function, 20 it is possible to retain electric charge at a deeper
energy |level as conpared with a sem conductor, which increases a potenti al
barrier at an interface with an insulatogs As a result, it is possible to

I ncrease a potential barrier of the tunnel insulation film3, it is 25

possi bl e to ssfiffessol b o wlpIBMt idudhargeyfagmdde a Wd#wdn ne particles
by tunnel -1 eakage, and it is possible to increase charge retention

per f or mance. @fmpdutd her ,a sdulcful daim@arlirdmidoftdidalprddipftaeedarticl es
formng a floating gate are present in a nenory elenent with high density
and the partifl®sremierd nsefl afletke Aie prmidters e doned Mmecdssathyat oFroaven
when e.g. s insulation breakage occurs in the tunnel insulation film the
amount of | osiow) efddr | Corha P @arnobhesstp driad do, ait niad rayedied gt m ni num
anount. Thus, division of floating gate provides an effect of tolerating
occurrence H,O is used as an oxidizing agent, H, is used as a
reducing agent and each of the above oxides is SiO,.
Fig. 2 is a view for illustrating oxidation
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”



of insulation breakage to a certain extent,

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

el enent, the higher the above effect can be increased,
achi eved by formng ultrafine particles

in

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

whi ch 10 contributes to inprove

an

ultrafine particle is is preferably as sn?gl as possible. Here, since it is
X

possible to disperse a | arge nunber of e
particles of gqiqnpet &le YeABYd1 ] AP D dRNSRINE infarddmtri x insul ator

by enpl oyi ng the above Sinul'tanéous sputtering nethod, the method for

form ng 20 ul trafipepardidd@gedtss ¢ namlvigyidatlad ram the oM eup

the above charge retention performance and insulation breakage,” etc.
reason why itsHortRRfES! hite 4 & GipeRensa-d hewdd tiafd ne fiarddtdBsiddy a smal |
size at high density by 25 using the above sinultanéous sputtering nethod,

is that sincednfpermhale UldHaldR i isgers and ildie 418 rdhe dsdtndry
formed sinmul taneously, the matrix insul ator 27

5

10

15

20

25

time becomes long. On the other hand, at a temperature
higher than the predetermined temperature, agglomeration
of metal fine particles starts to occur or the metal and
the insulator form a new compound at their interfaces,
such being not preferred. Further, it is also not
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,
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
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
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

renmely small netal ultrafine

The

are

oi nt of



covers around each of the netal ultrafine particles when the ultrafine
particles are forned, and the matrix insulator functions to suppress
particle growth of the mnmetal ultrafine particles. Further, under the growth
s conditions in which mgration is sufficiently allowed, netal fine
particles on a substrate generally grow tg-,a predeterm ned size determ ned
by thernodynam cs. However, in a sputtering nethod, since netal fine

particles areadriided mulat@mtively Fewnt eRpecatrdagonist, t@ebeconmes possible
to stop the reaction for particle growh in a non-equilibriumstate before

the parti cl esoxgrdws drd rddif-tiie dbatadEaliy el gyrddad sirdeenttidn tihese
reasons, as the nmethod for formng charge retention |ayer, the sinultaneous
sputtering mgitefetidilng careled Jdit tiaf gettedpb it us Waiey dRarfedm is
extrenely preferred. Further, a nmetal for formng the nmetal ultrafine
particles prefmnablapdrasta wookef uasdi abrof pretepabyy LAr gerfibeabso close

to the work functions of the sem conductor substrate and the control gate,
for the 2@ purmaserqfoc rer gasrog charge retention perfornance.
Further, in an actual oxidation reduction treatment,

a sample experiences a temperature history that 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



Here, the work function of sem conductor substrate neans an energy
difference between its Ferm |evel and vacuum |evel. Specifically, it is
preferred that the nmetal has a work function of at least 4.2 eV and the
difference 25 fromthe work function of sem conductor substrate or control
gate is at nost 0.5 eV. Further, the netal8to be used for formng the netal
28 wultrafine particles preferably has a ﬁigh nelting point and made of an

el ement whose {9 Z6R94 Yof Wa 318 orgyd fid : Il er
than a hal f %V(gg%eér)gy %gﬁ%lg(%fer el nafterxpdgr?Lgli‘é‘ale1 r'e&gltto%l zzlsiﬂ;]éagﬂﬁnme%%ly inas

band gap of t{ge SEAMEPAUGES! or f it t PEoK CASONSx 1A 16n Pe@RcEELAI NG poi nt
netal is stable in a high tenperature environnment in the sem conduct or

manuf act uri ng: PEYERSSt ARFhdbAL meﬂstﬁ@q:é@é@fyi@odéﬁff@@ﬂeﬁtbifugh the
t unnel insulation filmto reach the sem conductor substrate, the 10 netal

does not affegécHeASE athOMHAN G LGN i1 e RIRC O IRNG Q] tendrt the
channel . Specifically, the netal preferably has a nelting
s furnace, and for this purpose, it is necessary to stop
supply of H,;0 gas and sufficiently discharge the gas to
the outside of the furnace.

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



point of at least 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 the

vi ewpoi nts of work function, nelting point and ionizing energy, the netal
for formng nmetal ultrafine particles is specifically preferably W M, Ti,
Pd, Ni, Ta, C or the like, but it my bg GCs, Re, Nb, Ru, Rh or Pt as well.
20 Further, in order to obtain insulation Bet ween adj acent netal ultrafine

particles, the distanes ket eenviiali W té’é&l‘&ﬁl(ﬂ?&ﬁdf'ﬁeﬁnd% R RlRdAb! Y
| arger than the predeterm ned distance, and it is specifical preferably

at least 1 nmgjl rl{:{tnt@:,ral Way- 4 figh i ance d atsooalﬁ&@cmgii;iw.h density of
the ultrafine particles is hard to obtain, and accordingly,  the distance is

preferably atgomadr 5> tHBrehes di %@é@%ﬁ@ﬁé’% adiageni s fedal ol dgaf i ne 29
particles substantlally depends on the mixture ratio of the rretal and the

insulator in adw asti el Fea U drerd ioh it ther K 3t aneerhgdyveen
adj acent netal ultrafine particles can be controlled by adj usting the

5 atoms enter into an atomic bonding network of the oxide,
and bond with oxygen atoms to form OH groups to cut or
terminate the bonding network.

