1 1 DESCRIPTION NONVOLATI LE SEM CONDUCTOR MEMORY DEVI CE HAVI NG A HI GH
CHARGE RETENTI ON ABI LI TY AND METHOD FOR PRODUCI NG THE 5 SAME TECHNI CAL
FI ELD The present invention relates to a nonvolatile sem conductor nenory
device and a process for 1o manufacturing the sane, specifically, a
structure that nano-particles conprised of at |east one type of single-
el ement substance or chem cal conpound are dispersed with high density in
an insulating matrix. Further, it relatesito a nonvol atile sem conduct or
menory device 15 having a charge retention |ayer of excellent retention
characteristic obtained by optim zi PGSCREPERIOKN function or the electron
affinity of the nano-particles and the insulating matrix, or by optim zing
t he space di stance between the outer shells of adjacent nano-particles, and
20 a nethod for producing the device at a | ow cost and with good
repr oduci bi | i t JYONBACKGROBNBEARTOUBHCEARI YRHPRY, DAY ICEC HAYIING BediI&H hat can
record 25 and rewite a |large volune of data, nenory devices enploying a
sem conduct or , CHABREaBEDRNVEOYr ABRAVEY aN® MEGHAD RYRIIPRODNIANG &¢@r di ng
medi a, such as hard disks, ti 2

5 SAME

TECHNICAL FIELD
The present invention relates to a nonvolatile

gsemiconductor memory device and a process for

10 manufacturing the same, specifically, a structure that
nano-particles comprised of at least one type of single-
element substance or chemical compound are dispersed with
high density in an insulating matrix. Further, it
relates to a nonvolatile semiconductor memory device

15 having a charge retention layver of excellent retention
characteristic obtained by optimizing the work function
or the electron affinity of the nano-particles and the
insulating matrix, or by optimizing the space distance
between the outer shells of adjacent nano-particles, and

20 a method for producing the device at a low cost and with

good reproducibility.

BACKGROUND ART
Conventiocnally, as recording media that can record
25 and rewrite a large volume of data, memory devices
employing a semiconductor, such ags DRAMs or SRAMs, and

rotating disk type recording media, such as hard disks,



magnetic optical disks or an optical disks, have been avail able. Further,
systens enpl oyi ng any one of the recording nedia have been devel oped and
used. Anong these recording nedia, DRAMs bei ng capable of increasing 5
witing and readi ng speed of data and facilitating high integration have
been broadly enpl oyed as tenporary nenory devices for a personal conputer
or the Iike. However, they have volatility (that is, stored data are |ost
when power supply from an external power gource is 10 stopped) that is fatal
in nmenory devices, and accordingly, it is necessary to supply power from an
ext ernal poweegsstiiceophicrdedisésr erabn retdrdédddaks, halver dlegrnpower
consunption increases. This drawback is in particular inconvenient in using
a nobi | e per svpallabsget erfintiteeviyvetens yemgloning bany epyeasfatpewer sour ce.
On the other hand, although hard disk systenms do not have volatility of
data, these z¢spefdngaredépehrrg bpesbPenslebes] ewdwiisedng amdngeadi ng speed
and relativelg hi gh power consunption. Further, they have drawbacks of 20
bei ng weak t&hgeehdrreslinpbmgdions DBAME BeéhRanicerbbsRoOk ibsegasdnef their
structure. These drawbacks are also very inconvenient in using the nobile
personal % erWrakingdapPcseading crecdxpindnsa end: kacigdikatingr igd nobil e
25 personal termnal device in recent years, there has been expected for a
menory nedi uANEEIEASYON0NaTE PEENt RECARBEI FEPpEYSEnar termpOFalrYdevi ce,

wherein the nenory . ) ,
memory devices for a personal computer or the like.

However, they have volatility (that is, stored data are
lost when power supply from an external power source is
10 stopped) that is fatal in memory devices, and
accordingly, it is necessary to supply power from an
external power source in order to retain recorded data,
whereby power consumption increases. This drawback is in
particular inconvenient in using a mobile personal
15 terminal device relying on a battery as a power source.
On the other hand, although hard disk systems do not
have volatility of data, these systems have created
problems of slow writing and reading speed and relatively
high power consumption. Further, they have drawbacks of
20 being weak to mechanical vibrations or a mechanical shock
because of their structure. These drawbacks are also
very inconvenient in using the mobile personal terminal
device.
With the expansion of the market for the mobile
25 personal terminal device in recent years, there has been
expected for a memory medium of easy-to-use for the

mobile personal terminal device, wherein the memory



3 nedium has features of nonvolatility, high nenory density, fast witing
and ¢ eadi ng speed, being capable of operating stably even by nechani cal
vibrations or a shock when it is carried, requiring | ow power consunption,
and 5 being easily manufactured at a | ow cost by using a conventional
sem conduct or manufacturing technique. As nenory nedia satisfying the
above-nenti oned requi renents, nonvol atil e sem conduct or nenory devi ces,
such as flash nenory, ferroelectric nenory, MRAM 10 (magnetoresistive random
access nmenory) and phase change nenory, have been devel oped or are
partially inmgdaum &als fgs¢urEsciefofiomvede tidnvel atiilgh memoriyes has
advant ages and di sadvant ages respectively. For exanple, MRAM has 15 nmany
merits, suchdassfigyt, weisti myispead aadd teeidigoar eweadablbe imanyagdaids «hd
therefore, it has been said to be one of the |eading candi dates as a
repl aceabl e peRFEEingostBRAM eM@mevet Megdapiisafadiibratipeuce & stiak nenory
medium it is conposed of two conponents: a transistor 20 and a
magnet or esi stvhea dltedsntcarmiioch mela iriadsthouc Power fcansuynpddmsl i catced,
require strictly a snmall fluctuation on the thickness of the tunnel
i nsul ati ng f PEANGT eRisd LYmagaeacdsived v& &l dpshicosdneddyr egdinge @a | ar ge
current for rewiting because a | arge external nmagnetic field is 25
requi red for CPBYENSILRGelhé S GREGUE thire M@ na aidirdinge tefchnyigae .
magnet oresi stive elenent is smaller., On the other hand, the nenory cell of
the fl ash As memory media satisfying the above-mentioned
requirements, nonvolatile semiconductor memory devices,
such as flash memory, ferroelectric memory, MRAM
10 {magnetoresistive random access memory) and phase change
memory, have been developed or are partially in practical

use.
Each of these nonvolatile memories has advantages

and disadvantages respectively. For example, MRAM has

15 many merits, such as fast writing speed and being
rewritable many times, and therefore, it has been said to
be one of the leading candidates as a replaceable memory
for DRAM. However, as the basic structure of this memory
medium, it is composed of two components: a transistor

20 and a magnetoresistive element, which make the structure
fairly complicated, require strictly a small fluctuation
on the thickness of the tunnel insulating film of the
magnetoresistive element, and require a large current for
rewriting because a large external magnetic field is

25 required for reversing the magnetic field as the size of
the magnetoresistive element is smaller.

On the other hand, the memory cell of the flash



4 menory is constituted by a single transistor as its basic structure, and
the cell size can be reduced because of its sinple structure. Further, a
highly integrated nmenory can be produced at a relatively |low cost by 5
enpl oyi ng a conventional DRAM technol ogy. For such reasons, there have
al ready been a large market for the flash nenory as for the nobile personal
termnal device. Recently, it has been pronoted to operate sem conduct or
devices nmuch faster and to fabricate sem donductor cells 10 to be highly
integrated. Being affected hy this trend, research has actively been
conduct ed f ofePPEVi ditn§ ORISRl & SANOH ehiTgRIFErFGithefc el t s (3P 13
mniaturization, fast operation speed or an inprovenent of charge retention
char act eri st SEFUEEWARen 3RANGRE ICE&dH FefsT Fas B veslugehbasain s
broadly marketed flash nmenory, the operation of reading data stored in a
desi gnat ed mensr ¢ 1ERLE SSTMESIHS, EEFFTI@H'oﬁt highdyy épsepvergdshort tine of
about 100 ns nanoseco%de) or Jess, 20 On the .other hand, data are witten

(

by channel hBEMO&YeERFoRS BREPUGH AT én FiGhiy Sadmy 4@ M oating gate.

And, data are_erased by discharging.el ric .charges effected. by a
Fowl er - Not dh&MRHCENPSt n FEVING =) erl})t%%M &rﬁc?ﬁ]é’qﬁ%é’ati R§Xg5P&M 0 a channel

formng 25 region or d,sourge re ion. -The CHE injection is fast i terns of

char ge transf"%?s?ﬂiléed, h5ge ?@\Mel %ltr&aﬁ]é/ erbﬁagﬁgq%j“?&h%na%rf |trc}?eency (the

ratio of an %qg%%F%%%ory as for the mobile personal terminal device.
Recently, it has been promoted to operate semiconductor
devices much faster and to fabricate semiconductor cells

10 to be highly integrated. Being affected by this trend,
research has actively been conducted for providing flash
memories with high performance, such as miniaturization,
fast operation speed or an improvement of charge
retention characteristic.

15 When a NOR flash memory is given as an example as
broadly marketed flash memory, the operation of reading
data stored in a designated memory cell is rapidly
carried out in a relatively short time of about 100 ns
(nanosecond) or less.

20 On the other hand, data are written by channel hot
electron (CHE) injection from a channel to a floating
gate. And, data are erased by discharging electric
charges effected by a Fowler-Nordheim (FN) tunneling
current from the floating gate to a channel forming

25 reglon or a source region. The CHE injection is fast in

terms of charge transfer speed, but low in terms of

charge injection efficiency (the ratio of an injection



5 current to a supply current) Further, the discharge of charges by the FN
tunneling current is slowin terns of the charge transfer speed.
Accordingly, the both require nuch time for rewiting. 5 Specifically, it
takes a relatively long tinme on the order of 1 us (mcrosecond) for witing
and on the order of fromseveral hundreds of nms (mllisecond) to several
seconds (second) for erasing. For this reason, it has been difficult to
substitute with a hi gh-speed nenory 10 such as DRAM since, although the
flash menory is relatively easy to increase the capacity and reduces cost,
t he applicat COFTESt ke B SPPiehetyrbnenqli-m Fegthen, ocher dischagoee®tt he
rewiting tinme to overcone such drawback, it is considered to reduce the
physi cal 15CURrgesesy She F& el ings @ugtiend i mdgy dh digeet <of argel y
time for rewiting, for exanple. However, if the _thickness of the oxide
filmas the tfnshargsultFaNTd G ISReSSs r aGeedindlver fhet Pok§ ersddiriec fiel d
in inverse proportion to the thickness of the tunnel insulating film20 is
applied to i Vst tHES fRE FEWEH4rgi% g the floating gate. Accordingly, when
rewiting operations are ._repeatedly conducted, electric charges transmt
through the oxi F@SGYIMGRYY 1 idfes" by A & e | ORB kAR ER nthe he
oxide filmso that the oxide filmis Ijkely to cause 25 dielectric

br eakdown. | PXERE Gifelledr i EUTOAGTSIRY) o LT LT 18 a6t /1 dfie i9F 4% t unnel

insulating fil nost charges refained in e
9 oanrom severa undreds oé ms (millisecond) to several

seconds (second) for erasing. For this reason, it has
been difficult to substitute with a high-speed memory
10 such as DRAM, since, although the flash memory is
relatively easy to increase the capacity and reduces
cost, the application to the flash memory is limited.
In order to shorten the rewriting time to overcome
such drawback, it is considered to reduce the physical
15 thickness of the tunnel insulating film which affects
largely time for rewriting, for example. However, if the
thickness of the oxide film as the tunnel insulating film
is reduced, a very strong electric field in inverse
proportion to the thickness of the tunnel insulating film
20 is applied to it at the time of charging the floating
gate. Accordingly, when rewriting operations are
repeatedly conducted, electric charges transmit through
the oxide film many times whereby a stress i1s resulted in
the oxide film so that the oxide film is likely to cause
25 dielectric breakdown.
If the dielectric breakdown occurs at any location

in the tunnel insulating film, most charges retained in



6 the floating gate |leak out, and the nmenory cell |loses the data retention
ability afterward. Therefore, since there 1is not other choice to be taken
but to increase the thickness of the tunnel insulating filmin order to 5
Qbtain the reliability on charge retention at present, and it is difficult
to shorten the tine of rewiting. Further, according to the |law that the

t hi ckness of the oxide filmand the size of the cell as a whol e decrease
insimlarity, and accordingly, the mniakurization of 10 the entire cel
size is also hanpered. Wth the trend of high-density of nenory cells, the
di st ance bet Weenfipaainagogaeescok adfacent &bkl emoryr egdded ontesr ¢y t he
capaci tive coupling between adjacent floating gates is enhanced.

Accor di ngl y, data| 5epenhted @ngaFYtﬁéFeéWﬁéﬁeough©§@f9reonSi@CEiRbﬁyeto t ake
place at the tinme of reading or witing. This capacitive coupling affects
remar kabl y i ASpaPEi eghar FROACRAND P§p&aKeaskutnERpipCrRgSe NE@ reason,

m ni aturization and high density of 20 the currently avail able

bul k- f | oat i ngbgakeesgpeft thehtupBaer ynealptwsgl §iBa dnf Preert toapi dly
afterward, and the mniaturization of it would reach the Iimt as early as
around tHe yehFasdr bberreAdappdnsyfBR FRBVERt PRGN OBhatgPrEsEskt i on
ability 25 from being_|owered due to the dielectric breakdown while

mai nt ai ni ng AtghlEpeadipéfictiante SEORERR 58St héMPe@dc ol IGA19nf | uence by

the parasitic capacitance _, ,
Further, according to the law that the thickness of the

oxide film and the size of the cell as a whole decrease
in similarity, and accordingly, the miniaturization of
10 the entire cell size is also hampered.

With the trend of high-density of memory cells, the
distance between floating gates of adjacent cells is
reduced whereby the capacitive coupling between adjacent
floating gates is enhanced. Accordingly, it is pointed

15 out that erroneous operation is likely to take place at
the time of reading or writing. This capacitive coupling
affects remarkably in particular in a NAND type flash
memory .

For this reason, miniaturization and high density of

20 the currently available bulk-floating-gate type flash
memory cell would be difficult rapidly afterward, and the
miniaturization of it would reach the limit as early as
around the year of 2007.

As means for preventing the charge retention ability

25 from being lowered due to the dielectric breakdown while
maintaining high speed performance as well as the

reduction of influence by the parasitic capacitance



7 between the floating gates of adjacent cells, there is a mnmethod for
retaining charges in a spatially discrete manner. As a nonvolatile

sem conductor nenory according to this nmethod, there is MONCS

(metal -oxide-nitride 5 oxide-sem conductor) menory or a SONOS (in the MONCS
menory, metal as the material for the gate electrode is replaced by a

sem conductor. Specifically, polycrystal Si is used for the material for
the el ectrode). For exanple, Fig. 4 shows7a nmenory having such a 10
structure conprising a tunnel insulating film2 and a_ SiNx filmas a charge
retention | apeEwsenamhRatéaathepedAternofl adeasend FEdasi n§hgate ivhér ei n
charges are retained at interface level 3a3 at the interface and a trapping
| evel 3a4 di BeEhpdt Eéardreeréneny rharpessinaf pPatipalysdiisgrese ref erence
nuneral 1 designates a p-type senjconductor substrate, nuneral 4 designates
a gate insulafiPgg-fidn 2 MerYalatl He st yrbterdyc eoht FeroF4t @ccerdéngode,
nuneral 6 designates a source_region and nuneral 7 designates a drain
region. 20 SFAcEhtfemPhriefi atBersver Ya¥O8ndmekelrPxppengliltaisle- 3a4, which
retain charges, _are distributed in a spatiall di screte manner, | eakage of
char ge od%urQXFﬁeﬁﬁ??lQOPQEEForbOWFWBHYe9§naiéogpélééPrF@ebWE%%ﬁbmn is
resulted at a l|ocation in the above-nen i%ned unnel insulating film2. 25
Since, the cR&PGEYr ePEhELoASablPi PGE6F 18he tRENDFE HBILE Sd6ESTRGF difange

sioni ficantly beforg apd_alter Lhe, ecurgnce, pf e, 0 shpctil g, byeakdoun

Si is used for the material for the electrode).
For example, Fig. 4 gshows a memory having such a

10 structure comprising a tunnel insulating f£ilm 2 and a
SiN, film as a charge retention layer 3 laminated thereon
in place of a floating gate wherein charges are retailned
at interface level 3a3 at the interface and a trapping
level 3a4 distributed discretely in the SiNy film. In

15 Fig. 4, reference numeral 1 designates a p-type
semiconductor substrate, numeral 4 designates a gate
insulating f£ilm, numeral 5 designates a control gate
electrode, numeral 6 designates a source region and
numeral 7 designates a drain region.

20 Since the interface level 3a3 and the trapping level
3a4, which retain charges, are distributed in a spatially
discrete manner, leakage of charge occurs in only a local
portion even if dielectric breakdown i1s resulted at a
location in the above-mentioned tunnel insulating film 2.