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



S mxture ratio. Here, the distance between ultrafine particles in this
expl anation neans the shortest distance froman interface between an
ultrafine particle and the matrix insulator to an interface between anot her
ultrafine particle and the matrix insulator when these 10 two ultrafine
particles are adjacent to each other. N@ggmhile, the matrix insulator 4b is
preferably a material having low electronaffirmty which easily becones

anor phous, for, fii Rasd &hay ' p r e.
Furt her, thequrla%xlr}'iexgq'*i%lgﬁt}lsgﬁrgra 4Ig£ci{s pr ferabI%haat{sn%aﬁﬂ?ég%]'neiﬁ%%%énggi%nt for

the reason thateySUalk B PMBlddued A3 Al by oAbl idhaui e tenper ature

environnent in the sem conductor “manufacturing process. Specifically, the

el ectron affddddtdn ien IR HAM A Bledsisd & SMnand £ heowrld ig 20 point
is preferably at |east 1,400C. By putting together the viewjoints of

el ectron affigqdde €AY NERF otf FUM NG aprRhous, andyddeidrel ting point,
the matrix insulator 4b is preferably an anorphous material nmade of e.g.

Si 2. As an alge{tddty sudh&or phous A1203 or Ti Q2

In order to provide sufficient thermal energy to cut
OH bonds, it is preferred to set the treatment
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



25 may al so be enpl oyed. However, when e.g. an oxide is enployed as the
matrix insulator 4b of the charge retention |ayer 4, an 30 oxide usually
contains a |large nunber of defects due to shortage of oxygen such as oxygen
shortage type defects or free valencies (hereinafter sinply referred to as
defects due to oxygen shortage; the corre?Eonding s definition is applied

al so to defects such as shortage type deféects or free valencies in an

i nsul at or sucdbrRfucidH thddne het1 4t OXid)iet NEtf ithd headoOld oW ng

problem Nanely, an electric charge retained in an ultrafine particle

easily noves dup@asiacent Tanet Rentt0 il hicaf e fearldLlcdnwideryely andef ect due
to oxygen shortage, to cause deterioration of insulation between ultrafine

particles. | pspiert 1 avaindh S N sletiend it i wicdmsibratifper, ithd S
necessary to bond oxygen atons to a | arge nunber of 15 defects due to

oxygen short aga: e UGl #liSa o e i dgehd Ypenetel episu it {s1eef Viah enGicgs
contained in the matrix
5 the above reasons, the treatment temperature is
preferably from about 600°C to 900°C, more preferably
from 700°C to 800°C.
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



I nsul ator of the charge retention layer, to renove these defects due to
oxygen shortage. Here, renpval 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
sane time to bond oxygen atons to defects,o9f the oxide, wll be described
| ater. The nmethod for formng the gate insulation film5 25 fornmed on the

charge retentyfdRY It 41 PNl ysigakegaehzadrifik9ophyskeal af abRpng
nmet hods and chemi cal form ng nmethods, and any one of these nethods nay be

used 31 for diadn g tihe mgad @rdtatmdd b fddrhb odutt Hhesedmidiadsin each has
a nerit and denerit. First of all, in a physical form ng nmethod such as a
sputtering medtdad tisitathd hddud mdcarHEM G itlerpey athirak liys dedaditealy | ow, 5
there is a merit that oxidation of a floating gate 4al in the underlying
charge retention Hayered, can dedes uppresseir doveryasratseédogopt Jate of
insulation filmformed by this nmethod contains nmany defects due to oxygen
s the charge retention layer 4 and the gate insulation film

5, or in order to repair a deteriorated portions of the

control gate 6, that are caused by a plasma damage at a

time 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



shortage, its insulation performance is generally low 10 Accordingly, in a
case of fornming the gate insulation film5 by a physical formi ng nethod, an
effect of suppressing ultrafine particles 4al present in the underlying
ctharge 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 |l arge nunbein@irgief egti e pevalsuridesedtuduhing gxteainsdl st ioRefilm5
into the control gate 6, increases, and the charge retention perfornmance

20 of the el gpENfcHpet£RSSS, N the Bidesthanthand), avkdentkgal céefrdng net hod
that is nore widely used for formng an insulator than a physical formng

net hod, the deqsd tys dpsiEiedtiso eNESFEKRY gerp shasd aifphpiep ig@sul ator
formed, is low, and its 25 insulation performance is generally higher than

that obt ai negsiyl By pdyst £aded oinn tige NEd heekydoaeves, in a chemcal form ng
method, the filmformng tenperature is 32
5 A source region 7 and a drain region 8 preferably
have shallow junction regions 7a, 8a respectively to make
slopes of impurity concentrations in the vicinities of
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



generally high, and there is a denerit that the ultrafine particles 4al in
the underlying charge retention layer 4 tend to be oxidized at a tinme of
filmformng. Accordingly, in a case of formng the gate insulation s film
5 by a chemcal formng nethod, the insulation performance of the gate
insulation film5 itself is high, but thg ultrafine particles 4al contai ned
in the wunderlying charge retention |ayer i tend to be oxidized. Nanely, a

si tuation oppasiiiRid @Afald b 1 s?eéaf;idwa@aﬂi%xp% cadw fgdwdng net hod,
is realized. "When the floating gate 4al is oxidized, an energy |evel for

retaining el@udinptGlt ¢ itHd @as8fentaNdrastdckesbl, thePpuepbisal ofharrier
decreases and the charge retention performance decreases. is As described

above, two tyRgsprfsdmihodsakdnddaral amrs dmindsdort Horgadin tie pate

insulation fil'm5, nanely, a physical form ng method and a chenical
form ng net hogcerakdas 2 i o gedrdriesidal g rpmdhe 104 ewpoi nt of

charge retention performance of an elenent. 20 Problens to be solved in
t hese twosforifgigariteidiads @igidie 10.

As described above, in the process for producing
nonvolatile semiconductor memory element according to the
embodiment 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.



gate insulation film5, are to decrease defects due to oxygen shortage in
the gate insulation film5 in the case of physical form ng nethod, and to
decrease oxidation of ultrafine particles 4al present in the underlying
tharge 25 retention |layer 4 in the case of chem cal form ng nethod. Now, an
oxi dation reduction treatnent method accgrding to the present invention

whi ch solves the 33 above-nentioned problens, will be described using as an

exanpl e of a constumcidon fhad Advevsher Oe redeiddodud ByermerosPnpri ses netal
ultrafine particles and a matrix insulator nade of an oxide, and that the

gate insul at icQrenerfd IHAWWB s AlcdhdtdaidoidfedHyt Usimg-d yplassiiatadl m ng
nmet hod. Here, the tunnel insulation film3 is assuned to be an oxide. An
oxi di zi ng agefitdriral empdiedelfed sy due N axygen Shiddgss igh t he oxi de,

and a reducing agent for 10 reducing the oxidized netal ultrafine
particles, andtassired gar-tSiadliesfflddeidpldand g o aidaylds . £ Id4dtsingpf  al |,
the oxidi zing agent has to be a material having
5 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 floating gate or the

single floating 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



sufficient oxidizing power for oxidizing an easily oxidizable material such
as Si, but not oxidizing a is hardly oxidizable material such as N or W
Meanwhi |l e, the reducing agent has to be a material satisfying a condition
that it can reduce a hardly oxidizable material such as Ni or Whbut it does
not reduce an easily oxidizable material, Here, hardly oxidizable and
easily 20 oxidizable are terns defined by using a formation free energy for

form ng an oXiditiddy @RYGIJDedPMRr-AR AFt@H de rSatdtsfivisia dthg- above
condi tions, H20 , N204, NO, N20, S02, 503, C®2, CO or HCLO may, for

exanmpl e, be ysRthddrsiamildazidtmhsSy Wikh htle fa®at idly Ipduciing agent
sati sfying the above conditions, H2, NH3, N2H4, N2H2, CO or CH4 may, for

exanpl e, be usa@ctikslscir@dnlded)sianGdddAdas muletiddi ZiNFagRd Wnd using H2
34 as a reducing agent is the nost excellent for such reasons that

i nfl uence of usAsigualpHsiRTAdifdrnisg hltiddy @ry asdmi dd1ey ameiext renel y
wi dely used in a conventional sem conductor nmanufacturing process, there
5 method; it is possible to bond oxygen atoms with oxygen
shortage type defects or free valencies in an insulator
of e.g. 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
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



s are many academ c¢ and technical know edges already obtained for these
gases, and that handling of these gases is relatively easy. Here, e.g. 02
or 03 may be used as an oxidizing agent, but there occurs production

probl ens such that 10 these materials have extrenely strong oxidi zi ng power
and they oxidize nmetal ultrafine particl that are supposed to be
reduced, whereby the equilibriumcondition at which reduction reaction

becormes dom naptd IMMSse tithtBe i AN I AN &y SirlSut | Sk Al LASE ofhd!si Ng these
strongly is oxidizing agent for oxidizing defects due to oxygen shortage

in an oxide, wlti$Hf HLiIrEk1O sty de wide holyTeaetdydingwi th the
above e.g. 02 or 03, as a reducing agent, so that they sufficiently react

to produce eyfke HXAdashdelhg 1le)ga &dtd i e 3P *dOAEBHe
at nosphere, and use the produced reacted product as an oxidizing agent.

Next to H2O amck % irge MdrFogen RS CPUHE isr fHefLinere asl sdx g di zi ng
agent. Here, in this case, it IS necessary to note generation of nitrogen
conpound &s agate without reducing the oxide of easily oxidizable
material such as S8i0O,, and accordingly, it is possible to
regulate oxidation power of the oxidizing gas to be used
and reducing power of the reducing gas to be used, to
suitably carry out the heat treatments of the above
10 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
15 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.
20 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
25 treatment in the production of nonvolatile semiconductor

memory element. Here, the OH groups which may remain

after the oxidation-reduction treatment, may cause



25 by-product, and it is necessary to appropriately renove such a nitrogen
conpound. On the other hand, a carbon type conpound or a sulfur type
conmpound are not preferred 35 since solid by-product such as graphite, a
‘carbon conpound or a sul fur conpound tends to be precipitated and renoval
of these by-products becones necessary. Frgm now, for conveni ence of
explanation, it is assuned that 5 H2Ois used as an oxidi zing agent, H2 is

used as a regdurd Ao agendcand, @l ofoddie @Pye IYEsy iso0%s dRY- 2 is a

view for illustrating oxidation reduction conditions I a construction that

ultrafine pagtidd esr el a@ds- i W B Nnath & dRtgispdAsidator is 10 made

of Si02. In the oxidation nethod of the natrix insulator and the reduction

method of ultrafife pagtiLhes aBEEO! HRE AdntbEaeIPOdidRNt oAt bEr Pr eSENt
invention, a mxed gas of H20 gas and H2 is used as an atnospheric gas. In

Fig. 2, the waddisale Betiént e @seiiify & Paiid Bmbddinkras I e HalpResent

(hereinafter referred to as H2 partial pressure ratio to H20) of H2 based

on H20, the |l@twdrdion, has an effect produced by the process for
producing nonvolatile semiconductor memory element of the

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



axis represents a tenperature (C). Each of the curves shown in Fig. 2 is
cal cul at ed under the condition that each of H2 and H2O 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 H2ZOis used as a partial pressure of
H20 in a tenperature range of less than J1QOC. Further, the curve described
as "Si" indicates 25 that Si is reduced by an atnospheric gas in a region

above the cuross @NdiSim I8 GdHmAd w1130 AIWmSRheHiG 985 1d Edkn&ain bel ow
the curve. The curves described as "W 36 and "Ni" respectively, indicate

the same manngyind rsit thdredt rnitddtlon.e MY Agndetechs duplhatedyger,”
shortage, at a tenperature |lower than a predeterm ned tenperature, the

reacti on speeibriss dr@wenid kel t raaal i edidendirawresdsigaten ide ot her
hand, at a tenperature higher than the predeterm ned tenperature,

aggl oner ati onr i lafedradyal7°f ikpe tpar theligsnst Akt ct@oacedr iablbhe efEtiahsand the
I nsul ator forma new conpound at their interfaces,

5 so that the implanted ions do not cause channeling of the
semiconductor substrate. Here, “channeling” means a
phenomenon that implanted ions deeply penetrate into a
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;