25 Since, the charge retention ability of the memory cell
does not change significantly before and after the

occurrence of the dielectric breakdown.



avail abl e bul k-fl oati ng-gate type flash nenory in terns of the nunber of
times of rewiting and is regarded as bei ng advantageous in terns of 5

i niaturization or the like to the nenory cell since the physical thickness
of the tunnel insulating filmcan be nmade relatively thin. However, the
depth of a trapping level in the SiNx film (the energy difference between
the trapping |level and the bottom of thegconduction band for 10 an

el ectron, or the energy difference between the trapping |evel and the top of
t he val ence bandFogr sgchhalegsons  ndhen MO3ESa mrieimp rem disg moran e xaecldratitngl y,
there 1is the disadvantage that charges that are once trapped are likely to
escape, and thareftbeecurhensbyorunslabaegbulk-férantngnaldel ityppe(t he charge
retention ability of the cell whichis in a normal state w thout any
dielectric 5ﬁé§éd®ﬁﬁprwslnoﬁ@r@ﬁ Plie thehakmband ofas igesethod emarl tdew i ng
with the problemof the dielectric breakdown of the oxide filmby 20
retai ni ng ch@khgedsi negagrser acebranferdysNtAIERESMINOSSFBWD O and t he
probl em of capacitive coupling between adjacent floating gates and for
enhanci ng t hBLBB3ENELEALARAr §E FBLeAiKEn tabILIFt eRGEN f6rd SHASS FESMONOS
menory, a structure wherein the flopating gate is_fornmed by a 25 | arge
number of naRBYPaFeilctBickness fdthRe t3NNRANSISHAALLETed 1dfe C& S P& sed in

the gate insulating_film _has been considered. Fig. 5 shows an exanple of a
made relatively thin. However, the depth of a trapping

level in the SiNy film {(the energy difference between the
trapping level and the bottom of the conduction band for
10 an electron, or the energy difference between the
trapping level and the top of the valence band for a
hole} is not necessarily encugh, and accordingly, there
is the disadvantage that charges that are once trapped
are likely to escape, and therefore, the absolute charge
15 retention ability (the charge retention ability of the
cell which is in a normal state without any dielectric
breakdown) is low.
On the other hand, as a method for dealing with the
problem of the dielectric breakdown of the oxide film by
20 retaining charges in a discrete manner as in the MONOS
memory and the problem of capacitive coupling between
adjacent floating gates and for enhancing the absolute
charge retention ability much more than the MONOS memory,
a structure wherein the floating gate is formed by a
25 large number of nano-particles of Si and the Si nano-
particles are dispersed in the gate insulating film, has

been considered. Fig. 5 shows an example of a



9 sem conductor nenory cell having Si nano-particles. In Fig. 5 the sane
reference nunerals as in Fig. 4 except for the Si nano-particles 3al
designate the sane elenents as in Fig. 4. A nenory having this structure is
Q disclosed in, e.g., JP-A-11-186421. This publication discloses a
structure that floating gates conposed of a |arge nunber of S
nano-particles 3al fornmed by a CVD nethod is formed on a tunnel insulating
film2, and the floating gate is covered%wth a gate insulating film4 as
10 shown in Fig, 5. Wen the floatin ate is conposed of Sii nano- particles
of intrinsiCS§@ﬁF@8ﬁHG§96rm@WPFHbﬁﬁlgo PALAPNG L PAperiPeirédrlesn] eébed

el ectrons are trapped at the canduction band_|level of Si and the height of
the 15 pot enfidl gath@rSﬂmﬁhrﬁé§6§€Fet6uﬂﬁéaéﬁe@ﬁréﬁsFﬁ§ﬁtHee&ﬁepﬁerence
bet ween the bottom of .the conduction band of the oxide film surrounding

t he nano- par £EPE| E8<afid PRBO-BELLdMEF PR EERAGERILEN tHEnEBE Silemeaks v, the
difference on the electron affinity between Si and the 20 ,oxide film Since
this potenti @ B3rfi8r Fs UBUBFTYTY de@perdt Fahst RErBaFrFeriforned by the
trapping |evel i the, SiINx film_of th menory; the_trapped el ectrons
are prevé%tealFFgﬂFFga&Pngetg'thQP§éﬁ#g6E§E§§&r S BgFrBPgllﬁ?E%ﬂ@ contr ol
gate el ectrode ereby the charge 25 retention ability becones higher than
that of the %ﬁﬁ%@osﬁﬁnﬁr§Frpﬁﬁ€g§rt r FﬁﬁﬁFlSQ BRESFeCORPOSES RE Fot ent i al

large number of Si nano-particles 3al formed by a CVD

method is formed on a tunnel insulating film 2, and the

floating gate iz covered with a gate insulating film 4 as
10 shown in Fig. 5.

When the floating gate is composed of Si nano-
particles of intrinsic semiconductor {without containing
impurities), injected electrons are trapped at the
conduction band level of Si and the height of the

15 potential barrier with respect to the electrons is the
difference between the bottom of the conduction band of
the oxide f£ilm, surrounding the nano-particles and the
bottom of the conduction band of $Si, namely, the
difference on the electron affinity between Si and the

20 oxide film. Since this potential barrier is usually
deeper than the barrier formed by the trapping level in
the SiN; film of the MONOS memory; the trapped electrons
are prevented from leaking to the semiconductor substrate
or the control gate electrode whereby the charge

25 retention ability becomes higher than that of the MONOS
memory .

However, in light of the height of the potential



10 barrier, it can not be said that Si is the best material for the
nana-particles. Fig. 1(A) is a schematic diagram showi ng energy level in a
state that a Si nano-particle retains an electron. Here, reference nuneral
1 5 designates a p-type sem conductor substrate, nuneral 2 a tunnel
insulating film nuneral Sal a Si nano-particle, nuneral 4 a gate
insulating film nuneral 5 a control gate, nuneral 9 an electron, nunerals
10a and 10b designate conduction-band bot@om |l evels of the Si nano 10
particle and the tunnel insulating filmand nunmeral 12 designates a
potenti al babParsierredpeceinyviby. bEheaidhjtbetedieliscithen besits matgysed at t he
conduction-band bottomlevel of the Si nano-particle 10a. In this case,

the potenti afobatPEePan2-RRER1EdSFect F16- t héAe| 8t RoRCDENStis HhagypRf er ence
bet ween the conduction-band_bottom |evel of the tunnel insulatin f|In110b
and the con8bevise- BARIINOLESML éfel Stase KAAS- farftli pECTERTAiC

interface between the Si _nano-particle 3al_and the tunnel |nsulat|ng film
2, nanely, tRet@iPFePBnEdcEéERBen BB Eheref eEERER AEPEARLylof the OXIde film
and the electron affinity of the Si, nano-particle. Fig. 1(B) is

schemati ¢ di 4§FAFNEKERi ﬁgpeﬁé’Pﬁy Sleg‘\}é?lonfiﬁcéoéa%lbtsﬁétattene n%%lpa?r thcle is
made of netal. Reference nuner% |la designates a Ferm |[evel of t he net al
nano- partchEunéﬁ& 35Sl gtdfe tidfler BHRETANERAl & &4 PRTE-§2rtERl Sesi gnat e

the sanme elenents. In this case, _an.electron is tra%ped at the Ferm |eve
of the metal PHERG2Paft PcPatRl ANSidpsing Film, numera a control

gate, numeral 9 an electron, numerals 10a and 10b
designate conduction-band bottom levels of the Si nano-
10 particle and the tunnel insulating film and numeral 12
designates a potential barrier, respectively. The
injected electron 9 is trapped at the conduction-band
bottom level of the Si nano-particle 10a. In this case,
the potential barrier 12 with respect to the electron 9
15 is the difference between the conduction-band bottom
level of the tunnel insulating film 10b and the
conduction-band bottom level of Si nano-particle 10a at
the interface between the Si nano-particle 3al and the
tunnel insulating film 2, namely, the difference between
20 the electron affinity of the oxide film and the electron
affinity of the Si nanc-particle. Fig. 1{(B) is a
schematic diagram showing energy level in a case that the
nano-particle is made of metal. Reference numeral 1lla
designates a Fermi level of the metal nano-particle, and
25 the same reference numerals as in Fig. 1(A) designate the
same elements. In this case, an electron is trapped at

the Fermi level of the metal nano-particle lla. Here,



11 the height of the potential barrier 12 is the difference between the
conduction-band bottom | evel of the tunnel insulating film 10b and the
Ferm |evel of the metal nano-particle |Ila at the interface between the
petal 5 nano-particle and the tunnel insulating film nanely, the

di fference between the work function of the nmetal and the electron affinity
of the oxide film Since the work function of netal generally takes a

| arger value than the electron affinity of Si, the potential barrier of S
in 10 the oxide filmis lower than that in the case of netal. Fig. 6 is a
di agr am showchg beobabi bift itbs pbtenééedoberrietrailded satthie chtfifisgregatees of
each material of Si, Wand Co, tunneling through the Si02 filmas the
potential bhetveen the probabithion-endepngtopt deved I9f tihsortemingd]l 15

cal cul ations. The cal cul ati ons were conducted under assunptions that the

el ectron affiRppyasing fadsm 40p avd threFasrR fleveti ods tédfe weded Co were
respectively 4.6 eV and 5.0 eV and the electron affinity of Si02 was 1.0
eV. Accordi R8hg-rerEiréegRia ot pbeennigrfbser betyerint hEo medsdect to

el ectrons retained at the floating gates nmade of each material of Si, Wand
Co are 3.3 ewang-pagyighg andotée tpeygécingelptingr thdm. mRasdyscitdsa of
the graph represents the thickness of the tunnel insulating |ayer of the
Si 02 fil m t heh§Rr RRFEhPEREEERe EhroWS TKr ARERILE o B TACEGr diatglt dchdde
results, the tunneling pnobabilit¥ in using.the S floating gate is about 2
to 5 digits RLREFONt R&ALPAEYCRSetHE GXilAG WASH -CoSiBFet Ben¥WPEK 1 oati ng

function of metal generally takes a larger value than the
electron affinity of Si, the potential barrier of Si in

10 the oxide film is lower than that in the case of metal.
Fig. 6 is a diagram showing probabilities of electrons
retained at floating gates of each material of Si, W and
Co, tunneling through the Si0; film as the potential
barrier, the probabilities being obtained by theoretical

15 calculations. The calculations were conducted under
assumptions that the electron affinity of Si was 4.1 eV,
the work functions of W and Co were respectively 4.6 eV
and 5.0 eV and the electron affinity of Si0; was 1.0 eV.
Accordingly, the heights of potential barriers with

20 respect to electrons retained at the fleoating gates made
of each material of i, W and Co are 3.1 eV, 3.6 eV and
4.0 eV, respectively. Further, the abscissa of the graph
represents the thickness of the tunnel insulating layer
of the Si0; film through which the electrons transmit.

25 According to these results, the tunneling probability in
using the Si floating gate is about 2 to 5 digits higher

than the case of using W or Co for the metal floating



12 gate. Nanely, it is understood that the |eak current fromthe S
flogting gate is 100 to 100,000 tines |larger than the |eak currents from
the netal floating gates. The result can be expl ai ned based on the
difference of 5 the height of the potential barrier in respective cases of
Si, Wand Co, and shows that the charge retention ability can be increased
by using a netallic material having a larger work function than the
el ectron affinity of Si. This effect camal so be obtained even in 10
circunstances of high tenmperature as well. Thus, the method of using netal,
not Si, as tpetemt ¥qme¢lyorit hes fhdetsngogatkeat ntbedbeakocobtrann a hi gh
charge retention characteristic, is disclosed in, for exanple, JP-A-16-
055969. 15 | firphethendol dfph&éingnoetrdast 0 0mewoi P 0d@ViOc ¢ indiss dlaased i n t he
above- nenti oned publication, however, the density of floating gates is
likely to betbapesbevébgk highestst Hapmt bedimetadcd lbettvimen sadjestcent
nano-particles cones too close. This state would not necessarily be the 20
best conditi @hewheauatnohhi bbi expiedoedz bagedpenatthen dids e temdse odfonduct ed,
and there was still roomfor inprovenent such as optimzation of the
di st ance et weenhadphtent thanpopentielledazctiemg ias rasblecdtiivieg cgates. 25
DI SCLOSURE OF THE | NVENTI ON The present invention is to solve the above-
ment i oned probl 8k W. and ol oandhshgwsr éhemt tbs £Barge retention

ability can be increased by using a metallic material

having a larger work function than the electron affinity

of Si. This effect can also be obtained even in
10 circumstances of high temperature as well. Thus, the

method eof using metal, not Si, as the material for the

floating gate in order to obtain a high charge retention

characteristic, is disclosed in, for example, JP-A-16-

055969.
15 In the nonvolatile semiconductor memory device

disclosed in the above-mentioned publication, however,

the density of floating gates is likely to be excessively

high so that the distance between adjacent nano-particles

comes too ¢lose. This state would not necessarily be the
20 best condition when a multi-bits memorizing operation was

to be conducted, and there was still room for improvement

such as optimization of the distance between adjacent

nano-particles acting as a floating gate.

25 DISCLOSURE OF THE INVENTION
The present invention is to solve the above-

mentioned problem, i.e., a low charge retention



characteristic in a conventional flash nenory such as a bul k-floating-gate
type flash menory, a MONCS nenory or a SONCS nenory, or a
Si -nano-particles-floating-gates type flash nenory. The problemraises
harriers to solve 5 various problens on the characteristics of the
nonvol atil e nmenory device, e.g., difficulty in inproving witing and
erasing speed of data and difficulty in mniaturizing and
hi gh-density-formation of the cells. Accpgding to the present invention,
these problens can be 10 sol ved sinultaneously by inproving the charge
retention chkaraeteerssitdécundern ciornvemstaneds fdhshheenooy steipersataure or an
el evated tenperature. It is an object of the present invention to provide a
f1 oati ng- gat eullypé lnatiolbavilte sewecdidstt oemeeyor p MOBIO$e s hawima an
excel l ent charge retention characteristic under circunstances of the room
t enper at ure 6PNES wkawvaved orerpériatane -randt lgllse - fd oatcmgoloattdse type
sem conductor nmenory device allow ng mniaturization of the cells, high
density and Hilgkhspeme¢r20 opeearionlemndatisaeshbaraiaeshbd &oldvproduci ng the
nonvol atil e sem conductor nenory device with good reproducibility. In
consi der al i oWasf ctise P EMFe PN dhed chairacsertlsd iceatfutds in some aspects
of the present invention are as 25 follows. 1. A nonvolatile sem conductor
menory cel | BoORPPILtAdearengryederdicen &nd-a didifd cuddgivorf gmpadwima 14
writing and erasing speed of data and difficulty in
miniaturizing and high-density-formation of the cells.
According to the present invention, these problems can be
10  solved simultaneocusly by improving the charge retention
characteristic under circumstances of the room
temperature or an elevated temperature.
It is an object of the present invention to provide
a floating-gate type nonvolatile semiconductor memory
15 device having an excellent charge retention
characteristic under circumstances of the room
temperature or an elevated temperature, and also, a
nonvolatile semiconductor memeory device allowing
miniaturization of the cells, high density and high speed
20 operation, and further a method for producing the
nonvolatile semiconductor memory device with good
reproducibility.
In consideration ¢f the above-mentioned points, the
features in some aspects of the present invention are as
25 follows.

1. A nonvolatile semiconductor memory cell

comprising a source region and a drain region formed on a



surface of a sem conductor substrate, a channel formng region forned to
connect the source region to the drain region, or fornmed between the source
region and the drain region, a tunnel insulating filmformed in contact
with 5 the channel form ng region, a charge retention layer fornmed adjacent
the tunnel insulating film a gate insulating filmforned adjacent the
charge retention layer and a control gate forned adjacent the gate
insulating film characterized in that thedcharge 10 retention |ayer
conprises an insulating matrix containing_ a single nano-particle of
conducti ve s§bstasce Aferr SEIRVEINERUQt® s smbedaddc o mdveme ledidrsimeg
plurality of nano-particles of conductive substance independently
di spersed wi #1993 CdledSITMEcOft of COHRNETEL I e STOKES Fadid] &9 heéraiguar e
centinmeter of the charge retention |ayer, said nano-particle being nade of
at | east oneX®P3elof °F AGiraece REFEIfCrs (st FPEE C6r TSRt AN diso vHR ¥hat
functions as floating gate and having a particle sjize of at nost, 5 nm
wherei n the FREIHCRI Ry @RS s ERd Podd Ehd b pedtEay s i finity
of at nost 1.0 eV_and the work function of the nano-particle of conductive
subst ancedi s T&€ [cEaSRel IPTIGNONGSY 1R s S5 ChACOs & ST T Jéi¥&on densi ty,
particle size etc., of. nano-particles are adequately 25 determ ned to inprove
the yield ra&é’rﬁ‘fadd@@ﬂ@é:eéﬁd%t%edhtlnéﬁllgﬁé%éﬂdﬁ'bér 3= wi t h respect
to a charge .trapped b no-particle can be adequately determ ned by 15
9 insuq%€1n€/g¥im é%rmed adjacent g%e(ﬁﬁargglretention y
layer and a control gate formed adjacent the gate
insulating film, characterized in that the charge
10 retention layer comprises an insulating matrix containing
a single nano-particle of conductive substance per
nonvolatile semiconductor memory cell or a plurality of
nano-particles of conductive substance independently
dispersed with a density of from 10*!? to 10*!* particles
15 per square centimeter of the charge retention layer, said
nano-particle being made of at least one type of single-
element substance or chemical compound that functions as
floating gate and having a particle size of at most 5 nm,
wherein the insulating matrix is amorphous and has an
20 electron affinity of at most 1.0 eV and the work function
of the nano-particle of conductive substance is at least
4.2 ev.
With this structure, the dispersion density,
particle size etc. of nano-particles are adequately
25 determined to improve the yield rate of device and the

height of the energy barrier with respect to a charge

trapped by nanc-particle can be adequately determined by



selecting materials for the nano-particle and the insulating matrix,
whereby the charge retention ability wunder circunstances of the room
tenperature or an elevated tenperature can be inproved in conparison with a
5 conventional device. O, it is possible to reduce the physical thickness
of the tunnel insulating filmand the gate insulating filmwhile the charge
retention characteristic under circunstances of the room tenperature or an
el evated tenperature can be kept to the 1Q5sane | evel as the conventional
device by determ ning adequately the energy barrier, whereby the

nonvol ati | e ssdfioitilctadrement i devilee raipatitar ofcIqcadsilig dat a-
witing/erasing speed and mniaturizing the cell and allow ng integration
wi th high dersiguiatdaly Beatebvai r&ereby Xhernghaysrr orelten el @enjlebhitict or
menory cell according to the above-nentioned paragraph 1, wherein the

di fference betsen FHEWRTICTIRTIG ot Y 4R8N HeRPatH%S OF a1 t he wor k
function of the sem conductor substrate is at npst 0.5 eV. 20 3. The

nonvol ati | e SAVESTRILCIBRSHHOIEE 1 PaCERIR RS i t¢doleereni Flandd
paragraph 1 or 2, wherein the difference between_the work function of the
nano- part Pcl €AYEHECTOY TV i ofTof tthd ScEREEP Fatt® THesduge fdst 0.5 eV.
25 4. The nonvol atile sem conductor nmenory cel| according, to the

above- nent i ofdY &Hgridpifiness G £he g h IH et of stamed peSeen t he

outer shells of 16 . . ) .
gate insulating film while the charge retention

characteristic under circumstances of the room
temperature or an elevated temperature can be kept to the

10 same level as the conventional device by determining
adequately the energy barrier, whereby the nonvolatile
semiconductor memory device capable of increasing data-
writing/erasing speed and miniaturizing the cell and
allowing integration with high density, can be obtained.

15 2. The nonvolatile semiconductor memory cell
according to the above-mentioned paragraph 1, wherein the
difference between the work function of the nano-particle
and the work function of the semiconductor substrate is
at most 0.5 &V,

20 3. The nonvolatile semiconductor memory cell
according to the above-mentioned paragraph 1 or 2,
wherein the difference between the work function of the
nano-particle and the work function of the contreol gate
is at most 0.5 eV.

25 4. The nonvolatile semiconductor memory cell
according to the above-mentioned paragraph 1, 2 or 3,

wherein the space distance between the outer shells of



adj acent nano-particles is froml to 5 nm Here, the outer shells indicate
the outer surfaces of the nano-particles, in other words, interfaces
between the nano-particles and the insulating matrix. Further 5 the space
di stance between the outer shells indicates the shortest distance between
the outer surface of a nano- particle and the outer surface of another
nano-particle |ocated adjacently at the shortest distance to the forner
nano-particle. 10 5. The nonvol atil e sem tenductor nenory cell according to
any one of the above-nentioned paragraphs 1 to 4, wherein the nelting point
of the nano- pddeicend ngnogparddstled 460€ro@ ITHe rfomvol ati | e seni conduct or
menory cell 15 according to any one of the above-nentioned paragraphs 1 to
5, wherein the diHefr@rren‘g’Ee it sthaled  dl il drdisvddre  QHeey rlivBaden ener gy

| evel of an atom constituting the nano-particle in the sem conductor
substrate an@ft fde agscgparévdales tlie Adfrewosids hd eiaffeh Wit t he
20 sem conductor substrate iis at least 0.1 eV. 7. The nonvolatile

sem conduct ofthgeRaRyp -®ait icd@sord@ich o 1aap latd nef mate iabov EMFEREToned
paragraphs 1 to 6, wherein the nano-particle is at |east one type of

si ngl e subst &R€e SBACEN SHSEANCCOMFSHFEs dlhec 1t oy halde 2 Yl ofthe enent s
consisting of W My, Ti, Pt, Pd, NI, Ta, C, O, Nb, Ru and Rh. Wth this
structure, tREOKEREpALETANSSs REteAmFhey outer surface of a nano-

particle and the outer surface of another nano-particle
located adjacently at the shortest distance to the former
nano-particile.

10 5. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 1
to 4, wherein the melting point of the nano-particle is
at least 1,400°cC.

6. The nonvolatile semiconductor memory cell

15 according to any one of the above-mentioned paragraphs 1
to 5, wherein the difference in absolute value between
the ionization energy level of an atom constituting the
nano-particle in the semiconductor substrate and the
energy level at the center of the forbidden band of the

20 semiconductor substrate is at least 0.1 ev.

7. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 1
to 6, wherein the nano-particle is at least one type of
single substance or chemical compound selected from the

25 group of elements consisting of W, Mo, Ti, Pt, Pd, Ni,
Ta, Cr, Os, Nb, Ru and Rh.

With this structure, the nano-particle satisfying



all physical conditions in the above-nentioned paragraphs 1, 5 and 6
provided that a Si nonocrystal is used for the sem conductor substrate, can
be obtained. Accordingly, it is possible to obtain such a device being
excellent in 5 the charge retention characteristic, preventing nano-
particles fromnelting or diffusing even under circunstances of an el evated
tenperature in manufacturing or using, and preventing the atons
constituting nano- particles frombeing the reconbination centers of 10
carriers even though the atons diffuse into the sem conductor substrate,
hence, provi dilng Ehistiatdle caoprtatomon. 118, tHhabhorerotat t 1 enseé npsoagusbos
menory cell according to any one of the above-nentioned paragraphs 1 i5 to
7, wherein tHe insuldtd myrowtdedk Worsta tId imgnedey sthal gesresenat fon thyer is
made of at | east one type of chem cal conmpound sel ected fromthe group
consi sting ofsemcaduson sdrdinkie a gin rhelegbtmbord de A widiirgglde and  a
fluoride. 20 9. The nonvol atil e sem conductor nenory cell according to any
one of the abidve-smarasorisle gar agptapis such - Slewiee dhaindeexembipart il es
constituting the charge retention |layer are dispersed two-dinensionally or

t hree- di fendilenhattiarden nefeernitnsw athagpomrisciQhb meveénnmmhogatior produci ng
a nonvol atile sem conductor nenory cell conprising the charge retention

| ayer as des@amadlias tfeom Bl irchtd o ribidf fieg Hyr sifem, unden 8

circumstances of an elevated temperature in manufacturing
or using, and preventing the atoms ceonstituting nano-
particles from being the recombination centers of

10 carriers even though the atoms diffuse into the
semiconductor substrate, hence, providing a stable
operation.

8. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 1

15 to 7, wherein the insulating matrix constituting the
charge retention layer is made of at least one type of
chemical compound selected from the group consisting of
an oxide, a carbide, a nitride, a boride, a silicide and
a fluoride.

20 9. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 1
to 8, wherein the nano-particles constituting the charge
retention layer are dispersed two-dimensionally or three-
dimensionally in the insulating matrix.

25 10. A method for producing a nonvolatile
semiconductor memory cell comprising the charge retention

layer as described in the above-mentioned paragraph 9, in



whi ch nano-particles are dispersed two-dinensionally or three-dinensionally
in the insulating matrix, characterized in that the charge retention | ayer
is fornmed in a nmanner of self-organization by using a 5 physical deposition
net hod for depositing materials for the nano-particles and the insul ating
matrix respectively. 11. The nethod for producing a nonvol atile

sem conduct or nenory cell according to the above io nentioned paragraph 10,
wherein the physical deposition nethod ik8a sputtering nethod. 12. A

nonvol atil e sem conductor nenory cell _ conprising a source region and a
drain regi on"FéFhedadR Rarsirlase 2sF Sisomressdicicodisisaicaad lva hannel
formng 15 region fornmed to connect the source region to the drain region,
or formed beF%é@ﬁ‘@H@e§§&P€€lﬂ¥gP@nt§ﬁdlpﬁéléﬁémﬁ Meddildn, a tunnel
insulating filmfornmed in contact with _the channel form ng region, a charge
retention | afeRracsrredesdjiidcéhett KES GhAEDS FSheRGLay liavigr dgate 20
insulating filmfarned adjacent the charge retention_ |layer and a control
gate formed A8FHEENED: ReMGANET PhsSrati R IRMIA2 tIRaYy &8t &IS58 & n that the
charge retention |ayer conprises an insulating nmatrix containing a single
nano-part?clB%MF1§@iig@ﬁ&ﬁ&?&P“ﬁH@éPPQif&F ﬂ?HQ%%H%%ﬁ|ﬂ?§ﬁﬂ%ﬁ%%ﬁ%%ﬁﬁ

nonvol atil e s%niconductor gr a_plurality of such nano-particles

 TENOr Yy cell
i ndependent | ¥ edPéB@F??Htﬁgﬁﬁsa gendi SFASH RO PES & 10' 14 particles 19

respectively.

11. The method for producing a nonvolatile
semiconductor memory cell according to the above-

10 menticoned paragraph 10, wherein the physical deposition
method is a sputtering method.

12. A nonvolatile semiconductor memory cell
comprising a source region and a drain region formed on a
surface of a semiconductor substrate, a channel forming

15 region formed to connect the source region to the drain
region, or formed between the source region and the drain
region, a tunnel insulating film formed in contact with
the channel forming region, a charge retention layer
formed adjacent the tunnel insulating film, a gate

20 insulating film formed adjacent the charge retention
layer and a control gate formed adjacent the gate
insulating film, characterized in that the charge
retention laver comprises an insulating matrix containing
a single nano-particle of semiconductor material or

25 insulating material per nonvolatile semiconductor memory
cell or a plurality of such nano-particles independently

dispersed with a density of from 10*! to 10" particles



per square centineter of the charge retention layer, said nano-particle
bei ng made of at |east one type of single- elenent substance or chem cal
conpound that functions as a floating gate and having a particle size of at
most 5 5 nm wherein the insulating matrix is anorphous and has an electron
affinity of at nost 1.0 eV and the electron affinity of the nano-particle
is at least 4.2 eV. Wth this structure, the dispersion density, particle
size etc. of nano-particles are adequatel y910 deternm ned to inprove the
yield rate of device and the height of the energy barrier with respect to a
charge trapped Bguensameniandtclre cdfarthse ddempatesterdeter niaweer , yaid
selecting materials for the nano-particle and the insulating matrix,

wher eby t he el@ogwardtientd deiay Made 15 @iddreasdtr anstamesbfsitmleoom
tenperature or an elevated tenperature can be inproved in conparison with a
convent i onal ed€riedd sObstands Qosyigniealo qaempmd gyt dainatii skness of t he
tunnel insulating filmand the ate insulating filmwhile the charge
retention 20 acHadicadtiad gEte @ndemasiinsums ttaides Iof give roforat teagerat ure or
an el evated tenperature can be kept to the same |evel as the conventional
devi ce byS det@ niiiadE 1radefudna il atha e Martgyi X ary iasorpiisre®nd Heas an

nonvol atile sem conductor nenory cell capable of increasing data 25

Wi ting/ er asien@SFedd adfd Mty &furdzinest He AV aall the |G 9tht egr at i on

wi th high density, can be obtained. Further, the range of selection to
mat eri al for &He™dno ofp the nano-particle is at least 4.2 eV.

Wwith this structure, the digpersion density,

particle size etc. of nano-particles are adequately

10 determined to improve the vield rate of device and the
height of the energy barrier with respect to a charge
trapped by a nano-particle can be adequately determined
by selecting materials for the nano-particle and the
insulating matrix, whereby the charge retention ability

15 under circumstances of the room temperature or an
elevated temperature can be improved in comparison with a
conventional device. Or, it is possible to reduce
physical thickness of the tunnel insulating film and the
gate insulating film while the charge retention

20 characteristic under circumstances of the room
temperature or an elevated temperature can be kept to the
same level as the conventional device by determining
adequately the energy barrier, whereby the nonvolatile
semiconductor memory cell capable of increasing data-

25 writing/erasing speed and miniaturizing the cell and
allowing integration with high density, can be obtained.

Further, the range of selection to material for the nano-



particles can be expanded not only to a conductor but also a sem conductor
or i.nsulator. 13. The nonvol atil e sem conductor nenory cell according to

t he above-nenti oned paragraph 12, wherein 5 the difference between the work
function of the nano particle and the work function of the sem conductor
Substrate is at nost 0.5 eV. Wth this structure, the difference between the
work function of the nano-particle and the work function of 10 the

sem conductor substrate is further limtezdto at nost 0.5 eV whereby the
spont aneous flow of charges fromthe sem conductor substrate to the

nano- parti cl B8rbéFdre Cafi PEng*BpBrsti 88¢ €aAYbECpReFEREEELOS tivdr eby
effectively lower the enerqy barrier, in_addition to the 15 effect obtained
by practicin@lﬁﬁeaiﬁ@@hFPB%USFOFh@raB€§éiaﬁ@ﬁtioned paragraph 2 or 13, i.e.,
the effect of inmproving the yield rate to the device or the _effect of

i nprovi ng the chadfgeThet BAEVBhAERAPaEEBEFSRAECHRGeFemer Y cGREtances of the
roomtenperature qr an el evated 20 tenperature. 14. The nonvolatile

seni conduct oRCRBABEPICEPI thEc@bPYPNF SRS LORECaPEFEIKBRE dred WHE EdMaph 12 or
13, wherein Lhe di fference between the work function of the nano-particle
and the vork “PEn8LiERTERCEhBSEYREPoILhGat’o T ko5 NS taP Bt LS5 D@PO Wt h thi s

structure, the di.fference etmeeﬂ t.he wor k fun%Fion of the nano-particle
and t he morkPFEH&F'SnaB% 5 e work function of the semiconductor

substrate is at most 0.5 eV.

With this structure, the difference between the work

function of the nano-particle and the work function of

1¢ the semiconductor substrate is further limited to at most
0.5 eV whereby the spontaneous flow of charges from the
semiconductor substrate to the nano-particles before
writing operations can be prevented to thereby
effectively lower the energy barrier, in addition to the

15 effect obtained by practicing the invention of the above-
mentiocned paragraph 2 or 13, i.e., the effect of
improving the yvield rate to the device or the effect of
improving the charge retention characteristic under
circumstances of the room temperature or an elevated

20 temperature.

14. The nonvolatile semiconductor memory cell
according to the above-mentioned paragraph 12 or 13,
wherein the difference between the work function of the
nano-particle and the work function of the control gate

25 is at most 0.5 eV.
With this structure, the difference between the work

function of the nano-particle and the work function of



the control gate is further limted to at nost 0.5 eV whereby the

spont aneous flow of charges fromthe control gate to the nano-particles
before witing operations can be prevented to thereby control effectively
the lowering 5 of the energy barrier, in addition to the effect obtained by
practicing the invention of the above-nentioned paragraph 3 or 14, i.e.
the effect of inproving the vyield rate to the device or the effect of
improving the charge retention character2stic under circunstances of 10 the
roomtenperature or an elevated tenperature. 15. The nonvol atile

seni conduct otheewonyred! gatacder diurghea tlHeideol e-omertt imorsegd Qdr agjf aph 12, 13
or 14, wherein the space distance between the outer shells of adjacent
nano- parti cl @beirsbir tinel spons amacuss DWowh ofhichagtaasctfiraey thieercariterdlnvent i on
of the above-nentioned paragraph 4 or 15 is practiced, the distance

bet ween adj agefie manthparene-esrbecdmes badogqeater 1 biler elperaticipassible to
i ncrease the insulation between the adjacent nano-particles and it is
possi bl e to k& pypyessed e wheardnt conteivdr gdd avativesdry ddjeadente miarsn-
particles. Accordingly, such nonvolatile sem conductor nenory cel

i npr ovi ng’ r ePifalbinkl eperavd®eagriew-i tinngddid 1omulto Wi eifratatdmsingh be
obtained in addition to the above-nentioned effects, nanely, the inproved
charge 25 reb¥nPras tdbing Fhgndevesitiemnefaides afovaraergormnacknper at ure or

an el evated tenperature, the high-speed operations and high integration. 22
paragraph 3 or 14, 1.e., the effect of improving the

vield rate to the device or the effect of improving the
charge retention characteristic under circumstances of

10 the room temperature or an elevated temperature.

15. The nonvelatile semiconductor memory cell
according to the above-mentioned paragraph 12, 13 or 14,
wherein the space distance between the outer shells of
adjacent nano-particles is from 1 to 5 nm.

15 With this structure, when the invention of the
above-mentioned paragraph 4 or 15 is practiced, the
distance between adjacent nano-particles becomes adequate
whereby it is possible to increase the insulation between
the adjacent nano-particles and it is possible to

20 suppress the movement of charges between adjacent nano-
particles. Accordingly, such nonvolatile semiconductor
memory cell improving reliability in data-rewriting and
multi-bits operations can be obtained in addition to the
above-mentioned effects, namely, the improved charge

25 retention ability under circumstances of the room
temperature or an elevated temperature, the high-speed

operations and high integration.



16. The nonvol atil e sem conductor nenory cell according to any one of the
abov.e- nenti oned paragraphs 12 to 15, wherein the nelting point of the
nano-particle is at least 1,400C. 5 Wth this structure, when the invention
Qf the above-nentioned paragraph 5 or 16 is practiced, it is possible to
prevent the nano-particles fromnelting or to suppress the atons
constituting the nano-particle from diffusing or dissipating even under the
circunstances of 10 an el evated tenperatuz® in manufacturing or using the
devi ce. Accordingly, the nonvolatile sem conductor nenory device capabl e of
i nproving the yigﬁd Theenppvphatideveemignadecabil neagrypecdtli ons under
circunmstances of the roomtenperature or an elevated tenperature can be 15
obt ai ned. 17acThpedabavEPatile c8enéorligc BEPVRERSHY o8l Padesdinig ti@ any
one of the above-nentioned paragraphs 12 to 16, wherein the difference in
absol ute val e bat weBRrefiRe thenfeatilsg eréngy obf thecomancomstittiflieng % he nano
20 particle in the sem conductor substrate and the energy |evel at the
center of thatfbeBFldén4B4RE-of the seniconductor substrate is at least 0.1
eV. Wth this structure, when the invention_of the above-nentioned
paragraph® 6 or 1¥it§ §Pdét SEEHRCHIES s WIS Hrward iwtwde e probability
of capturing carriers ,and _to suppress _influence to the carrier density even
when the at ofRO¥SARERELONRY PREZAZAGpar Pclté 35 Pygstiged, it is

possible to prevent the nano-particles from melting or to
suppress the atoms constituting the nano-particle from
diffusing or dissipating even under the circumstances of

10 an elevated temperature in manufacturing or using the
device, Accordingly, the nonveolatile semiconductor
memory device capable of improving the vield rate to the
device and stabilized operations under circumstaﬁces of
the room temperature or an elevated temperature can be

15 obtained.

17. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 12
to 16, wherein the difference in absolute value between
the ionization energy of atoms constituting the nano-

20 particle in the sgemiconductor substrate and the energy
level at the center of the forbidden band of the
semiconductor substrate is at least 0.1 eV.