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 insul atjor is anorphous, a material wave
of electric charge tends to be scattered since the lattice arrangenent of
the insul at orpisté riegthployadier eby the novenent of electric charge to

adj acent ultrafine particles, the control gate and the sem conductor 20
substrate by the Henael thenflochadioni Sredpprnesgeds &h Nihandt bher fband, when
the insulator is crystalline, since its lattice is regularly arranged, the
mat eri al wavefafmimd echieix achidee, isrdarfot cetempsbal ter ed, témpe navenent by
t he tunnel conduction becones relatively easier than the 25 case of

anor phous. Thhf st@Et® i-288at0 KIYherLr dbic orisi (deyadtd drh & aharact envistg,cs

required for the charge retention |layer, and the gate insulation film and
t he 37 5 - 2NiO) and -717.5 kJ/mol for Si (reaction formula: Si+0,
- 8i0;), and the formation free energy of Si for forming
an oxide of Si is lower. Sputtering is carried out under
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



tunnel insulation film Fromthese reasons, the oxidation reduction
treatnent in the present invention is preferably carried out in a
tenperature range of from about 600C to 900C, and nore preferably in a
range of s from700C to 800C. Further, in an actual oxidation reduction
treatment, a sanple experiences a tenpergjure history that the sanple in a
state of roomtenperature is noved into an oxidation reduction treatnent

furnace, subpeetae tigsa ait@roxisdal ) onbl edhgt tRAt! bﬁ?\égﬁnbh@if_tagé_r eggker m ned
tenperature, and thereafter, noved to the outside of the oxidation

reduction tr caifeeitls Weehad pe-ds2Mper aind € rich datk0N learperainilspinionever,
during the oxidation reduction treatnent, it is necessary to satisfy the 15
oxi dati on redebnamhceoN@sR)onethdd, he erisioharcenméisainptd o @Re&k t hat t he
sanpl e waf er experiences. Considering this point, control of partial
pressure ratiiaddfcatieg ahrophkeangast ity ddTpeleaniieFadagxanple, when the

ultrafine particles are made 20 of W when the treatnent is carried out at
a treatnest bonds) 4d is detected.

Then, a gate insulation film 5 is formed on the
charge retention layer 4 formed in the step S104 (S105;
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



tenperature of 750C, the H2 partial pressure ratio to H2O may be wthin a
range of from101 to 108 fromFig. 2. However, at a tenperature |ower than
this range, at a tinme of e.g. noving the sanple into or out fromthe 25
oxi dation reduction treatnent furnace, the partial pressure ratio of H2 to
H20 needs to be increased, for exanple, tg about 107 or higher at a room
tenperature to 38 avoid oxidation of W Accordingly, at a tinme of noving

the sanple imbp B, QiHd fulnddTe «axi dabi gasr pebaticen bir dakiBny hyroace, it
IS necessary to sufficiently decrease the H20 gas partial pressure in the

treatment s foy nacen &l doant HepanyiRostredtindrs MRLORSA Y 1D AP isuppl y
of H20 gas and sufficiently discharge the gas to the outside of the

furnace. At tédsthatreitdyfDowergvachietomgs ttige | feneeadf thhe opxidat iran
reduction furnace to a pressure of about 10-2 10 Pa or |ower, followed by
i ntroduci ng HZhyascasé, | Shoossigkirital sayRine daciharge H20igashesuch bei ng

nore preferred. Meanwhile, when the ultrafine particles are

5 oxidation reduction treatment furnace is 1, and in this
state, Ni is reduced and Si is oxidized as shown in Fig.
2. A sample wafer is moved into the oxidation reduction
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.



made of Ni, the lower limt value of the H2 partial pressure ratio to H20
remar kably decreases to about 10-2, is and the tenperature range neeting the
oxi dation reduction treatnment according to the present invention, is wde.
Further, when a plurality of types of nmetals are enployed in a sanple, it
is preferred to acconmpdate the treatnent o;condition to the condition of
nmetal material having the 20 narrowest con?orning condi tion range. By

appropriately cargigidgePUtwhdie HXi&eddPPt isdsisddOPuh I SAt IBAtardd 1S
possi ble to avoid oxidation of the netal ultrafine particles or reduce the

oxi di zed porﬁa&mi@mﬁb@éuﬁé& $ANEs irdTe e Nk ooy AedE brBioh th 25 oxygen
shortage type defects or free valencies of the oxide adjacent to the netal

ultrafine parirfdfifed Afpectr@sdtty (RTIFECOMBSh@DS A ead G | FEWME, Char ge
retention 39 performance of a nonvol atile sem conductor nenory el enent

using netal uldfaftae Edid £ afe @ FdDattdig GalFroupdeyein thersios a
case where as a side effect of the above oxidation reduction treatnent
met hod, hydr offielln of the charge retention layer 4 and OH groups 5d in
the Si0, gate insulation film 5, are confirmed. Namely,
presence of OH groups in the matrix insulator 4b of 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



5 atons enter into an atom c bondi ng network of the oxide, and bond with
oxygen atons to form OH groups to cut or termnate the bondi ng network.
Since the OH groups nay adversely affect e.g. the nelting point and the
insul ation performance of the 10 oxide, it becomes necessary to renove the
OH groups forned by carrying out the abovg,oxidation reduction treatnent.
For this reason, after the above oxidation reduction treatnment, it is

necessary to teRNtthiwoysiiyn fear Idbrtolaredl iy o Ry18idiafdten ref eringd to as
inert 15 atnosphere annealing) in an inert atnosphere or a reduced-pressure

at nosphere, ti@ diepofaangel hydredery af Ay prended-andvD oXEgRD)ah@Emand
formng OH groups to the outside of the film In an inert atnosphere

anneal i ng fomltt hipurtiess of miXed eyavidfy SHH,OWQURASPHL tié susedessasy to
provide a thermal energy sufficient for cutting OH bonds to let the
hydr ogen at orfs lim-edeyrndmdy tgasquiagid W diss clopege adshd mpgatieriatsed H2 to the
outside of the system and it is necessary to avoid oxidation reaction of
netal ulteafine After the thin film for control gate 6 is formed in
step S108, gate fabrication is carried out (S109; refer
to Fig. 12). The gate fabrication is carried out by
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