With this structure, when the invention of the
above-mentioned paragraph 6 or 17 is practiced, it is

25 possible to reduce the probability of capturing carriers
and to suppress influence to the carrier density even

when the atoms constituting the nano-particle diffuse



into the sem conductor substrate to form of reconbination centers of the
carrjers so that inpurity levels are forned. Accordingly, the nonvolatile
sem conductor nenory device capable of inproving the yield rate to the 5
device and stabilizing operations under circunstances of the room
tenperature or an el evated tenperature, can be obtained. 18. The

nonvol atil e sem conductor nmenory cell according to any one of the
above-nentioned paragraphs 12 10 to 17, sperein the insulating matrix
constituting the charge retention |ayer i's nade of at |east one type of

chenjcal CO”EQHBdt§§|@@h&éoh&gﬁkbﬁesﬁbgﬁﬂa%@n%bSEb@& 9& r@&oﬁ%ﬁ%@tf@n
carbide, a nitride, a boride, a silicide and a fluoride. 15 Wth this

structure, whentthe bAVeRki earefiethescabaue- ARpLIFreRGd 1RaLAGr aple 8 or 18 is
practiced, it is possible to select the material for the insulating matrix

froma groupreensist i Aec&FdBgDY] dehe an6vdi gei1@ s8hicbA8ucBoBOri de, a
silicide and a fluoride. 20 Accordingly, the nonvol atil e sem conduct or

menory cel |l nBavipgdexeekl eapadhar 3¢t ehbsbiefgstel §seadhirghie itBSWhat i on
characteristic due to high energy barrier, sufficient heat-resistance
characterd st jevapd aadoBrabanizhegr epkirdedonddubferThe reamsebaliese of

sem conduct or nenory cell according to any one of the above-nentioned

par agr aphs 12het @0d8, tehpeerfuibeofana- paet/atkas reapstatuteng chihe ehar ge 24

obtained.
18. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 12

10 to 17, wherein the insulating matrix constituting the
charge retention layer is made of at least one type of
chemical compound selected from the group consisting of
an oxide, a carbide, a nitride, a boride, a silicide and
a fluoride.

15 With this structure, when the invention of the
above-mentioned paragraph 8 or 18 is practiced, it is
possible to select the material for the insulating matrix
from a group consisting of an oxide, a carbide, a
nitride, a boride, a silicide and a fluoride.

20 Accordingly, the nonvolatile semiconductor memory cell
having excellent characteristics such as a high
insulation characteristic due to high energy barrier,
sufficient heat-resistance characteristic and so on, can
be realized.

25 19. The nonvolatile semiconductor memory cell
according to any one of the above-mentioned paragraphs 12

to 18, wherein the nano-particles constituting the charge



retention |layer are dispersed two-dinensionally or three- dinensionally in
the insulating matrix. Wth this structure, when the invention of the
above-nmenti oned paragraph 9 or 19 is practiced, nanely, 5 in a case that
nano-particles are dispersed two dinensionally, the thickness of the charge
retention |ayer beconmes thin to thereby enhance the capacitive coupling
bet ween the sem conductor substrate and the control gate el ectrode whereby
a short-channel effect in 10 a MOSFET (net4dl - oxi de- sem conduct or
field-effect transistor) can be controlled, and in a case that the

di spersi on i $etRN&1PRr eBYBENBREI BAGPeKERAe£WOIr £iMenspeasiliive oo tEBeE
multi-bits operatigns bﬁ controlling _the distance between the distribution
center of retlalRB&1282¢R%r 4Bs thRd1PRE L8EAPgoRaGELSr substrate, or it is
possi ble to confine the charges due to_quantization of the nano-particles.
Thus, the nonvol ¥titPe t9dfi SEARGESE HERSr e FPVIRAHLRG (He Hfove- nent i oned
features can ge realized. 20 20. A gpthod far .produci ng a nonvolatile
semi conduct oPPR¥RBIGEPICEoRBFPIFAG L Re O€haP g Sr BEBRTLGRD | B8R 1
described in.the above-gentioned Earagéaph 19, _.in which nano-particles are
di sper sed® t wRdPnERSPORARY AP ~PREE&CUEREAEPORAPPFTARY F¥ 9 nsul ati ng
matri x, 25 cgaracterizis in bhat t.h char% retenhion |l ayer is fornmed in a
manner of sePtTEP§aRP2atYonthy GEIAEESSp gsFESIC 8p88i LESF e od f or
itin ri , C
deposi ting ”Yéﬁera %c23252§h1n to thereby enhance the capacitive
coupling between the semiconductor substrate and the
control gate electrode whereby a short-channel effect in
10 a MOSFET (metal-oxide-semiconductor field-effect
transistor) can be controlled, and in a case that the
dispersion is in a three-dimensional manner, it is
possible to obtain multi-bits operations by controlling
the distance between the distribution center of retained
15 charges and the semiconductor substrate, or it is
possible to confine the charges due to quantization of
the nano-particles. Thus, the nonvolatile semiconductor
memory cell having the above-mentioned features can be
realized.
20 20. A method for producing a nonvolatile
semiconductor memory cell comprising the charge retention
layer as described in the above-mentioned paragraph 19,
in which nano-particles are dispersed two-dimensionally
or three-dimensionally in the insulating matrix,
25 characterized in that the charge retention layer is

formed in a manner of self-organization by using a

physical deposition method for depositing materials for



t he nano-particles and the insulating matrix respectively. Wth this
structure, when the invention of the above-nentioned paragraph 10 or 20 is
practiced, the 5 physical deposition nmethod can provide a thernodynam cs
state by which phase separation is likely to occur on the insulating matrix
and the nano-particles in a manner of self-organization. Accordingly, this
nmethod is suitable for formng the charge retention |ayer of the

nonvol atil e 10 sem conductor nenory cell having the above-nenti oned
features, and therefore it is possible to obtain such nonvolatile

senm conduct ofthsemeng -gavitde le3] arthéheetined liedringr @idii’g a nonvol atil e

sem conduct or nenory cell according to the above 15 nenti oned paragraph 20,
wherei n the pRFSIESEIVEdposition nmethod is a sputtering nethod. Wth this
structure, when the invention of the above-nentioned paragraph 11 or 21 is
practiced, the dPuth dhify SRt sfn Zde i Vet iy st e dib®leposi tion 20
met hod has particularly excellent features such as excellent adhesiveness
to an under | &POVEeTERFEONGE SRrAITGERs e O [9rmdth Whirdicdtisid .cdi® ituting the
filmare bonded strongly, .allow ng_broad selection for film formng

mat eri al s> nREYSPCEduSERASHY 1oRd SRty FPVadS s Fhegwmachaamics
Accordi ngly, the nonvol atil e_sem conductar nennn&icell in which the charge
retention | apéfties PYprérEta bR S0 SR T atadiT™he & daieded. topeccur on the

insulating matrix and the nano-particles in a manner of
self-organization. Accordingly, this method is suitable
for forming the charge retention layer of the nonvolatile

10 semiconductor memory cell having the above-mentioned
features, and therefore it is possible to obtain such
nonvolatile semiconductor memory device.

21. The method for producing a nonvolatile
semiconductor memory cell according to the above-

15 mentioned paragraph 20, wherein the physical depogition
method 1s a sputtering method.

With this structure, when the invention of the
above-mentioned paragraph 11 or 21 is practiced, the
sputtering method categorized in the physical deposition

20 method has particularly excellent features such as
excellent adhesiveness to an underlayer, formation of a
dense film in which atoms constituting the film are
bonded strongly, allowing broad selection for f£ilm-
forming materials, mass productivity and manufacturing at

25 a low cost. Accordingly, the nonvolatile semiconductor
memory cell in which the charge retention layer is

preferably formed, can be realized.



BRI EF DESCRI PTI ON OF THE DRAWNGS (Fig. 1) Fig. 1 shows schematic di agrans
of energy |level for explaining the charge retention characteristic on the
nonvol ati |l e sem conductor nenory cell of the 5 present invention wherein (A
shows a case that the nano- particle is nmade of Si and (B) shows a case that
the nano-particle is made of netal. (Fig. 2) Fig. 2 is a schematically
cross-sectional view show ng the nonvol atile sem conductor nenory cell 10
according to Enbodinent 1 of the present jgvention. (Fig. 3) Fig. 3 is a
schematically cross-sectional view show ng the nonvol atile sem conduct or
menory cel |l BBRBTEBr OESGRIGTEONOOFNEHE PRAWINGS present invention. (Fig. 4)
Fig. 4 is a schematically cross-sectional 15 view show ng an exanpl e of
conventi onal MONOBigenidny Figel |11 stewg. sEheriag.ic disagrsschenmtarcatdy
cross-sectional view showi ng an exanple of conventional sem conductor
menory cel |l temedi ibmge8plranangathieckbarg20refiegti®n Ehgrag ties igtgraph
showi ng the probabilities of electrons retained in each floating gate
conpri sing enchhgatenvallatfilsi sewiapddGototrumesloryy cefidowdh theSi 2 fil m as
the potential barrier, the result being obtained by theoretical

cal cul ation. p25sBESTIMEBELECR @ARR¥LNG (AUT sTHEs| RVENEEONhEtg th2 insna -
schematically cross-sectional view of an 27

particle is made of Si and (B) shows a case that the

nano-particle is made of metal.

10

15

20

25

(Fig. 2)
view showing
according to

{(Fig. 3)
view showing
according to

(Fig. 4)
view showing
cell.

(Fig. 5)

view showing

Fig. 2 is a schematically cross-sectional
the nonvolatile semiconductor memory cell
Embodiment 1 of the present invention.
Fig. 3 is a schematically cross-sectional
the nonvolatile semiconductor memory cell
Embodiment 2 of the present invention.
Fig. 4 is a schematically cross-sectional
an example of conventional MONOS memory

5 is a schematically cross-sectional

Fig.

an example of conventional semiconductor

memory cell containing Si nano-particles.

(Fig. 6}

of electrons

each material of Si,

film as the potential barrier,

Fig.
retained in each floating gate comprising

W and Co, tunneling through a 5i0,

by theoretical calculation.

BEST MODE FOR CARRYING OUT THE INVENTION

Fig.

2 1s a schematically cross-sectional view of an

6 1s a graph showing the probabilities

the result being obtained



exanpl e of the nonvol atile sem conductor nenory cell of the present

i nventi on.
substrat e,

In Fig. 2, reference nuneral 1 designates a p-type sem con
nuneral 2 designates a tunnel insulating filmand nuneral

designates a charge retention layer in which netal nano- particles 3a2
acting as floating gates are contained in a dispersion state in an
insulating matrix 3b. Nunmeral 4 designates a gate insulating film nu
5 designates a control gate, nuneral 6 de&signates a source region and
nuneral 7 designates a drain region. The p-type sem conductor substrate 1
may be of a exempéen@ficthe manEpilatile semlepndustprormefeyybesdl of
sem conductor | ayer formed on an insulator, such as a SO substrate.
tunnel insul 8REngreEFERt2 Inye8itiprgon I8 bk¥delfi rafaaonag penesplbdundary
matching to the p-type sem conductor substrate 1, a nmaterial having a high
dielectric cORSEERELRA 6r BetYPE SRELERTEUCKOrcsYREtEaEe. Edsitadg Zability to
t he sem conductor substrate under the application of a control gate
vol tage, e.gdestpoRrigs20 furre? angudefinosfidferadk nan¢rplpef er ably
satisfy 2x+3y=4) t¥§e material, or HHQ2 may be used preferably. Furt
|

when a heavydretgna

Sy8e§nagIehé Sheréiral lryrr A8 tMhdsh Agtadt @380 o

duct or
35

mer al
10

As t he

her ,
nt r ol

gate, the heavy-netal _elenent diffuses into the sem conductaor substrate
through 25 PRECLGHRE 3PAsBFELPHG 2 FCRS LRHaRGE Sth 8 EN CETG ISPl itade
MOSFET. In order to grevent this, an iqsuLatin fLInlgf nitroggg ﬁonp

type such as9&FRRY54

10

15

20

25

n state 1n an insulating matrix 3 Nume
designates a gate insulating film, numeral 5 designates a
control gate, numeral 6 designates a source region and
numeral 7 designates a drain region.

The p-type semiconductor substrate 1 may be of a
semiconductor material in its entirety or may be a
semiconductor layer formed on an insulator, such as a SCI
substrate. As the tunnel insulating film 2, a silicon
oxide f£ilm having better boundary matching to the p-type
semiconductor substrate 1, a material having a high
dielectric constant in order to increase the capacitive
coupling ability to the semiconductor substrate under the
application of a control gate voltage, e.g., SiOuN,

(0<x<2 and O<y<4/3, where x and y preferably satisfy
2x+3y=4) type material, or Hf{O, may be used preferably.

Further, when a heavy metal is used as the material
for the floating gate or control gate, the heavy-metal
element diffuses into the semiconductor substrate through
the tunnel insulating film to change the threshold

voltage of MOSFET. In order to prevent this, an

insulating film of nitrogen compound type such as SiN;

of
ound



(O<s<4/3) or a non-Si type oxide such as Hf02 or LaO is desirably used in
order to prevent the netal elenent from diffusing into the sem conduct or
substrate. Further, in order to obtain fast data 5 witing/erasing
operations, the filmthickness of the tunnel insulating filmshould be thin
as possible, preferably at nost 8 nm Further, the thickness of at nost 5
nmis extrenely preferable to obtain high-speed operations. 10 It is
preferred that the netal nano-particles 32 constituting the charge
retention layer 3 are evenly dispersed with high density in order to
suppress i nflluerde3byotrhe hoss saf tyeaioxddec karcge adueificy bheLadieiectric
breakdown of the tunnel insulating film2 as 15 possible, or to suppress
di spersi on ofleshrbblguasked: ynobrdchr eshelrdwvenltt afe dddl, glefhmrtedtan as t he
menory w ndow) of each cell due to the presence or absence of electric
charges on theéffasanpartitol éhe Spedichndaldtyr istubstxaureeferred that a single
nano-particle exists per one 20 nonvolatile sem conductor nenory cell or
nano-particles éxirgthetrheriei mrwletrh @ dénsiy fofstf rdama0+12 to 10' 14/ cnR.
Further, it is preferred that the distance between the outer shells of
adj acent hanwrpaingdleessheghopadatspes f itbal |Hi lat dheadnessnmfapdre from each
other, in 25 order to increase insulating performance of the adjacent
nano- parti cl esnnEdweven laitinghé idinststocd d et ¢hilr @ad posdidls gh- density
di spersi on can not be obtained. 29

preferably at most 8 nm. Further, the thickness of at

most 5 nm is extremely preferable to obtain high-speed
operations.

10 It is preferred that the metal nano-particles 3a2
constituting the charge retention laver 3 are evenly
dispersed with high density in order to suppress
influence by the loss of retained charge due to the
dielectric breakdown of the tunnel insulating film 2 as

15 possible, or to suppress dispersion of shift quantity of
thresheld voltage (AV.,, referred to as the memory
window) of each cell due to the presence or absence of
electric charges on the nano-particles. Specifically, it
is preferred that a single nano-particle exists per one

20 nonvelatile semiconductor memory cell or nano-particles
exist therein with a density of from 10™*? to 10'*/cm?.
Further, it is preferred that the distance between the
cuter shells of adjacent nano-particles be broad,
specifically at least 1 nm apart from each other, in

25 order to increase insulating performance of the adjacent
nano-particles. However, if the distance is too broad,

the high-density dispersion can not be obtained.



Accordingly, the upper Ilimt of the space distance of outer shells should
be 5 nm Further, in order to satisfy both requirenents of the high-density
di spersion of the nano-particles and the insulating performance of 5

adj acent particles, the size of a nano-particle is desirably at nost 5 nm
nore preferably, at nost 3 nm Here, the size of the nano-particle is an

averaged value, 1i.e., an arithnetic average of the sizes of nano- particles
excl udi ng each portion of 10% froma large? 10 side and a smaller side in
the distribution of particle size. Basically, the materials for

constituti ngAERETERREGY  FEEeRPPEE HLayér efareesepe@eediaﬁraémuqfatu on so
that a material for the netal nano-particles 3a2 and a material 15 for the
i nsul ati ng nﬁPF?% sheild st Reordar §& ﬁepghtlﬁﬂrthﬁyerlg BAHSE pRase separation
when t he charg tentron | ayer 3 is farnmed. The material for formng the
nano-particlé ditsp¥r Sedh YRV TREFTSE Ry tHfe N3OhmsERSl e M IEHFRFHBY and 20
i nsul at or. %e ﬁ a material _having a_ |arge wrk function or electron
affinity as PosSPBl 8BRS BREFEFLES o ﬁpﬁhé Péﬁﬁ&@ﬁtgﬁrﬂﬂﬁﬂ%qﬁ%ufgihlgh
char ge retentron abrlrt Accor di gly, f referred t use the netal as
i ndi cat ed® by 2BR&°RlfrePAF 3§ée§n ﬁk& izelﬁ 2§ &P ﬂﬁbnatron t he
tunnel i ng prqgbabi | c%rons separ at i nrthe tra n
nano-particlggséﬁaba¥r HSWPFE g"hr 804 Pﬁg%%ﬁ§%1gfoﬁtv§Fi :%gﬁEndlng on a
30 Here, the size of the nano-particle is an averaged value,
i.e., an arithmetic average of the sizes of nano-
particles excluding each portion of 10% from a larger
10 gide and a smaller side in the distribution of particle
size.
Basically, the materials for constituting the charge
retention layer 3 are selected in combination so that a
material for the metal nano-particles 3a2 and a material
15 for the insulating matrix 3b in the charge retention
layer 3 cause phase separation when the charge retention
layer 3 is formed.
The material for forming the nano-particle-dispersed
phase may be any one of metal, semiconductor and
20 insulator. However, a material having a large work
function or electron affinity as possible is preferred
from the viewpoint of obtaining a high charge retention
ability. Accordingly, it is preferred to use the metal
as indicated by the numeral 3a2 in Fig. 2. In
25 theoretical explanation, the tunneling probability of

electrons separating from the trapping nano-particles and

transmitting through the insulator varies depending on a



material constituting the nano-particles, and the larger the work function
or the electron affinity of the material is, the |ower the tunneling
probability is, as shown in Fig. 6. 5 Further, difference in the work
function of the material for the floating gate also affects the charge
retention ability of the cell in high tenperature circunstances dependi ng
on materials used. Here, the high tenperature circunstances neans the
tenmperature 10 regi on of from about 40C t®gthe upper limt tenperature of
about 250C to 300C. Under the high tenperature circunstances, the therna
energy of a mettaimed clvarsgd tuting tthey mencemengyi dssunmesidh bhe Ueiger
proportion to kT where k represents the Boltzmann constant and T 15
represents t h@eabioakutiancdmesy atrurtdle ies deitgion mf fdovgar icforth@ th t he
circunstances of the room tenperature. Accordingly, the effective potenti al
barrier decr @8&$€siafuritsherthe Howsterdye Fawdegdmopoondi@bilngut atsor as
surrounding the floating gates has a relatively 20 | arge tenperature
dependence. Sho¥WwWHIncH 1% ®¥sed widely for the insulator shows the tendency
that the band gap becones smaller when the tenperature rises, and the

i nfluenceSof a sfdtdreaplvliiaranspeimattire waBe fwgtoion |af g€ o di sregard.
25 Due to the influence by the thermal energy of the retained charge and
the reducti ofaseriRd daF wiheh floaiaiauate dlse affeqist éhig sthargreier in

the 31
retention ability of the cell in high temperature

circumstances depending on materials used. Here, the
high temperature circumstances means the temperature

10 region of from about 40°C to the upper limit temperature
of about 250°C to 300°C. Under the high temperature
circumstances, the thermal energy of a retained charge
(the thermal energy assumes a value in proportion to kT
where k represents the Boltzmann constant and T

15 represents the absolute temperature) is high in
comparison with the circumstances of the room
temperature. Accordingly, the effective potential
barrier decreases. Further, the energy band gap of the
insulator surrounding the flcocating gates has a relatively

20 large temperature dependence. Si0; which is used widely
for the insulator shows the tendency that the band gap
becomes smaller when the temperature rises, and the
influence of a smaller gap with temperature rise is too
large to disregard.