25 particles and reduction reaction of the oxide. For this purpose, the

I nert atnosphere annealing for the purpose of renoving OH groups, is
preferably carried out in an 40 inert gas or in a reduced-pressure
atnosphere. Here, the inert gas or reduced-pressure atnosphere, should be
controll ed and maintained also at times ofcnoving a sanple into and out
fromthe oxidation reduction s treatnent furnace. In order to provide

sufficient thesqmlpenafay dKbut a@dRonRds, imbliasthAteber ned d:eSelg t he
treatment tenperature to be at |east 600C. On the other hand, when the

tenperature isut oth My <00 orersitd, 0 10tk ARt depb@ ivklr afi meipdy ti cl es
becones to occur, or the netal and the insulator forns a new conpound at

their interfacmsvD rdtHodei £ e PFiEferyebuljddtel ,tatardi dbfopic
tenperature, the matrix insulator, the gate insulation filmand the tunne

i nsul ation fidtalmimey pas ticdh sidewdVid & | (e, ; stefenlts® ey ngLNot
preferred. When electric charge retained in an ultrafine
5 Then, using these sidewalls 9 as a mask, ion implantation
is carried out to form contact regions 7b, 8b (S112;
refer to Fig. 15).
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
(8113).
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).



particle noves through the insulator by tunnel conduction, and when the

I nsul ator is anorphous, since the lattice arrangenent of the insulator is
irregular, 20 the material wave of the electric charge tends to be
scattered, and novenent of the electric charge to adjacent ultrafine
particles, the control gate or the senic§gductor substrate by the tunnel
conduction, is suppressed. On the other hand, when the insulator is 25

crystal line, sincgdhe dattdde HeldLTdrardpt Andanged.edtheic material wave of
the electric charge is hard to be scattered, and novenent of the electric

charge by t urpeldutt i seNauc tihen detaidas Jatleats \Weldy tersintidan ndig iase of
anor phous. This state is not preferred considering the properties required

for the charge,egnthiren floayesd (d1a7)gad idixdhvld @adddrn @ t he tunne
insulation film For s the above reasons, the treatnent tenperature is

preferably freamBaliddaldf0Cdme@AGg Moy eher efeitatdly gdttedrs &HMIC g 800C. The
oxi dation reduction treatnment and the inert

5 contact regions 7b, 8b via the contact holes, are formed
(S118), and H, annealing is carried out to improve
electric contact between the circuit 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



atnosphere 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
tinmes. However, the oxidation reduction treatnent and the inert atnosphere
anneal ing are treatnments mainly effectivechor 15 the charge retention |ayer
the gate insulation filmand the tunnel insulation film and accordingly,

it is the msnipRiRiay aagddetout after; frmneofride gate Thesul ation
film In a case of carrying out the oxidation reduction 20 treatnent after
deposi ti ng arfdteind idintd erurdrordm tgsuer i srhaff igian r23 eid | @rtdy@rovk and t he
gate insulation filmb5, it is necessary that the reaction material is
di ffused in dyheHapesiiebdtidinangy dehahieseideng eHgesurtaid ioh diyer 4
and the gate insulation filmb5. In the sane manner, in 25 order to discharge
reacti on prodiidondde exitSikskerditd e irsystem atidspheeeessafprivhat t he
reaction product is diffused through the deposited filmto nove to the 42
5 8i0p 5N film. Here, the thickness of the tunnel
insulation film 23 is made to be 3 nm.
Then, on the tunnel insulation film 23 formed in
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



surface of the sanple. Since such diffusion takes a long tine, it is not
preferred to carry out the treatnent in a state that the above another film
is thickly deposited. However, in order to repair deteriorated portions of

s the charge retention |ayer 4 and the gate insulation film 5, or in order
to repair a deteriorated portions of the ontrol gate 6, that are caused by
a plasma danmage at a tine of gate fabricg lon or other reactions, it is

extremel y effgglime A HaMfPHi & dfiRatdBIMe 2081 HhAf tered he, gat e
fabrication. Further, when side walls are formed on gate sidefaces after

the gate fabriigaf ixyh1 sdnhehdhkee hadida B thesidewal lshd Sr€lf rded out,
for exanple, by a CVD nethod, the ultrafine particles may be oxidized in

the step of gepasiding dfiQiidddevwald fddBan ickAliSRed pdMiofanes it is
preferred to carry out the above oxidation reduction treatnment and the
i nert at nospheferer@aieatidng again after the formng of sidewalls. The
control gate 6 may be nade of any one of a polycrystal Si containing

inpuritieg, a netmher§ 29 CRIPOUS, réndil HhOraloEO MM £X1 7@8d bt i@S a
conbi nati on
24f by reduction, an oxidation reduction treatment
described below is carried out (S106; refer to Fig. 22).
Fig. 21 is 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



of a plurality of materials such as a lam nation of the above materials. In
order to inprove witing 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 nost 5 Q sq, nore preferably at nost 1 0/sg. In a
case of using a polycrystal Si for the ceptrol gate, when the control gate
Is applied to a 43 nMOSFET, a n-type inparity is usually contained in the

pol ycrystal SiyxeffeoN, tdyeq didied hadh #hersd e sondd ol sialRdentarpl ied to
a pMOSFET, a p-type |npur|ty is wusually contained in the polycrystal Si. 5

A source regigh imand BcmbspreFe D MLl v ablyri d@veushah lpw j unction
regions 7a, 8a respectively to make slopes of inpurity concentratlons I n

the viciniti eg RbsptORNest | O8I FHANS PO iR dLULNIEmbveS M tgﬁr channel,
to thereby weaken electrlc field intensity 1nthe lateral 10diréction (a

direction in peFmdd elnWhd S COMSWEL©on SEHTRCES (FePEHeFot PigUPPS PSS
generation of excessive hot carriers. In these shallow junction regions 7a,
8a, the s Then, in the same manner as explained in Example 1
of the present invention, a thin film for control gate 6
is formed (S108), a gate fabrication is carried out
(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



i mpurity concentrations are |lower and the junction depths are shallower
than those in contact regions 7b, 8b. 15 In order to formthe above shall ow
junction regions 7a, 8a and the contact regions 7b, 8b, sidewalls 9 are
Tormed on gate sidefaces. Here, the gate to be provided wth sidewalls 9
means an entire portion constituted by tgﬁ tunnel insulation film3, the
charge retention |layer 2D 4, the gate instufFation filmb5 and the control gate