25 Due to the influence by the thermal energy of the
retained charge and the reduction of the gap with

temperature rise, the potential barrier in the



[

circunstances of an el evated tenperature is significantly |ow in conpassion
with that in the circunstances of the roomtenperature, whereby the charge
retention ability at an elevated tenperature is deteriorated. Accordingly,
5 when netal having a large work function is used for the floating gates,
it is possible to conpensate sufficiently the effectively | owered potenti al
barrier in the circunstances of an el evated tenperature, and the tunneling
probability can be controlled to be |ow ig;10 conparison with the case of
using Si for the floating gates even in a circunstances of an el evated
t enper at ur e. citoums teiteresa afater isdlevizadd g eandearagan o riks fadeti folrcdrs-used f or
the floating gate, the charge retention ability in the circunstances of an
el evat ed t emjematior eonthscamrberiithc ré@esed i nheonpards@wtandds aofcade t hat a
material having a small work function is used, or a sem conductor materi al
such as Si | owen tgrepesttamts,amherefiye thet edirale bartrareriom tdbitleinperat ur e
rise is used. Specifically, it is preferred that a material having a 20
wor k functi oanoflatvatedsttefrzreN urs Useddtar itda trgt .al Acoatrdingllyand a
material having an electron affinity of at least 4.2 eV is used for the
sen condutt owhen imedellathiavg nognet deirale whgk Hewnwetiem dls afsed for the
nano-particl e-di spersed phase, it 25 is preferred to use a material having
a wor k funct ifdewaggnocloegesas ipossi Hosstid liehdio gfortivsssdid corfdlictimmislobst rat e
or the control gate electrode fromthe viewpoint that a 32
the effectively lowered potential barrier in the
circumstances of an elevated temperature, and the
tunneling probability can be controlled to be low in
10 comparison with the case of using Si for the floating
gates even in a circumstances of an elevated temperature.
Thus, when a material having a large work function
is used for the floating gate, the charge retention
ability in the circumstances of an elevated temperature
15 can be increased in comparison with a case that a
material having a small werk function is used, or a
semiconductor material such as Si lowering substantially
the potential barrier with temperature rise is used.
Specifically, it is preferred that a material having a
20 work function of at least 4.2 eV is used for the metal
material and a material having an electron affinity of at
least 4.2 eV is used for the semiconductor or insulating
material.
As the material of nano-particle-dispersed phase, it
25 is preferred to use a material having a work function as

close as possible to that of the semiconductor substrate

or the control gate electrode from the viewpoint that a



hi gh charge retention ability can be obtained by suppressing electric
charges fromtransmtting to the nano-particles before the witing
operation to thereby increase the effective height of the potenti al
barrier. 5 Specifically, it is preferred that the difference in absolute
val ue of the work function between the material of nano-particl e-dispersed
phase and the material of sem conductor substrate, or the difference in
absolute value of the work function between the material of nano 10
particl e-di spersed phase and the material of control gate is at nost 0.5
eV, nore prehégdbloparage mesenGipredbifbity ioandde v dimmd the f ol | owi ng
reason. Wien materials of different work functions are joined and they
reach a ther saPpaE@Sis/lingr iehRcstrace chalrems dremove@ itk o e Mdterial to
the other so that Ferm |evels of both materials agree with each other.
Ther ef ore, whémo -Par tiel&Fpefarse e WY epasfatd aaricr pdrarede is
excessively high, a powerful force acts on an electron to_ nove it fromthe
seni conduct ol nsyiessEat&eo e fdentige deiahgo afo thse nedmiitpar ikdE isther eby a
state that the electron is spontaneously injected into the nano-particle
before the FRSHHIgE1dY ofih fjsedbafgraeceltéat e fid igrenmoln particl e,
takes place. In such state, when another electron is to be further injected
in order to WSS Farae e thecsitd felferiatdrorsinareltdd M (idR) are
to be injected in the nanog-particle. For conveni ence of explanation
hereafter tﬁé @p@@rp@ﬁqlﬁygﬂq%fgggsed phase and the material of

semiconductor substrate, or the difference in absolute
value of the work function between the material of nano-

1¢ particle-dispersed phase and the material of control gate
is at most 0.5 eV, more preferably, at most 0.1 eV.

This is derived from the following reason. When
materials of different work functions are joined and they
reach a thermal equilibrium state, electrons move from

15 one material to the other so that Fermi levels of both
materials agree with each other. Therefore, when, for
example, the work function of a nano-particle is
excessively high, a powerful force acts on an electron to
move it from the semiconductor substrate or control gate

20 to the nano-particle, whereby a state that the electron
is spontaneously injected into the nano-particle before
the manipulation of injecting an electron into the nano-
particle, takes place. In such state, when another
electron is to be further injected in order to write

25 data, the second electron or n-th electrons (n>2} are to
be injected in the nano-particle. For convenience of

explanation hereafter, the electron injected



spont aneously before the witing operation is referred to as "the therma
equilibriumelectron”, and the electron injected afterward by the witing
operation is referred to as "injection electron". 5 Then, the injection

el ectron suffers the Coul onb bl ockade by the thermal equilibriumelectron.
Accordingly, there causes difficulty in being injected into the
nano-particle by an anobunt of electrostatic energy of fEc=e2/(2C). Since
the injection electron has a 10 higher eng¥gy by nEc, the height of the
potential barrier wth respect to the injection electron is |owered by AEc.
Since it is shentapeetrdl ERéeteokhehwt lrdnguarpypities igr riefiegirald yof or
witing and erasing operations, and nmainly acts as a carrier of data to be
menori zed, s@&h"fBel5heguptarant ligranmerlectirea v ealick itde eladt& ot enti al
barrier. Further, since the nano-particle is of a size of an order_of
nanonet er, theierEedyaréesrast bhe tERe¥rabANTt PREFEF PR tive nedwsrsstticle is
quantized. When a 20 thermal equilibriumelectron occupies a | ower energy

| evel and antPnpéctiBASEleerr 6ASCSrepdpped at a higher energy level by AEQ
it is necessary for the injection electron to give a higher energy by AEQ
over the %energy THefel tée tlﬁé%ﬁé%le]@&ﬁq%ﬁ“%rﬁeése&%r?my it 25
woul d result_ that the hei%ht of the potential barrier wth respect to the

trapped i nj eBtPER2EReRY GRS §PPEMElLe YUY LAEOU M SlFELERMe as the case of the

Coul onb bl ockade. _34 e : . -
Accord?ngly, there causes difficulty in being injected

into the nano-particle by an amount of electrostatic
energy of AEq=e®/{2C). Since the injection electron has a

10 higher energy by AE:, the height of the potential barrier
with respect to the injection electron is lowered by AE:.
Since it is the injection electron that is manipulated
artificially for writing and erasing operations, and
mainly acts as a carrier of data to be memorized, such is

15 equivalent to an effective reduction of the potential
barrier.

Further, since the nano-particle is of a size of an
order of nanometer, the energy level of the electron
trapped by the nano-particle is guantized. When a

20 thermal egquilibrium electron occupiegs a lower energy
level and an injection electron is trapped at a higher
energy level by AE;, it is necessary for the injection
electron to give a higher energy by AE; over the energy
level of the thermal eguilibrium electron whereby it

25 would result that the height of the potential barrier
with respect to the trapped injection electron is lowered

by AEg in the same as the case of the Coulomb blockade.



In fact, since two effects of Coul onb bl ockade and quanti zati on exi st
together, the height of the potential barrier with respect to the injection
electron is lowered by the sumof these, i.e., AEA+LEO in a sinple sense, 5
provided that the interaction of these two effects is ignored. Since such
effective reduction of the barrier 1is caused by injecting beforehand the
first electron into the nano-particle, it is inportant to suppress the
spont aneous injection of the thermal equikjbrium 10 el ectron. For this, it
is preferred that the work function of the nano-particle is close to the

work function ofirtt asenmconsuciwas sthsd tatef o b obl gakede ehggt r ode.
Further, there is a case that the charge retention 15 layer is subjected to

a treatment ofudnitglzaterperatiyte doyeti progess iofhiresiifaed ubdotent el
nonvol atil e sem conductor nenory cell of the present invention. In this
case, the namerpdrdd alielsh@dbdiave atd ghijwldiidig e lpadttdon NiOrdeseted avoi d
t he aggregation of nano-particles 20 by heat, specifically, it preferably
has a nel ti ngpypaitiet sunf et dreast, 1 400CAHmunERetn ahebmpleneshseform ng the
nano-particles diffuse to reach the sem conductor substrate, there is a
case t hat san proyddetdy HhenmeltHes ifroraredttind ke 2hesam condfiartsubstrat e
dependi ng on an el enent of nano- particle. Wien the substrate is nade of an
i ndirect trdasiorean t gpaceesuchndtictoriva redonhipat iodn ttentbarrier35
is caused by injecting beforehand the first electron into
the nano-particle, it is important to suppress the
spontaneous injection of the thermal equilibrium
10 electron. For this, it is preferred that the work
function of the nano-particle is close to the work
function of the semiconductor substrate or control gate
electrode.
Further, there is a case that the charge retention
15 layer is subjected to a treatment of high temperature in
the process of manufacturing the nonvolatile
semiconductor memory cell of the present invention. In
this case, the nano-particle should have a high melting
point in order to avoid the aggregation of nano-particles
20 by heat, specifically, it preferably has a melting point
of at least 1,400°C.
Further, when elements forming the nano-particles
diffuse to reach the semiconductor substrate, there is a
case that an impurity level is formed in the
25 semiconductor substrate depending on an element of nano-

particle. When the substrate is made of an indirect

transition type semiconductor, a recombination center is
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created to reduce the lifetime of carrier, whereby it affects the ON
current or the threshold voltage of MOSFET. The probability of
reconbi nati on becones higher as the inpurity level is closer to the gap
center of the 5 forbidden band of the sem conductor substrate. Accordingly,
use of an element formng an inpurity level <close to the gap center is
undesirable as the elenent for formng the nano-particle. On the other
hand, the probability of reconbination deggeases exponentially as 10 the
impurity level is renoter fromthe gap center. Accordingly, if the inpurity
| evel is forrecdaateda topasduicen taygarlti fatdmet e gaprrdest erwHeredoyeeirt ai n
extent, influence to the operation of MOSFET is snmall even when an
i mpurity | evelf fiex tfsoried ONACeamreintgloy, tds tthereaberiehtvdlSegmnsifi t uti ng t he
nano-particle, it is preferred to use such an elenment capable of form ng an
inmpurity | evelOSaETa Phsi brobhabpaityf pbnratohbastt@oh e¥cbmem hlighgap center
of the sem conductor substrate (although there is no in particular
limtation omast lideuppgudiioy tlevel iis aflower2@0.the edMp rentasef hdie t he
sem conductor substrate is made of Si, for exanple. This val ue depends on
the natesi alfootisiewnc dachdttodr thgb stardtcenduator ewmbeft rtate: .above- ment i oned,
it is preferred to select the material of nano-particle in consideration of
25 the work fRgrcctridimg livhe usel toifngnp@ilsmearid fiohmniingpum tiyndueviely Mhexl Si i s
used for the sem conductor substrate, it is preferred to use nano-particles
made of net alcloseh t36 the gap center is undesirable as the element for
forming the nanc-particle. On the other hand, the
probability of recombination decreases exponentially as
10 the impurity level is remoter from the gap center.
Accordingly, if the impurity level is formed at a
position apart from the gap center to a certain extent,
influence to the coperation of MOSFET is small even when
an impurity level igs formed. Accordingly, as the element
15 constituting the nanc-particle, it is preferred to use
such an element capable of forming an impurity level at a
position apart from at least 0.1 eV from the gap center
of the semiconductor substrate (although there is no in
particular limitation on the upper limit, it is about
20 0.56 eV in a case that the semiconductor substrate is
made of Si, for example. This value depends on the
material of semiconductor substrate).
In view of the above-mentioned, it is preferred to
select the material of nano-particle in consideration of
25 the work function, the melting point and the impurity

level. When S1i is used for the semiconductor substrate,

it is preferred to use nano-particles made of metal such



as W M, Ti, Pt, Pd, N, Ta, C or the like. However, ©Os, Re, Nb, Ru or Rh
may be used. The nano-particle of elenmental sem conductor is preferably at
| east one type of Se and Te. Further, it 5 nmay contain as an inpurity at
l,east one type of elenment of P, As, Sb, B, Al, Ga, In and Cu in at |east one
type of sem conductors of Se and Te. The nano-particle of chem cal conpound
sem conductor or insulator is preferably at |east one type of chemcal 10
conmpound sel ected fromthe group consistihg of |InAs, |InGaAs, | nGaNAs,
I nAl'As, I nAsP, InGaAsP, InSh, InGSbh, [InAl Sb, InGAsSb, SiC, Cu20, ZnQO
CdO, BaO, Ph@s Mi.QMo.| #2103 PtshZI3, NenoZLa A§20 orAgbe RuGE . VECweVRI3Sn,
Nb3Al, Nb3Ga, Nb3CGe, NbTi, NoMb6S8, ZnS, CdS, HgS, PbS, Sb2S3, 15 Bi 2S3,
ZnSe, CdSe, R§SeResndb, BySer R8sy, sh2sesl. Bi Se3, zZnTe, CdTe, HgTe,
SnTe, PbTe, In2Te3, Bi2Te3, BN, GaN, InN, TiN BP, AP, GP, InP, Zn3P2,
Cd3P2, ZnP2, CdPZhe Aams-reais clm3nSelassy samgondiis® ¥ Sb, Gash,
ZnSb, CdSb, Si3N4. 20 Further, in these substances, one containing as an
inpurity at bPEgserahet @ie lesd] ementtyere Sf SshanGy TeAl Fandhenm.i atat | east
one type of chem cal conpound of 1n203, Sb203, Sn02, ZnO and GaAs, may be
used. On ?heMg¥hérniadd ashamaf®urdlty gt tikasthoieattiving oAb edemsEnt nay be
of either sem conductor or insulator. However, a material having a snmaller
el ectron affiehi €y &€  Fossitbl &L spdei fArc AN Cla imatady ilgasdt ofte g 1.0 eV
is 37
of semiconductors of Se and Te.
The nano-particle of chemical compound semiconductor
or insulator is preferably at least one type of chemical
10  compound selected from the group consisting of Inas,
InGaAs, InGaNAs, InAlAs, InAsP, InGaAsP, InSbhb, InGaSb,
InAlsh, InGaAsSh, SiC, Cuy0, Zn0O, CdO, BaO, PbO, NiO,
Iny04, Sb203, SnOz, AgZO, AgO, RuO,, ViGa, Nb3SI’l, Nb3Al,
Nb3Ga, Nb3Ge, NbTi, NbMOsSg, ZnS, CdS, HgS, PbS, Sb253,
15 Bi,S;, ZnSe, CdSe, HgSe, SnSe, PbSe, In;Se;, Sbh;Se;, BiSes:,
ZnTe, CdTe, HgTe, SnTe, PbTe, In,Te;, Bi,Te;, BN, GaN,
InN, TiN, BP, AlP, GaP, InP, Zn;P,, Cd;P;, ZnP;, CdP,,
AlAs, GaAs, ZnsAs;, CdsAs,, ZnAs,, CdAs;, AlSb, GaSb, ZnSb,
CdSb, SiiNj.
20 Further, in these substances, one containing as an
impurity at lease one type of element of Sn, Sb, Ga, Al
and In in at least one type of chemical compound of
In-03, Sby0;, SnO;, Zn0 and GaAs, may be used.
On the other hand, the material for the insulating
25 matrix may be of either semiconductor or insulator.

However, a material having a smaller electron affinity as

possible, specifically, a material of at most 1.0 eV is



preferred in order to inprove the charge retention characteristic. Further,
it is preferred to select a material having a high nelting point in order
to obtain a stable heat treatnent in the sem conductor process, 5
specifically, a material having a nelting point of at |least 1,4000C is
preferred. It is further preferred that the material for the insulating
matrix i s capable of form ng anorphous phase. The reason is that when
el ectrons trapped by the nano 10 particlegztransmt through the insulating
matrix due to tunneling, the scattering probability of the tunneling
el ect rons byptrhafeatredsivonpdsingot hepiknsel ahenghaatei xeokntaonr phous i s
hi gher than the case of the insulating matrix of crystalline. As a result,
it can be expbatedtébithat.arFweffleet) vet anouwtedred@cto opeleakage due to
tunneling decreases. It is very desirable to use a physical vapor
deposi ti on neéhedislchamsng gphfigkrinagtingt hodrnasia birberf apomobgariet kod f or
formng a nano- particle-dispersed filmin order that the insulating 20
matri x i s nagdeabberphatustrFaemensuliat thg sanicrgndfictamopphogsscan easily be
obt ai ned because the physical vapor deposition method such as a sputtering
met hod caén $pemifheallym aveatarialrbhutingehymedwingnperiatupé. athe materi al
for the insulating matrix in the charge 25 retention |layer may be at |east
one type of theatchl 40edapoandrséeecedd from the group consisting of an
oxi de such as silica, alumna, titania, nmullite, cordierite, 38
It is further preferred that the material for the

insulating matrix is capable of forming amorphous phase.

The reason is that when electrons trapped by the nano-

10 particles transmit through the insulating matrix due to
tunneling, the scattering probability of the tunneling
electrons by the atoms composing the insulating matrix of
amorphous is higher than the case of the insulating
matrix of crystalline. As a result, it can be expected

15 that an effective amount of electron leakage due to
tunneling decreases. It is very desirable to use a
physical vapor deposition method such as a sputtering
method as a film forming method for forming a nano-
particle-dispersed film in order that the insulating

20 matrix is made amorphous. The insulating matrix of
amorphous can easily be obtained because the physical
vapor deposition method such as a sputtering method can
form the film even at a relatively low temperature.

The material for the insulating matrix in the charge

25 retention layer may be at least one type of chemical

compound selected from the group consisting of an oxide

such as silica, alumina, titania, mullite, cordierite,



spinel, zeolite, forsterite or nmagnesia, a carbide such as boron carbide
(B4Q), a nitride such as silicon nitride, boron nitride or alumnumnitride
and a fluoride such as magnesium fluoride or alum numfluoride. 5 In order
t.o inprove the charge retention ability of the charge retention |ayer, it
is effective to disperse nano-particles in the charge retention |layer to
have an arrangenent of at |east two |layers, i.e., to have a
t hree-di nensional multi-layered structure3gSpecifically, 10 the
mul ti-layered structure indicates a structure conprising a |ayer that
nano- particl epiaeé, areanged, ofioastklirat epbaneagaealikel at catrvd deursfuate of the
sem conduct or substrate and anot her |ayer having the sane arrangenent
i nt er posi ng &hebebenhweenbadehi(B4C hsuk atingidaysuchthe §51ftopst and second
| ayers being | am nated alternately. Explanation will be made as to the
reason why thetmitlei - bbayper adtstidectur eloffinamonpanrtidel esiccan filmerode t he
charge retention characteristic. Assunmng that the nulti-layered structure
conpri ses tweuahnasparvhnebéuR0lapeidel am natednwhefdivertide .| ayer forned
closer to the semiconductor substrate is referred to the first layer and
the | ayer5 r enot ednf pgderhde ilgprerer tde charive sedendidmpdrililty tdfe state
that electric charges are retained in both the first and second |ayers,
when el ect r ohbej ghasgehsesensadnl dprerar étabsueffecésvaps ot daspersee
sem conductor substrate, the | eakage of the electrons in the second |ayer
toward the sBBBPrREEtEi§lIBFoéRefhguEhpEgg9retention layer to have an
arrangement of at least two layers, i.e., to have a
three-dimensional multi-layered structure. Specifically,
10 the multi-layered structure indicates a structure
comprising a layer that nano-particles are arranged on a
flat plane parallel to the surface of the semiconductor
substrate and another layer having the same arrangement
interposing therebetween a thin insulating layer, the
15 first and second layers being laminated alternately.
Explanation will be made as to the reason why the multi-
layered structure of nano-particles can improve the
charge retention characteristic. Assuming that the
multi-layered structure comprises two nano-particle
20 layers laminated wherein the layver formed c¢loser to the
semliconductor substrate is referred teo the first layer
and the layer remoter from that is referred to the second
layer. In the state that electric charges are retained
in both the first and second layers, when electrons in
25 the second layer are about to escape toward the

semiconductor substrate, the leakage of the electrons in

the second layer toward the substrate is blocked due to



an electrostatic potential formed by the electrons of the first |ayer which
exists in the way of the | eakage. Accordingly, the charge retention
performance of the nulti-layered structure is better than the case of a 5
single-layered structure. The effect that the electrostatic potential forned
by charged particles blocks the novenent of charged particles existing
around the forner charged particles and having the sanme sign of charge as
the former charged 10 particles, is callei®the Coul onb bl ockade effect. This
effect is expressed by a formul a AEc=e2/ (2C) where AEC represents an

i ncrease of eRegteresrastetpet Bptearial. dormegdhdyhéhghelertiwasewdr gyebarri er
due to the Coul onb_ bl ockade represents a electric charge of electron and
15 C represehitssh @BMﬁéIWPHHEtPGHSéﬁpaélF&ﬁcyaWiPﬁ t8€pdErkags el ect r on
novenent. In order to_obtain the Coul onb bl ockade effect in _the room

t enper at ur e, AFEOrdipgd¥nt FBF FRATISEnTRhEFEESB DPEELosMascecfodtd i c
potential ener s larger than a 20 .thermal energy kTr of roomtenperature
where k repr@Bg%%s1aBSF?§n§ﬁﬁu§tBSﬁsﬂénpeéﬁﬁrTFhP€pF@§eﬁP§€tﬁ@ Foom

t enper at ur e. ?ddltlon tothis, it is necessary to satisfy the condition
derived f?on??ﬂg En&@VFﬁFﬂt?tIBF HEFpl e, namely, the condition that the
junction 25 reS|s anchR IS groun R*-h/e2 26k nor e, ere h epresents

Pl ank' s constant L G&- thatat g PIETHT IS lFé@Qﬁﬁﬂﬁ%q FoEd 0 40

by charged particles blocks the movement of charged
particles existing around the former charged particles
and having the same sign of charge as the former charged
10 particles, is called the Coulomb blockade effect. This
effect is expressed by a formula AEc=e’/(2C) where AE-
represents an increase of electrostatic potential, i.e.,
the height of the energy barrier due to the Coulomb
blockade, e represents a electric charge of electron and
15 C represents a tunnel junction capacitance with respect
to electron movement.
In order to obtain the Coulomb blockade effect in
the room temperature, it is essential that an increase
AE: of electrostatic potential energy is larger than a
20 thermal energy kT, of room temperature where k represents
Boltzmann's constant and T, represents the room
temperature. In addition to this, it is necessary to
satisfy the condition derived from the uncertainty
principle, namely, the condition that the junction
25 resistance R is around R~h/e’=26kQ or more, where h
represents Plank’s constant.

In order to satisfy such reguired condition and to



obtain the Coul onb bl ockade effect sufficiently, the tunnel junction

capaci tance should be small. For this, the smaller the size of the
nano-particles is, the better. 5 The follow ng effect can be expected when
the size of each nano-particle is small. Since the size of the

nano-particle is very small as at nost 5 nm it is easily inaginable that
the energy level is discretely distributed. Now, attention is focused on
two nano 10 particles adjacently |located &4 a vertical direction in the
first and second |ayers. It is assuned that states of distribution of

ener gy | evel obftatino ten Gopadiomite de divaden edifaraie sfufdd Siteatte var ecfegqual t o each
other. Here, when_an electric charge is injected only to the nano-particle
15 in the setohdelayenctie ea@egy Haarsl sdoulise hehamgdd - paeti ¢hési.s shifted
to a higher side with respect to the energy |evel of the charge-free

nano- particl &8s gmeRders | Sigperrl N&wenEnoaRerd igdmsariss a e at i ve
difference in the height of the distributed energy |evel of the two 20
nano- particl ®@t§frattention, and there is a possibility that the
nano-particles in the first |ayer does not have the_ energy level in
agreenent®wi th t F&%derldypyigkieifect emin-$Eeqted when he'eeth#®l | ayer,

in which the injected electraon_is trapped. 25 The non-exi stence_of the

energy | evel %fn €8GHe 8RB Pagtdrdft 4 &t F@aldnneFiRFansRrs§isR of the

nano-particle, and therefqre, the charge on the particle of the second 41
nano-particle 1g very small as at most 5 nm, it is easily

imaginable that the energy level is discretely
distributed. Now, attention is focused on two nano-

10 particles adjacently located in a vertical direction in
the first and second layers. It is assumed that states
of distribution of energy level of two nano-particles in
a charge-free state are equal to each other. Here, when
an electric charge is injected only to the nano-particle

15 in the second layer, the energy level of the charged
particle is shifted to a higher side with respect to the
energy level of the charge-free nano-particles in the
first layer. Namely, there appears a relative difference
in the height of the distributed energy level of the two

20 nano-particles of attention, and there is a possibility
that the nano-particles in the first layer does not have
the energy level in agreement with the energy level of
the nano-particle in the second layer, in which the
injected electron is trapped.

25 The non-existence of the energy level in agreement
prevents the tunnel transmission of the nano-particle,

and therefore, the charge on the particle of the second



| ayer is prohibited fromleaking toward the sem conductor sSubstrate via the
nano-particle in the first layer. This phenonenon does not occur in a bulk
material having a continuous distribution of energy |evel but occurs in a5
gase that the size of each nano-particle is sufficiently small and the
distribution of energy level is quantized in a discrete state. Thus, it is
possible to suppress the transm ssion of charges due to the tunnel
phenonenon. The above-nentioned is the exfplanation froma 10 physi cal
standpoint as to why the charge retention performance of the nano-particles
in the nulti lpdgsr é8 PPhdSiLgre ExpmbecpifpneyEeward Ghges ey comAIatathe
above- nentioned Coul onh bl ockade effect and the_ quantization effect

ef fectivel y, SHRELEPEE HR2ekER Rane-particle ig thepfdrscapiaysdival Thas at

nost 5 nm nore preferably at nmost 3 nm Further, in order to make the

Coul onb bl ocREEBOMERPBCHORRI FOLMOSFALT &P ¢, P& BPésrdédsihay s the nano-
particles is preferably hi%her as from 10+12 to 1014/cn2. Further, in order
to reduce thECRHARBPUSURLETEALIG108pRLET CRRESYaRGVES NG €588 5he T dnct i on
resi stance, the space distance betme%h t he outer, shells of adjacent
particles® i R2ERi $Pa5s&NS Fe 2§ SfaReEhEeRRsRAke CLer 4 e iaRt dhe
second | ayer shoul d ge ide.to a . certain_extent, and_is preferably at |east
1 nm HowevePMaif R ﬁggdgéFéﬁ&?uF§°F08flgpﬁégytHgvﬁﬁsﬂén&@aﬁéﬂﬁﬁﬁh t he

sem conduct or, subg@rate and t he conﬁrol gate electroge exgands, and in a
cel | having a%sRafi-SEhahfeftRéfgt hTMaS 421t 15 possible to Suppress

the transmission of charges due to the tunnel phenomenon.
The above-mentioned is the explanation from a
10 physical standpoint as to why the charge retention
performance of the nano-particles in the multi-layered
structure can be improved. In order to obtain the above-
mentioned Coulomb blockade effect and the quantization
effect effectively, the size of each nano-particle is
15 preferably small as at most 5 nm, more preferably at most
3 nm. Further, in order to make the Coulomb blockade
effect uniform spatially, the area density of the nano-
particles is preferably higher as from 10™° to 10"**/cm?.
Further, in order to reduce the tunnel junction
20 capacitance and to increase the junction resistance, the
space distance between the outer shells of adjacent
particles, in this case, the distance between the first
layer and the second layer should be wide to a certain
extent, and is preferably at least 1 nm. However, if the
25 distance is too large, the distance between the
semiconductor substrate and the control gate electrode

expands, and in a cell having a smail channel length, a



short channel effect takes place. Therefore, it is preferred that the upper
lim,t of the space distance between the outer shells be 5 nm In the nethod
for producing the charge retention 5 layer in the present invention, the
l,Layer is formed in a single process according to a physical filmformng
met hod. The enpl oynent of CVD nethod can be considered as a nethod for
formng a charge retention layer. In the CVD nethod, however, it is
necessary to formthe nano 10 particles aggl the insulating nmatrix
separately, whereby a conplicated process was needed to di sperse the nano-
particl es t hskerdi mbasnedaklhfciclt &akglst ipleayer efhesefaceur et Oa the ot her
hand, according to the film formng method of the present invention, the
nano 15 part brkedsraed theti ndgl arpey femiitx cdarriige shevaredlisdiangdet aneousl y,
and the dispersed structure of the nano- particles can be obtained in a
manner of sebktweegaiheaviudrer Adedrddi fgl Y, this method is very easy and
economi cal . Thus, the nmethod for forming the charge 20 retention |ayer of
the present inverdm ding sedbhace sy pragucisice thy demdengatentabove- ment i oned
mul ti-layered structure of nano-particles. In the above-nentioned
conpari son céaverniing thige presehdd ihyentdom, nghehd aviear go rfstraetd om laayer,
further 25 detailed explanation will be nmade in the follow ng. The CVD
met hod has astopllewPigcgissadrantddad toconmpavisserl wiitlm-tieenpmasi cal film
formng nethod. A filmof single 43

method. The employment of CVD method can be considered

as a method for forming a charge retention layer. In the

CVD method, however, it is necessary to form the nano-

10 particles and the insulating matrix separately, whereby a
complicated process was needed to disperse the nano-
particles three-dimensionally in a multi-layered
structure. On the other hand, according to the film-
forming method of the present invention, the nano-

15 particles and the insulating matrix can be formed
simultaneously, and the dispersed structure of the nano-
particles can be obtained in a manner of self-
organization. Accordingly, this method is very easy and
economical. Thus, the method for forming the charge

20 retention layer of the present invention is extremely
suitable for forming the above-mentioned multi-layered
structure of nano-particles.

In the above-mentioned comparison concerning the
method for forming the charge retention layer, further

25 detailed explanation will be made in the following. The

CVD method has a following disadvantage in comparison

with the physical film forming method. A film of single



phase wi thout having separated phases, i.e., a filmof equilibriumphase is
easily forned because the pressure of a gas phase at the tinme of formng
the filmis high; the collision rates of the reactive atom c species and 5
the reactive nol ecul ar species are high in the gas phase, and the
tenperatures of both the gas phase and the substrate surface are high.
Accordi ngly, when the nano- particles and the insulating matrix are
separated as in the charge retention |ayex of the present invention, io
namely, when a filmin a non-equilibriumstate or quasi- equilibriumstate
is formed, upbask wh&heohé&nhealingapeprardépdspbipersnetihed /i ¢ ifigmopdr .
Further, the nunber of usable types of material gas applicable to the CvD
method is |edsétibanm pheseo isheaphyyi carmgdpbsiceivse rdchddeBsWisch as a
sputtering nmethod, in particular, the nunber of types of the material gas
for formng anétaﬁsfpﬁﬁﬁﬁsatlﬁhﬁtédmeF@ﬁtﬁ@ﬂmipﬁet ni¥ardmofi sc dvitgibriat i on of
gases to be supplied sinultaneously into a reactor is further |imted.
Thus, since therecldipipnt Faites of GEEnG RO LiaEe BtAINS of GP<fcded @G he fil m
t he chem cal vapor deposition nmethod is also inproper fromthis viewoint.
On the other thgndearkiveemphgsidalr SPEMLESr Rilkg iethhda, tfife 9861 Ihsisen rates
of the reactive atons and reactive nolecules for formng a filmin a gas
phase are 28"Folfigngelreresipesathr 8osh the galssphase ia®d dle Accordingly,

a filmof non-equilibriumstate or_ quasi- equilibriumstate |ike the charge
retention |a§gpsgpapﬁesggface are high. Accordingly, when the nano-

particles and the insulating matrix are separated as in
the charge retention layer of the present invention,

10 namely, when a film in a non-equilibrium state or quasi-
equilibrium state is formed, use of the chemical wvapor
deposition method is improper. Further, the number of
usable types of material gas applicable to the CVD method
is lesser than that to the physical deposition method

15 such as a sputtering method, in particular, the number of
types of the material gas for forming a metal film is
limited. Further, the number of combination of gases to
be supplied simultaneously into a reactor is further
limited. Thus, since there is limitation in using

20 materials for forming the film, the chemical wvapor
deposition method is also improper from this viewpoint.