6. This defiqbin i@ b ReFeiNaltaric Thesed dRuplds o1 also serve

to decrease overlap regions of the gate wwth the source region 7 and the

drain region 8 rfRart it @y arlY AR egi¥is-e thegate W th the contact
regions 7a, 25 8b being high concentration inpurity regions. By decreasing

overlap regi gfshvditatiiS PRI dRABC Ry RATARIAL GrRALIdANEed ormed in
these regions, and to 44 provide effects of high speed opération and | ow

power  consurgirPrE iafm tde £lamtind Wdthelobfhimdde PUWIROSE 10fow SHPPr eSsi ng
| eakage between the source and the drain in a mcroelenent, it is preferred
to form ashal@}dd¥ss has a charge retention performance of at least 20
years in a temperature environment of 200°C.
EXAMPLE 3
Fig. 24 is an explanation 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



5 inplantation region 10. As described above, in the process for producing
nonvol ati |l e sem conductor nenory el enent according to the enbodinent of the
present invention, in a nonvolatile sem conductor nenory el enment having a
construction that a io hardly oxidizable material conposed of e.g. W N or
Co is used as a ultrafine particle floaté g gate or a single floating
gate, and an oxide of an easily oxidizable  material such as SIQ2 is used as

an i nsul at or r3fiUNdiaR@r el eridRd Haat @ateher eBrihgethifafine particle
15 floating gate or thé single floating gate and the insulator are

si mul t aneousleypfhamnaRd JBY oS ithd s FFERitCals al0rEdINGwiet hRHeni b t&nRE$Si bl e to
bond oxygen atons with e.g. oxygen shortage type defects or free val encies

in an insul aheh194Gknas i3n03 sWiialde 1JFe tiet fsaeneapantiiaal @ s2@ Haltodlfi ng gate
or the single floating gate is not oxidized or while it is reduced, whereby

it is possibhethdx TRV oSt i@ saerf otraneanaklt hasingdiahofilm
surrounding the floating gate such as the netal ultrafine particle
floating gatds ameéviieabaer @ase ity aldnoveld @ti & Z8the of removing the
matrix insulator. However, when the materials of the
matrix insulator and the tunnel insulation film are
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.



25 ultrafine particles in the floating gate, and it is possible to produce
a nonvol atil e sem conductor nenory el enent having high charge retention
performance. 45 Further, in a nonvol atile sem conductor nenory el enent
having a construction that a hardly oxidizable nmaterial conposed of e.g. W
Ni or Co is used as an ultrafine particlgyfloating gate or a single
floating 5 gate and an oxide of an easily oxidizable material such as SiQ2
is used as an i nsTheé Prog utliounehmel t hesil eidmof i Dat33 Fbefednithe
ultrafine particle floating gate or the single floating gate is formed by
usi ng a physigadp fSW0E NGa idwagk rdtdrse jpas Sidter t1 bondh wemest atons with
10 oxygen shortage type defects or free valencies in an insulator such as
Si 2 while thmiinafiaeepard i fdmened | EEdNg galieer ato tHigy Siag)l e fiheati ng gate
is not oxidized or while it is reduced, whereby it is possible to inprove
I nsul ati on pefdonivencet ofhdtvee iresudratiosn slayextirsi nigs tdwexrdiced l@at i 11g gat e
such as the netal ultrafine particle floating gate, and to decrease the
rati o of exi dilmedsame manner as that explained in Example 1 under the
condition that a W metal plate is employed as a metal
target, a SiO, plate is employed as an insulator target
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



metal ultrafine particles in the floating gate, and it is possible to
produce a nonvol atil e sem conductor nenory el enment having high charge
retention performance. 20 Further, in a nonvolatile sem conductor nenory
‘el enment having a construction that a hardly oxidizable mterial conposed of
e.g. W N or Cois used as an wultrafinegparticle floating gate or a single
floating gate, and an oxide of an easily oxidizable material such 25 as
SiQ2 is usedmrektdtisiiaipr (REY) aetdiory tihe ifd eadrifigmeghtthatvhaiei n the
ultrafine particle floating gate or the single floating gate is formed by
usi ng a physimalbedb off @xyigeth raaidaed,isantashantaim wfiey & fiHestsi nsidnad or
formed sinmultaneously with the floating gate is selectively renoved, a
second i nsul afrortHes dian,madtlryx tasngaaophgabcabnBotihiang oxglead or a chemi cal
formng s nethod; it is possible to bond oxygen atons with oxygen shortage
type def ect s giforftreee wWipendedfedtrs @3d resud gdrasernf, eyl St tie |datide
ultrafine particle floating gate or the single floating gate is not
oxi di zed er Wt ledddtron spin resonance (ESR) method, a resonance
absorption peak indicating the presence of free valencies
(dangling bonds) 34d is detected.
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



I's reduced, whereby it is possible to inprove insulation 10 perfornmance 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 ati |l e sem conduct or nmenory el enent Egving high is charge retention
performance. Further, since an oxide of t first easily oxidizable

material cont@HNG diflaldwdl dorl HIRAMIHYE 0f a d&5RGLS, dufod oy gen
shortage such as Si02 in a tentative formng |ayer forned by a physical

formng 20 meiRadifiirke SAlactd ] Yaremued Sndy Sidlee @t denf1 dtheon second
easily oxidizable material having | ess defects due to oxygen shortage, is

subsequent |y ERESid @thdd tofl & HIRASI Dl d & P O AW 18 SIONYP 18 ) e
sem conductor menory elenent having further few defects due to oxygen 25

short age. Furéirlqrcatieﬁ @yﬂé‘,n%c?ftﬁé ‘%]Htfg 1ol 2008n #hEn OXigHdd negr gas
appropriately oxidizes the easily 4
5 8i0;. It is understandable from Fig. 28 that in a case
of carrying out the oxidation reduction treatment for
oxidizing Si and Hf and reducing W in an 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



oxi di zabl e material such as Si without oxidizing the wultrafine particle
floating gate or the single floating gate, and the reducing gas can
appropriately reduce the wultrafine particle floating gate or the single
floating 5 gate wi thout reducing the oxide of easily oxidizable material
such as Si 02, and accordingly, it is possible to regulate oxidation power
of the oxidizing gas to be used and r edu@ ng power of the reducing gas to

be used, t0  GuAlY GALLE Qi dieal duiedgep snglot Nonaoye, 10

oxi dation and reduction, and to thereby produce a nonvol atile sem conduct or

menory el emenf, gy @gohbee?ﬁgeaagsuee&@n? Bnopef beerance, £h1d hegacsince

hydr ogen and wat er vapor, at have sufficient experience of use In a field

of sem condu i I are used
GRS sa@xlf‘é dgdtsﬁso@nr gﬁgﬁogﬁﬁ it A %@axeattqogf Aapdiadn

as m xed gases for tion, 1t is possible to produce a
nonvol ati I Se/1 GandUC Qs IRIDY, 18P B G .G LShATge . Pteany-on
per f or mance easﬁly and safely wth goo§ eproduci bility. urther, after
the oxidaki oRy;aQUGHOR Tl RPHEY ilsS maintained.

Then, until the temperature rises to 750°C being an
oxidation reduction treatment temperature, H,O0 gas
produced by burning H, with O, 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



carried out, a heat treatnment is carried out in a predetermned inert

at nosphere or under reduced-pressure, it is possible to effectively renove
by- products such as OH groups which may remain after the

‘oxi dation-reduction 25 treatnment in the production of nonvolatile

sem conductor nenory elenent. Here, the g%igroups which may remain after
the oxidation-reduction treatnent, nay cauSe 48 adverse effect such as

l'overing of relitd ngRRINt(Dfod)he 5 ydrde Rl delRri atd QLA ddsia@ti on
properties. As described above, theé nonvolatile sem conductor nenory

el enent accor@djng )t o 4he PP odigmie 2fi dhe Presanteq DNt ISR has an
ef fect produced by the process for produci ng nonvol atil e sem conduct or

nenory el emendnpf1 v uddtessntrddiveiy ien, @nd d1amn)hi gheghar geer gherat i on
performance and el enmeént performance. 10 EXAMPLES Specific Exanples based on

L Qleosvbove- mentdpad i LHERUE Ntes A e JYRELHn It N beine descri bed
' 5 exposure apparatus. Then, sidewalls 9 are formed (S111),
ion implantation is carried out to form contact regions
7b, 8b (S112), 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

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



EXAMPLE 1 15 Fig. 3 is a process flow chart for explaining a process for
produci ng nonvol atil e sem conductor nmenory elenent according to Exanple 1.
In this Exanple, process steps for producing peripheral circuit portions
such as elenment selection transistors or signal anplification 20 circuit,
are omtted, and only process steps for groducing menory el ements are
described. First of all, elenent isolatiohd 2 are forned on a surface of a

sem conduct or. trate qgg f.a single rystals Si. _doped with p-type

i mpurities (§f§}1{g§:raeq§r pt]eo %E%é:e @Sfl ‘Fg)err?, Ih’l%(‘)"‘)r{f1 ilfrolpl gﬁf"&fc’i’on for adjusting
threshold voltage is carried out (S102; refer to Fig. 5). Here, Dbefore
this ion inplantation, a filmcalled as screen 49 oxide film?21

schemati cal | )&m&iﬁB@f&Lﬁpjﬁﬂﬁ@d by wusing Si thermal oxidation. As

ions to be inplante ions are enpl oyed, and the sem conduct or
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5 production process according to the present invention,
enable to improve insulation performance of an insulator
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



sem conductor substrate. Here, "channeling" nmeans a phenonenon that

i npl anted ions deeply penetrate into a sem conductor substrate w thout
colliding crystal lattice. 10 Then, the above screen oxide film21 is
renmoved 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 conduct or substrate 1 (S103; refer t 0°8F;i g. 6) The form ng of the tunnel
insulation film3 is 15 carried out by f i n i.thermal oxide film by
thermal |y oxi'di 7 rﬁg tpﬁreo suecnt% con urg coerélss ucgf'rs {ﬂoa e SCslulr asrf:eemlcfonn%u r%/r 02

at nosphere. 'gltg_pe i at| film3is 3 nm

Then, on the elrjnﬁjnr! he:alnés“kl}% a |0ﬁ§f%hn%€%eoﬁé¢%%énﬂﬁ%g' 2%19%}% eapé 5103, a charge
retention layﬁrrAbAélseJ@i@%é 46'% (ﬁgm%])o 1 Qyrafls The forming of charge
retention |ayer is carried out by a nethod of sinultaneously sputtering

a netal target and an insulator target. By this nmethod, a construction that
nmetal ultrafine particles are densely 25 dispersed in a matrix insulator, is

obtained in self-rpe entire disclosure of Japanese Patent Application
No. 2005-263792 filed on September 12, 2005 including
specification, claims, drawings and summary is

incorporated herein by reference in its entirety.



organi zation manner. As the netal target, a N netal plate is enployed, and
as the insulator target, a 5102 50 plate is enployed. Here, the fornmation
free energies of Ni and Si for formng their oxides, are, for exanple,

tenperature

of 800C, -286.0 kJ/nmol for Ni (reaction formula: 2N +02 s ,
2NFO and -717.5 kJ/mol for Si (reaction fornula: Si+02 Si2), and the

at a

formation free energy of Si for forming @gp oxide of Si is |ower. Sputtering

is carried out under

the conditions that the surface area rati o between a
Ni target and a SiQ2 target is 15: 85, CLA&M&t nospheric gas is 10 Ar, the

pressure is 0.5 Pa and the supplied power is 200 W The thickness of the

char ge retentli.on 2 ayepcdss sf gaderodec eg 52 ipenyp kabtbe seeniopndfictde char ge
retention |ayer 4 formed under the above conditions, is observed by a
transm ssi on HEwEBtY ol enero ol (STEM)in athidge | 5oty i omepir epent s,

ultrafine particles having an average

anor phous Si dmving a mixed or laminated structure of:

5

io0

15

20

25

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 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
to 1,200°C, and Si;

the process comprising;

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

a step of 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

is

diameter of 2 nmare dispersed in an



matrix insulator. Further, using an energy dispersive fluorescent X-ray
nmeasurenment (EDX), the atomc ratio 20 between N el enents and Si el enents
in the formed charge retention layer 4 is nmeasured, and fromthe val ue and
the diameters of the Ni ultrafine particles, an area density of Ni
ultrafine particles are estimated, and as a result, it is 8x1012/cnR. 25
However, from data of Rutherford backscatttering (RBS) nethod, it is
confirmed that the nunber of oxygen atons is |less than twi ce of the nunber
of Si atons iof tthe Sasingt roxddimabla ova(e3ii3Y) b, oxaindli zddhtimxggen short age
type defects 4c are present, and fromdata of electron spin resonance
(ESR) net hod, t empeassonare eraaizporgl | foromp el tiondi, @aAtO°Ag t he presence of free
val enci es (dangling s bonds) 4d is detected. Then, a gate insulation filmb5
is formed on 2 he Achreeeess ctentpordiairy a norviedathle heeniepndaoror S105;
refer to Fig. 8). The formng of gate insulation film5 1is achieved by
carryi ng out mgmerersIgnenti mreelSigx in charge retention properties,
5 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