On the other hand, in the physical film-forming
method, the collision rates of the reactive atoms and
reactive molecules for forming a film in a gas phase are

25 low and the temperature of the substrate is low.
Accordingly, a film of non-equilibrium state or quasi-

equilibrium state like the charge retention layer of the



present invention can easily be formed. As the physical deposition nethod
for formng the charge retention |ayer, a sputtering nethod, a thernal
vapor deposition nethod, an el ectron beam vapor 5 deposition nethod, a |aser
abl ati on method or a nol ecul ar beam epitaxy nethod may be nentioned. In
particular, the sputtering nethod is in particular preferred since it is -
excellent in mass productivity in addition that a broad selectionis
possible for filmformng materials; a dehge 10 fil m havi ng a strong

i nteratom ¢ bondi ng force can be obt ai_ned because the incident energy to

t he substrat @XFESTHi ¢ ﬁveélﬁdoél FePmSRailag o dRradesi veness to an
under | ayer can be o%aln Further, the sputt r|n nethod | s preferred
because 15 fil mfor &l (53??@ %eﬁqrmjd?%a?ﬁl%atl on in
the present inpvention can be bt ai ned For ex :%I e, .a suffl ciently |ow gas

phase pressuf&?Zf§ éﬁteéﬁﬁl%'p aé(te§ s Gh SPFAE T too | ow
and too high can he obtai.ned. coy di ngI a sel |fbt‘“1 rganl zed 20 structure is
obt ai nabl e by2RATafFPESH-4CE H"le& ‘o of® etcﬁé’%’a L &SR filmformng
speci es on the surface of e substrate. .The sel ni zat| on in the
present |?1verﬁ]"?i98r?lﬁé8ﬁsmettﬁ‘é’ 't Fe é‘tsc?rﬁs a@&ﬁﬁﬁ%ﬂeﬁ&oﬁ Ct‘{]tf'l%s and

the 25 ato const . ut| n e |nsul n matrix are_s ont ane usly i spersed
and are arrgﬁ)ﬁgal ng P& 3‘ %Elé?dt dﬁ’ﬁfﬁ ?Ht gf"ﬁ&lFH &nd e i ke,
mnth the res%%ht%%rlng method is in particular preferred since it is
excellent in mass productivity in addition that a broad
selection is possible for film-forming materials; a dense
10 film having a strong interatomic bonding force can be
obtained because the incident energy to the substrate is
high, and a film having high adhesiveness to an
underlayer can be obtained.
Further, the sgputtering method is preferred because
15 film-forming conditions adequate for the self-
organization in the present invention can be obtained.
For example, a sufficiently low gas phase pressure and an
appropriate substrate temperature, being not too low and
too high can be obtained. Accordingly, a self-organized
20 structure is obtainable by an appropriate migration of
the particles as film-forming species on the surface of
the substrate.
The self-organization in the present invention means
that the atoms constituting the nano~particles and the
25 atoms constituting the insulating matrix are

spontaneously dispersed and are arranged regularly due to

a thermodynamic interaction and the like, with the result



t hat nano-particles of nmetal or sem conductor gather systematically in the
phase of the insulating matrix. The arrangenent of atons by this
sel f-organi zati on depends on conbi nations of a material constituting the 5
Rnano-particles and a material constituting the insulating matrix and the
ratio thereof, and filmformng conditions such as electric power for
generating plasma, film formng pressure, substrate tenperature and so on.
Further, as a sputtering apparatus, it isApreferred 10 to use an apparatus
usi ng inductively-coupled plasma (1CP), electromagnetic-wave-coupl ed plasm
(ECR pl asna) that aanacbagtiatget of ypetapparacenibecdussodamagdero t he
tunnel insulating filmas an underlayer is |low. Further, in the
above- ment i oREELENMRRILEBE MY ngnappar Bhase P thelsngpdpsingdmesrdge an
apparatus having the function of applying an agpropriape bi as voltage to
the filmforBEfgarsapgenant pEcats®sakYi A8ilgeAelénergpnarathenti| mform ng
particles to_the substrate can be controlled. Wen the charge retention
| ayer is forfAeHeBystAB coubipatierFngindt Mageripli SoRSEASPEANS ¢hsput t er
simul taneously material _for formng the phase of dispersed nano-particles
and mat eri al "#BP-PBERiAgeEhandpRaBet6F 1ahe CPRSGLAHEAGINEDE X NSTHEE g e a
nmet hod for preparing_separately naterials for these phases and 25
sputtering sWﬁﬁF%ﬁn@BQSFgearﬁF&PanﬁyeBﬁftéPQeFé}maﬁerﬁlnﬁeFﬁéélF&Pns
sputtering both materjials for the phases, m xed on_a single _target. The
|l atter nethoaqu ?ﬁr?h@?tﬁéc power for generating plasma, film-
forming pressure, substrate temperature and so on.
Further, as a sputtering apparatus, it is preferred
10 to use an apparatus using inductively-coupled plasma
{(ICP), electromagnetic-wave-coupled plasma (ECR plasma)
or a facing target type apparatus because damage to the
tunnel insulating film as an underlayer is low. Further,
in the above-mentioned film-forming apparatus, it is
15 preferred to use an apparatus having the function of
applying an appropriate bias voltage to the film-forming
substrate because an incident energy of the film-forming
particles to the substrate can be controlled.
When the charge retention layer is formed by the
20 sputtering method, it is necessary to sputter
simultaneously material for forming the phase of
dispersed nano-particles and material for forming the
phase of the insulating matrix. There are a method for
preparing separately materials for these phases and
25 sputtering simultaneously a plurality of targets, and a

method for sputtering both materials for the phases,

mixed on a single target. The latter method is further



classified into a technique that a m xture of powdery materials for the
bot h phases is sintered and a technique that an appropriate nunber of chips
conprising a material for either phase are enbedded in a single phase
target 5 conprising a material for the other phase so that these chips
appear in the target surface. Wen the surface to be sputtered of the target
is set upward in a vertical direction in the filmformng chanber of the
filmform ng apparatus, such a target that#t610 an appropriate nunber of chips
conprising a material for either phase are placed sinply on a_single phase
target conprdlsisfy &HemhtiEtiala florchmaur Hdiaphaselxbirgueh zowderyet that a
m xture of powdery materials for both phases is sinply laid on a glass

di sh, can be MEiROyEE 00 Hoveeath uhasss the povidered arg@ta | seplptiguef erred
in producing _a sem conductor device because when the powder scatters in
the filmformhig eivigraptiate ket O Vs < §MPHES Sagh @ opdiet brl

manuf acturi ng process. In the process for_formng the charge retention 20

| ayer by the SPuUtdEMFHy RRATRET S HEREAIY S pardied e phaset BRISRE t he
density of the dispersed phase growng .in a matrix phase vary by

control | iAg tHRERIOFHGY t& diriiridhe targed AMPE IRLAFE nFP of B hgt 2o ti ons.
In particularly, it is confirned that they vary depending on 25 the vol une
fracti on of tHERA SRR Phdd® t'PIIRE mts§3€€ phase, and il mforning

conditions (such as Ar gas p£essure in the sgut eri ng, substrate
tenperature and ¢ oy the surrace to be sputtered of the target is

set upward in a vertical direction in the film-forming
chamber of the film-forming apparatus, such a target that
10 an appropriate number of chips comprising a material for
either phase are placed simply on a single phase target
comprising a material for the other phase, or such a
target that a mixture of powdery materials for both
phases is simply laid on a glass dish, can be employed.
15 However, use of the powder target is not preferred in
producing a semiconductor device because when the powder
scatters in the film-forming environment, it affects
adversely the semiconductor manufacturing process.
In the process for forming the charge retention
20 layer by the sputtering method, the averaged particle
diameter and the density of the dispersed phase growing
in a matrix phase vary by controlling the composition of
the target and the film-forming conditions. In
particularly, it is confirmed that they vary depending on
25 the volume fraction of the dispersed phase to the matrix
phase, and film-forming conditions (such as Ar gas

pressure in the sputtering, substrate temperature and so



on). For exanple, when a filmconprising nano-particles of Co netal

di spersed in Si02 was forned by using a Co- Si02 type target, the particle
size of Co particles was about 2 nmin a case of formng the filmunder the
R conditions that the volune ratio of Co to Si02 was 50:50 and the Ar gas
pressure was 0.5 Pa, whereas the particle size of Co particles was about 5
nmin a case of formng the filmunder the condition that the Ar gas
pressure was 8 Pa. 10 Further, when the 4blunme ratio of Co and Si02 in the
Co-Si 02 type target was 23:77, the density was 1x1013/cn?2 and the space

di stance betembn tHRr ceiao el WhEemfa t helm premnel shngasane earticheshe ot her
hand, when the volunme ratio was 10:90, the density was 7x10+12/cnR and the
space 15 di sehnce BetadericRersafeinsAePk svas forenerdry cheinged C2-8 nm
Thus, by adjusting the conposition ratio of the target, it is possible to
control the S&PsitYPDFEAFEEL naHiR RATIETES BHEE thk Ghaeer bl glanceadet ween
the outer shells of particles. 20_In order to carry out

dat a-wri ti ngtePasi AgiMopBr &t FBAE &f goﬁméﬁgsﬁéédféﬂmtBnﬁﬁ€r§§§e
controllability_,of the electyric field distribution around the surface of
the p-type s%ﬂ?@bHHBEFth§EbEP?aYglﬁmﬁyrﬁﬁbePﬁgca t@oFtgevdd the Bontrol
gate, the gate i nsul atin g film4 25 should satisfy the foll ow ng conditions.
Nanely, it i&nd pFE?e%Feﬂ FopH@FEPﬁ?n@thg Pi FAvtW EEﬁ@§st§ﬁdpﬁﬁglc%§terials

so that the caga0| iye cou ing bet weep the_48
Co par 1c s was about 5 nm in a case of forming

the film under the condition that the Ar gas pressure was
8 Pa.

10 Further, when the volume ratio of Co and Si0, in the
Co-Si0, type target was 23:77, the density was 1x10*%/cm?
and the space distance between the outer shells of the
particles was 0.9 nm. On the other hand, when the volume

"2 /em? and the space

ratio was 10:90, the density was 7x10
15 distance between the outer shells of the particles was
1.8 nm. Thus, by adjusting the composition ratio of the
target, 1t is possible to control the density of the
nano-particles and the space distance between the outer
shells of particles.
20 In order to carry out data-writing/erasing
operations at a high speed or to increase controllability
of the electric field distribution around the surface of
the p-type semiconducter substrate 1 by applying a
voltage to the control gate, the gate insulating film 4
25 should satisfy the following conditions. Namely, it is

preferred to determine the film thickness and the

materials so that the capacitive coupling between the



control gate electrode 5 and the p-type sem conductor substrate 1 and the
capacitive coupling between the control gate electrode 5 and the floating
gates i.e. netal nano-particles 3a2. In particular, it is preferred 5to
reduce the physical thickness and to select materials having high
dielectric constant. Specifically, in the case of using a material having a
t hi ckness of at nost 10 nm the above-nentioned Si OxNy type material or a

|l am nation filmof Si02 and Si OxNy (wheret®<x<2 and 10 O<y<4/3. In addition,
it is preferred that x and y satisfy 2x+3¥:4) is preferably used. Into the
char ge ret enEPBRYPAyERLEf elRELHOAFOPaRN e thee Ri-EyRGUEERL CRBRBIOE el | of the
present invention, using a thin filmconprising nano-particles nade of a
material 15 RaPPRga&ewdr Rofukbei 6APEF1&AVEl EOUPIANGS Perveprofthg | east 4.2
eV and having a particle size of at nost. 5 nm__wherein the nano-particles
are di spersel°REtRINPERE GeRSTEPIPn SaRNEnbPFhEGS2LRIULERLESE Rai-ng an
electron affinity of at npst _1.0_eV, a_large nunber of electric 20 charges
can be ret ai B84ainBepenBentrFLirS a3di-spbtsRArtEtut@r andtt he BEPFREYSOf
retaining electrogs under ircu taﬁpe% of the roon1t%nperature,or an

el evat ed ° t eheFEHHFE FESNPERSIFRLSs ChiGHRERSr §8% &LeRE6R CaBPteTy 218 | ows to
reduce the thickness.of the.tunnel insulating 25 filmand the gate

i nsul ati ng fEPHFPHSgFggddﬁggﬁﬁéﬁthgonéﬁapée rﬁ?%ﬁ%fbﬁa£g¥erl%ngﬁFhe contr ol

| r . Thi r re i ful in incr i.ng . the 4
gate el ect Oggse o asiggugt%a%eriaie£¥vg%% % tEQCkn%s%a%f ttm%stglo

nm, the above-mentioned SiOuN, type material or a
lamination film of $i0; and SiO.N, (where 0<x<2 and
10 O<y<4/3. 1In addition, it is preferred that x and y
satisfy 2x+3y=4} is preferably used.
Into the charge retention layer of the nonvolatile
semiconductor memory cell of the present invention, using
a thin film comprising nano-particles made of a material
15 having a work function or an electron affinity of at
least 4.2 eV and having a particle size of at most 5 nm
wherein the nano-particles are dispersed with high
density in an amorphous ‘insulator having an electron
affinity of at most 1.0 eV, a large number of electric
20 charges can be retained independently in a dispersed
state and the ability of retaining electrons under
circumstances of the room temperature or an elevated
temperature is high. This high charge retention ability
allows to reduce the thickness of the tunnel insulating
25 film and the gate insulating film inserted between the
charge retention layer and the control gate electrode.

This structure 1s very useful in increasing the



writing/erasing speed, reducing the driving voltage and downsizing and high
integration of the cells. Further, the charge retention |ayer of the
nonvol ati |l e sem conductor nenory cell of the present 5 invention enploys a
thin filmconprising nano-particles made of a material having a work
function rendering the difference of work function between such materi al
and the sem conductor substrate or the control gate electrode to be at
nost 0.5 eV and having a particle size of4aat nost 5 10 nm wherein the
nano-particles are dispersed with high density in an anorphous insul ator
havi ng an el grtitang/efbishngy spkedt mesiicing éYe Acdoridiongloltatee aclvar ge
retention |ayer can retain a |arge nunber of charges independently in a

di spersed st dpengngivgnasdppieds inltegrstietuctti 6eofcetlis .ef f ecti ve val ue of
the energy barrier whereby the ability of retaining el ectrons under

ci rcunmst ances of Furehegomtihensdeats & edrerdn ol dviatead oft éfper at ure i s
extremely high. Such high charge retention ability allows to reduce the

t hi ckness of NPRAEO2ELELANEENARODCHCIERY Memeranget e ofnshicanegeriti m i nserted
bet ween the charge retention |ayer and the control gate electrode. This is
very useful LRVEAELERsPAGLENE awthdnndidraSrAgripéad, neadudasd ittdesdri vi ng
voltage and the scaling down _and high integration of the cell. 25 In

addi tion, thBaAsvefent Méferhalr BaXILASd ac Wakfed unsstiwbe i cadicgdast the

nano-particles can be suppressed by .dispersing the nano-particles so that
t he space di sihhesegge of work function between such material and the

semiconductor substrate or the control gate electrode to
be at most 0.5 eV and having a particle size of at most 5
10 nm wherein the nano-particles are dispersed with high
density in an amorphous insulator having an electron
affinity of at most 1.0 eV. Accordingly, the charge
retention layer can retain a large number of charges
independently in a dispersed state and can suppress the
15 reduction of the effective value of the energy barrier
whereby the ability of retaining electrons under
circumstances of the room temperature or an elevated
temperature is extremely high. Such high charge
retention ability allows to reduce the thickness of the
20 tunnel insulating film and the insulating film inserted
between the charge retention layer and the control gate
electrode. This 1is very useful in increasing the
writing/erasing speed, reducing the driving voltage and
the scaling down and high integration of the cell.
25 In addition, the movement of the retained charges
between adjacent nano-particles can be suppressed by

dispersing the nano-particles so that the space distance



bet ween the outer shells of adjacent nano-particles in the charge retention
layer is from1l nmto 5 nm This is very useful in increasing the
performance of the cell, i.e. durability to the rewiting operations and
stable 5 multi-bits operations. Further, the novenent of electric charges
bet ween adj acent nano-particles in the charge retention |layer can al so be
suppressed because of the above-nentioned high charge retention
performance. Accordingly, this is effect$¥e in inproving rewiting 10
operation and stable nmulti-bits operations. Further, by enploying the
sputtering nb?h@&eﬂoﬁhef@NﬁﬁﬁgSb@él@haig@dﬂép€@¢|@@qupartmqlaﬁ;mm55|bIe to
select materials of various conpositions for the dispersed phase and the
matri x phasefhgnehprges rgsesitbloa 18ves ilscdrpdr 4t @Medsi [Sy ran -cofvent iLenal

sem conductor manufacturing process for the filmformn process
Accor di ngl y, VERY Héfdlatiny éns&RecdRdudhsr DeEfRoNades téfe Hegh .
performance can be produced with good reproducibility wthout changing

si gni fi cant | } -Bhe PFaddhicit iton&heprewads 1non opsa atdidnsniany ssedral
Exanples will be described. EXAMPLE 1 The nonvol atil e sem conductor nenory
cel | accot di Rgltasbigst pperetdmpice WHFLBerdesBri BeveRERh Péf ELEREEICO Fig.
2. A tunnel insulating film2 was forned on a p-type . sem conductor
substrate 1. cipﬁégﬁﬁnﬁ@|tweﬁ§u|a§ﬂ|aﬁ§nrq Pae-pprticles in the charge

retention layer can also be suppressed because of the

above-mentioned high charge retention performance.
Accordingly, this is effective in improving rewriting
10 operation and stable multi-bits operations.

Further, by employing the sputtering method for
forming the charge retention layer, it is possible to
select materials of various compositions for the
dispersed phase and the matrix phase, and it is possible

15 to incorporate easily a conventional semiconductor
manufacturing process for the film-forming process.
Accordingly, the nonvolatile semiconductor memory device
of high performance can be produced with good
reproducibility without changing significantly the

20 conventional process.

In the fellowing, several Examples will be
described.

EXAMPLE 1

The nonvolatile semiconductor memory cell according

25 to this Example will be described with reference to Fig.
2. A tunnel insulating £ilm 2 was formea on a p-type

semiconductor substrate 1. The tunnel insulating film 2



¢ st 1

is obtained by thermally oxidizing the sem conductor substrate at 800C and
it has a thickness of 5 nm Then, a charge retention layer 3, which was
constituted froman insulating matrix 3b containing netal 5 nano-particles
3a2, was fornmed so as to have a thickness of 5 nmby a capacitively coupled
type magnetron sputtering nethod as described below. Co having a work
function of 5.0 eV was selected for the netal nano- particles and anorphous
Si 2 having an electron affinity 10 of 1.®lev was selected for the
insulating matrix. Wen the sputtering was carried out, a target which
conprised alSi optpapget PHaFhfrgMaldyareiei 26193 theckeRicprsRcEgr and Co
chi ps having 5 mm square, placed thereon, was enpl oyed. The anpunt of Co
chi ps was adfubféyass as 580°§5aﬁéc&ﬁyhﬁé%ﬁthﬂggnﬁéﬁtP@aﬁ B¥bj ect i on
surface area of the target. After evacuating the film form ng chanber of
the sputtering ApSaratushed sk I terpa oo aXegads WaS Csf#f i ed, and the gas
flowrate was controlled so that 20 the gas pressure in the filmformng
chanber becaf@n®r&tupgd PraBnaTwaESyeRerafeBaby 1&¥ugh FoRG 24 Hngh Metéduency
power (13.56 MHz) of zog W _The Co-Si Q2 caonposite film thus_forned was
observed i t RRBOTRRFELFaRSnP&<i olfa8| ECEFER FPcPEsESpERVE Bt tHESKEGHS r ned
that Co crystal _ 25 pano-partic¢les having an _average particle size of 2 nm
wer e dispers@g wi PR gﬁ §r€3p8€ﬁ§FV§l§fCQ%P@?@/EN@eiWaﬁﬁgtr§ﬁorphous Si 2.