10 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
forming oxide lower than the Gibbs’ formation free energy
15 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;
a step of forming a portion made of the hardly
20 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
gas of an oxidizing gas functioning as an oxidizing agent
25 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



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 formed in step 5105, evaluation is carried out by 15

Rut herford back scattering (RBS) nethod and el ectron spin resonance (ESR)
nmethod in the same manner as the above charge retention |ayer 4, and as a
result, it is confirmed that oxygen shortage type defects 5b and free

val enci es Sc tdree Immwtlantox i20i ZEiele nateoridelr i restunasd tared dijoy eoodkdeyen
shortage type defects 4c, 5b and free val encies 4d, 5c, an oxidation
reduction trexf mave eRssich el dietadvi e snaszeriald 150u:txl(®120€81 ¥efer to Fig. 9)
An oxidation reduction treatnment furnace is heated to 800C, H2 functioning
as a 25 redudiempeagenire srangmplafedEtan tdf€ axi daiodoCr educti on treat nent
furnace to sufficiently substitute an atnosphere in the oxidation reduction
treat nent furhace® Irodsss2fonripr dies bad t @ rnonpa) glasl or seuteendycBO¥ ni ng H2

with
5 memory element excellent in charge retention properties,

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

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 a hardly
oxidizable material by forming a tentative forming layer
in which the hardly oxidizable material and a first oxide
of the easily oxidizable material are mixed or laminated,
by a physical forming method, followed by selectively

25 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



02 ,in an adj acent separate treatnent furnace, is supplied so that its flow
rate becones the sane as that of H2. In this case, the H2 partial pressure
ratio to H20in the s oxidation reduction treatnent furnace is 1, and in
this state, Ni is reduced and Si is oxidized as shown in Fig. 2. A sanple
wafer is noved into the oxidation reduction treatnment filled with the above
at nosphere, and oxidation treatnent is caeried out for 30 mnutes. 10 A
moni tor sanpl e obtai ned by carrying out the above  oxidation reduction
treatnent is <Al At dizablRnHe ol Baderasitiard my (B8 iRl and an
el ectron spin resonance (ESR)_ nethod, and as a result, the element nunber
rati o bet weerPSithgEasddge rPFidizakle matry 13l tHat 5l RE IR, ©%Bnd t he
resonance absorption peak intensity of electromagnetic waves_|is a

backgr ound |edﬂef|pf%mra% dirRp the thif EserdnRE Mereasity ¢xidb#aR¥eed t hat
oxygen shortage type defects 4c, 5b and free valencies 4d, 5¢c that are
present bef ored el ki dif i B e RIRPGH ol thugirginethed % abpear ed.

Further, an evaluation is . made by using an electron beamdiffraction (ED)
met hod, 5 chemical forming method after the first oxide of the

easily oxidizable material in the tentative forming layer
is selectively removed; and
a step of carrying out a heat treatment in a mixed
gas of an oxidizing gas functioning as an oxidizing agent
10 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 second
oxide of the easily oxidizable material is oxidized in a
15 temperature range of from 0°C to 1,200°C.
4. The process for producing a nonvolatile
semiconductor memory element excellent in charge
retention properties according to any one of Claims 1 to
3, wherein change amount of Gibbs’ free energy of the
20 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 required for reduction
reaction with the oxide of the hardly oxidizable material
25 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



and as a result, only diffraction pattern of face- centered cubic crystal is
detected, but diffraction pattern of Ni oxide such as NOis not detected,
and 25 accordingly, it is confirned that Ni does not forman oxide by the
oxi dation reduction treatnment but it rermained in a state of NN as it is. 53
However, when an absorption spectrumof infrared rays is neasured by using a
Fourier transformation infrared spectromegry (FTIR) nethod, and as a
result, a infrared absorption derived from OH groups 4e in the SiQ2 5 film
of the chargexistentf drhd aeeyily andidHaplripatarial 1he @ 2iyatm
insulation filmb5, are confirnmed. Nanely, presence of OH groups in the
mat ri x i nsul dthoy tHmpdrathere aterqge. retention layer 4 and the gate insulation
film5 are confirned. In order to renobve such OH groups, after io the above
oxi dati on reduct i Dre tpeateentfos prodebeny aimemvobatbbphere anneal i ng of
the sanple wafer is subsequently carried out (S107; refer to Fig. 10). The
i nert at nosplrerel conrbat i neneEr ré lenent excellent in charge
5 retention properties according to any one of Claims 1 to
4, wherein the oxidizing gas contains H;0 and the
reducing gas contains H,.
6. The process for producing a nonvolatile
semiconductor memory element excellent in charge
10 retention properties according to any one of Claims 1 to
5, 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
15 subsequently, a further heat treatment is carried out in
a predetermined inert gas atmosphere or under a reduced
pressure.
7. The process for producing a nonvolatile
semiconductor memory element excellent in charge
20 retention properties according to Claim 6, wherein the
heat treatment in an inert gas atmosphere or under a
reduced pressure, is carried out at from 600°C to 900°C.
8. A nonvolatile semiconductor memory element excellent
in charge retention characteristics, which is a
25 nonvolatile semiconductor memory element having the

hardly oxidizable material, and produced by using the

process for producing nonvolatile semiconductor memory



800C for 10 mnutes after the atnosphere in the is oxidation reduction
treatnent is substituted by N2 gas so that the atnosphere becones inert.
The atnosphere in the oxidation reduction treatnment furnace at this tine is
sanpl ed, and the H2 partial pressure ratio to H2Ois neasured by a gas
chromat ograph spectroneter, and as a 20 result, H2 partial pressure ratio to
H20 i s about 108. Wen a FTIR neasurenenyais carried out by using a nonitor
sanpl e obtai ned by the above inert atnosphere annealing in the manner
descri bed abelement ies deffinedednt katy tdre dinftladied dbgaor pr on derived from
OH groups is 25 disappeared. Then, a thin filmfor control gate 6 is forned
on the gate insulation filmb5 (5108; refer to Fig. 11) . As