The space di stance between.the outer 5
P sputter?ng method as descr%bed below. Co having a work

function of 5.0 eV was selected for the metal nano-
particles and amorphous $i0; having an electron affinity

16 of 1.0 eV was selected for the insulating matrix. Wwhen
the sputtering was carried out, a target which comprised
a 5i0; target having a diameter of 3 inches (7.62 cm) and
Co chips having 5 mm square, placed thereon, was
employed. The amount of Co chips was adjusted so as to

15 occupy 20% of the vertical projection surface area of the
target.

After evacuating the film forming chambker of the
sputtering apparatus to 5x10°% Pa, an Ar gas was
supplied, and the gas flow rate was controlled so that

20 the gas presgsure in the film forming chamber became 0.5
Pa. Plasma was generated by supplying a high frequency
power (13.56 MHz) of 200 W. The Co-Si0; composite film
thus formed was observed with a TEM (transmission
electron microscope). It was confirmed that Co crystal

25 nano-particles having an average particle size of 2 nm
were dispersed with an area density of 8x10%%/cm? in the

amorphous Si0;. The space distance between the outer



shells was estimated to be 1.6 nm After formng the Si02 filmas the gate
insulating film4 on the Co-Si 2 conposite film a filmconprising
tungsten nitride (MWN) and tungsten was forned as the 5 control gate

el ectrode 5 on the gate insulating filmby a sputtering nmethod. Then, a
Si02 filmwas fornmed to use it as a hard mask. A positive type photoresist
was subjected to patterning to prepare a nmask for gate etching. The Si 02
hard mask was etched, and then, the 10 cof2rol gate electrode 5 conprising
the tungsten and the tungsten nitride, the gate insulating film4 and the
charge retenehehlpayer sshematsdbirecedlté #my etching. Then, a source
region 6 and a drain region 7 were fornmed_ by As ion inplantation and

anneal i ng. After Af6em AGTEIDY Fhét SdOevELLl Af EBAt datehénes lasiAadf or ned,
and Al electrodes were_ fornmed for contact with the source region 6, the
drain regi onf¥!8nd PRetEENEPoF1IHat eCBPeEt EBdEl BN/ Thel HbAOEGMBELFLIREVI ng t he
Co-Si 02 type charge retention |ayer thus prepared showed _an extrenely | ong
20 charge reFéHEFgﬁntPﬁérﬂﬁeCéWﬁ%ri%%@ WRRES Ak WWaRnbPymedl #5 RBFing S
nano-particles prepared by _the sane nethod, and showed a |long _retention
time exceedi AN Bogeaﬁgeb?lﬁﬁéroéﬁtPaBBIéPFOHaGF ﬂﬁéu%§§§@99ﬁgﬂﬁlﬁé%@|t.
Further, it was confirnmed taat data of 2 bits were nenorized per one 25

menory cel | . SPEXARBEEI2TFHBOHonvOrSR | | R S8t donducisr TRsmRY ©@I4S%n this 53

it as a hard mask. A positive type photoresist was
subjected to patterning to prepare a mask for gate
etching. The Si0; hard mask was etched, and then, the

10 control gate electrode 5 comprising the tungsten and the
tungsten nitride, the gate insulating film 4 and the
charge retention layer 3 were subjected to dry etching.
Then, a socurce region 6 and a drain region 7 were formed
by As ion implantation and annealing. After forming a

15 protective film, contact holes were formed, and Al
electrodes were formed for contact with the source region
6, the drain region 7 and the contrel gate electrode 5.

The memory cell having the Co-5i0, type charge

retention layer thus prepared showed an extremely long

20 charge retention time in comparison with each memory cell
having Si nano-particles prepared by the same method, and
showed a long retention time exceeding 20 years by the
extrapolation ¢f the measurement result. Further, it was
confirmed that data of 2 bits were memorized per one

25 memory cell.
EXAMPLE 2

The nonvolatile semiconductor memory cell in this



N b

exanple will be described with reference to Fig. 3. A SO (silicon on

i nsul ator) substrate having a p-type SO |ayer |la was used as the p-type
sem conductor substrate 1. A nesa process was carried out for isolation, 5
foll owed by boron (B) inplantation for adjusting the threshold voltage. In
this case, the work function of the p-type SO layer |la was estinmated to be
4.95 eV. Then, a tunnel insulating film2 was forned on the p-type SO

| ayer la. The tunnel insulating film2 was3obtained 10 by thermal oxidation
of the sem conductor substrate at A 800C and it had a thickness of 3 nm

Then, a char G&areLentiiéd PgydessrifricWikls reésasniceuted Fidom3an fnsul ating
matri x 3b containing netal nano-particles 3a2, was fornmed so as to have a

t hi ckness 1508f (S1AAFBY} SNcAPESHBICPEly SEESHIrad et Pe¥ inggRePr 6 PSpFer i ng
met hod as described below. Ru having a work functiaon of 4.7 eV was sel ected
for the netal2K&holdpyPfi BFEE &5d TRENPRAVYPRg SEMAEGALMFE ONo ERPBEAEE N was
selected for _the insulating matrix. In this case, the 20 difference between
the work funétioh BFSR HETPEEFPevaD CakbRErate FarandctRBIMBrk function of
the nano-particles 3a2 s 0.25 eV. Wien the sputtering was carried out, a

t ar get oH?aiﬁ@ 1Byedi RYePPRETa (B x 0P 2ESABEPE (6 a2 oRden %o ghl y pure
Ru and powder . of FiggIX ﬁrre AIN in 25 a groportion of 10:90,volt _was used.
After evacuatPRGSERED VPMEAEP nf chBhDeTa8F t he® ¥Rkt ErirgiaBpafatus to 5

x10.9 Pa, a”tﬁé 89%YS2558§ layer la was estimated to be 4.95 eV.

Then, a tunnel insulating film 2 was formed on the p-type
SOI layer la. The tunnel insulating film 2 was obtained

10 by thermal oxidation of the semiconductor substrate at
800°C and it had a thickness of 3 nm.

Then, a charge retention layer 3, which was
constituted from an insulating matrix 3b containing metal
nano-particles 3a2, was formed so as to have a thickness

1s of 5 nm by a capacitively coupled type magnetron
sputtering method as described below. Ru having a work
function of 4.7 eV was selected for the metal nano-
particles and AlN having a negative work function was
selected for the insulating matrix. In this case, the

20 difference between the work function of the p-type SOI
substrate la and the work function of the nano-particles
3a2 is 0.25 eV. When the sputtering was carried out, a
target obtained by sintering a mixture comprising a
powder of highly pure Ru and powder of highly pure AIN in

25 a proportion of 10:90 vel% was used.

After evacuating the film forming chamber of the

sputtering apparatus to 5x10™* Pa, an Ar gas was



supplied, and the gas flow rate was adjusted so that the gas pressure in
the filmformng chanber becones 0.5 Pa. Plasma was generated by supplying
a high frequency power (13.56 MHz) of 200 Wto forma Ru-AI N type charge 5
retention layer in a thickness of 3 nm In the evaluation of the film by
TEM it was confirnmed that the Ru nano-particles having a size of 2 nmwere
dispersed with a density of 8x10+12/cn® in the anorphous ALN insulating
matrix. 10 After formng a Si2 filmas thé gate insulating film 4 on the
Ru- Al N conposite_film a filmof palycrystal Si  was formed as the control
gate el ectrod¥P5lpgda POF Hhes gde IEAY FetRodasSTREN ST oS Vet

phot oresi st was subjected to_patterning to prepare a_nmask for_ gate 15
etching, and9&fePEESEMEE g& &1 efd‘ﬁfrbcfé’% l@@ﬁﬁ?‘la&% FEFE Gystk@- Si, the
gate insul atiigﬁfi Im4 and the ch%rge retention_layer. 3 were subjected to
dry etchi ng. PAPEER #8EnSRGeIRIECONY] FHERdH NleGi @&beé,refﬁl%’;f:yi nting As

52 111 m vad “SubFelay £5 GhbhihG aicd Foe Aty (T SIS S de wal | 6,
ol l'oved by RENCTFASG IPHEFTP CarfeaiTiG: WierelPa SBuFEE region 6 and a
G 0L on ST RRURTS LOU TR, ALCe,] 06 10 2 Bl eelinn i (W st
region 6, thﬁudkgkg—ﬁggkqglésa%%VQ%g a size of 2 nm were dispersed
with a density of 8x10™%/cm® in the amorphous AIN
insulating matrix.
10 After forming a Si0; film as the gate insulating film
4 on the Ru-AiN composite film, a film of polycrystal Si
was formed as the control gate electrode 5 by a low
pressure CVD method. Then, a positive type photoresist
was subjected to patterning to prepare a mask for gate
15 etching, and the control gate electrode 5 comprising the
polycrystal Si, the gate insulating film 4 and the charge
retention laver 3 were subjected to dry etching.
After forming shallow junction regions 6a, 7a by
implanting As ions with low energy, a S$10; film was
20 formed by a low-pressure CVD. This S$i0; f£ilm was
subjected to etching anisotropically to form a side wall
8. Then, As ions were implanted more deeply to form
contact regions 6b, 7b followed by RTA (rapid thermal
annealing) whereby a source region 6 and a drain region 7
25 were formed. After forming a protective film, contact

holes were formed and Al electrodes were formed to

contact with the source region 6, the drain region 7 and



the control gate electrode 5. In the estimation of the height of the
potential barrier with respect to electrons injected into Ru floating
gates in the nmenory cell having the Ru-S 02 type 5 charge retention |ayer
thus prepared, it was found that it was about 3.7 eV which was
substantially equal to the difference between the work function of Ru and
the electron affinity of the oxide film This fact shows that el ectrons
are not injected in advance into the 10 fbbating gates and there is no
effective reduction of the height of the potential barrier. The hei ght of
the potenti &Sh&PRE PGS e EREPY m t he tunnel |eak speed of the
electrons injected in the floating gates. . The nenpry cell thus prepared
showed an ext r engiy TRh G5 aHEYe G t?ﬁﬁihﬁFQW§n9f6§§ﬁ,p%F%ﬂE&@ﬁ retention
time exceeding 20 years under circunstances of 250C by the _extrapolation
of the neasu Q%Eﬁ@ r &St FESRECSPAY | ELRsh ST &% having Si

nano- parti cl prepared by .the sane nethod.. Fuyrther, it was confirnmed that
data 20 of 31BPCSTCoSRE e Rordh FETT o AR dd9 NI NBUSTRYRE

APPLICABI%ITY The non%pl t.il e_sem conduct or neno y.deviceigin%£e}8$resent
i nvent i on® caff PrFFovE fiofy daNery EHERGE 925 et @it i rf nce

under circuns ances %Ig%g%_rooglt nperature or an el evated t er Hyre in
conpari son witth"*th& St *ryp& of"’%ﬂ‘éﬁ\/é’r‘—i‘ﬁ Sﬁm\ﬁﬁ’e\ﬁ%@% 32 ¥ f] ash
56 memories A f%ire?l%réo_b%%rm}eie%l %h%e%rljkesfunAc%i%r{ %Sleth a;[nrgie the
electron affinity of the oxide film. This fact shows
that electrons are not injected in advance into the
10 floating gates and there is no effective reduction of the
height of the potential barrier. The height of the
potential barrier was estimated from the tunnel leak
speed of the electrons injected in the floating gates.
The memory cell thus prepared showed an extremely long
15 charge retention time, e.g., a charge retention time
exceeding 20 years under circumstances of 250°C by the
extrapolation of the measurement result, in comparison
with such memory cell having $i nano-particles prepared
by the same method. Further, it was confirmed that data

20 of 2 bits could be memcorized per cne memory cell.

INDUSTRIAL APPLICABILITY
The nonvolatile semiconductor memory device of the
present invention can improve significantly the charge
25 retention performance under circumstances of the room
temperature or an elevated temperature in comparison with

the same type of conventional memory devices, e.g., flash



t hi ckness of the tunnel insulating filmand the gate insulating film
adj acently contact on or above the charge retention |ayer can be reduced,
whereby data 5 witing/erasing speed can be inproved and the cell can be

operated with a low voltage. Further, in downsizing of the cell, it is
p055|ble to reduce the size of the ceII whi ch has been difficult to realize
in the above nentioned conventional nenory cell. 10 Further, according to

t he above-nenti oned advantages of the nogwol atile sem conductor nenory
device of the present invention, use and application to various technical
fields whi chmemoridsf brctlitnbpothertonvenneonalesnonksl atirésuden thaduct or
menory devi ces, becone 15 possible. In particular, it is considered that a
wi de applicohicknéss abbithe pensehalinssimtnalb delimcesdorthrogateol atility of
a personal conputer-installed nenory by replacing DRAMis possible. The
entire discl osenéstohglapamesd]iraeshiiy20onppticati on Rbov208hel2h837ef i | ed
on April 16, 2004, Japanese Patent Application No. 2004-129840 filed on
April 26, ZOQQtGUEPQneééYE@t@ﬁn hpprEedaredn NbsreRp08atas859 and 2005- 30860
filed on February 27, 2005 including specifications, clainms, draw ngs and
summari e ar‘er251119é@f@él@geapﬁ@depﬁnbper efprened RRdt hder Cedlli ceni de. 57 |
CLAIM5 1. A nonvol atile sem conductor nenory cell conprising a source
regi on and acHehihefeyibh folAwdveatagsur fReetlgr g in downsizing of

the cell, it 1is possible to reduce the size of the cell
which has been difficult to realize in the above-
mentioned conventional memory cell.

10 Further, according to the above-mentioned advantages
of the nonvolatile semiconductor memory device of the
present invention, use and application to various
technical fields which were difficult by the conventional
nonvolatile semiconductor memory devices, become

15 possible. In particular, it is considered that a wide
application for mobile personal terminal devices or non-
volatility of a personal computer-installed memory by
replacing DRAM is possible.

The entire disclosures of Japanese Patent

20 Application No. 2004-121837 filed on April 16, 2004,
Japanese Patent Application No. 2004-129840 filed on
April 26, 2004, Japanese Patent Application Nos. 2005-
30859 and 2005-30860 filed on February 27, 2005 including
specifications, claims, drawings and summaries are

25 incorporated herein by reference in their entireties.



sem conductor substrate, a channel formng region formed 5 to connect the
sour,ce region to the drain region, or formed between the source region and
the drain region, a tunnel insulating filmformed in contact with the
channel formng region, a charge retention layer formed adjacent the
tunnel insulating film a gate insulating filmforned 10 adjacent the charge
retention |layer and a control gate forned adjacent the gate insulating
film characterized in that the charge retention |ayer conprises an
insulating matrix containing a single nano-particle of conductive substance
per nonvol atile sem conductor nenory I8LxEN$ or a plurality of
nano-particles of conductive substance independently dispersed with a
density of filom Al@ebZdle il sparitdorides tper mequane aedrit icmdperi sofng e
charge retention |ayer, said nano-particle being nmade of at |east one type
of singl e- el enertesubgtiancendr ackermiicalre2lovoipomed that fsurdticens fas
floating gate and having a particle size of at nbst 5 rim wherein the
i nsul ating manicrndycapor phbasrane . has caanskdcttoomniabf reistiyproffcatmedost 1.0
eV and the work function of the nano-particle of conductive substance is at
| east 4. 2 eVto2soRneThe thenvolarel segepicondtiteodraemreadelnl, agcording to
G aim1l, wherein the difference between the work function of the
nano- parti cl écangdt hetweek fthecsioomcef r&§ionhendemheondadoresilostra e i s at
nost 0.5 eV. 3. The nonvol atile sem conductor nmenory cell according to
Claim 1l or 2tumhedeiinsuhetdnpf éidncéobatdeén chataotkwith the channel
forming region, a charge retention layer formed adjacent
the tunnel insulating film, a gate insulating film formed
10 adjacent the charge retention layer and a control gate
formed adjacent the gate insulating film, characterized
in that the charge retention layer comprises an
insulating matrix containing a single nano-particle of
conductive substance per nonvolatile semiconductor memory
15 cell or a plurality of nano-particles of conductive
substance independently dispersed with a density of from
10**? to 107! particles per square centimeter of the
charge retention layer, said nano-particle being made of
at least one type of single-element substance or chemical
20 compound that functions as floating gate and having a
particle size of at most 5 nm, wherein the insulating
matrix is amorphous and has an electron affinity of at
most 1.0 eV and the work functicn of the nano-particle of
conductive substance is at least 4.2 eV.
25 2. The nonvolatile semiconductor memory cell according

to Claim 1, wherein the difference between the work

function of the nano-particle and the work function of



function of the nano-particle and the work function of 5 the control gate is
at nost 0.5 eV. 4. The nonvol atile sem conductor nenory cell according to
Claim1, 2 or 3, wherein the space distance between the outer shells of

adj acent nano-particles is froml to 5 nm 10 5. The nonvol atile

sem conductor nenory cell according to any one of Clains 1 to 4, wherein
the nelting point of the nano-particle is at least 1,400C. 6. The
nonvol ati |l e sem conductor nenory cell acc®®ding to any one of Clains 1 to
5, wherein the difference in 15 absolute val ue between the ionization
energy | evel tBf ERTACORAESHOLT BUPEHY athe 15aRd- pweti &-& i9Y ¢t he seni conduct or
substrate and the energy |level at the center of the forbidden band of the
seni conduct oP - suFSter AEVod et e £/MIQPROAUNEO T MO T & ph\ AR g

sem conductor nenory cell according to any one of Clains 1 to 6, wherein

t he nano- par tPcfd3i& laPr| easthsre iy fécoridiifgegcsubatamed dhe stk al
conpound sel ected . fromthe group of elenents consisting _of W M, Ti, Pt,
Pd, Ni, Ta, EHPCELCPNBE RheaRGTRTPASE 1§ L CTRENSHFo AN & WGHISEhdifet of
menory cell accordin to any .one of Clains 1 to 7, wherein the insulating
matrix co%sthStFﬁ&tgﬁé BR&Fye Sr 8CeMCSEn 0-ay&Y i s made of 59 at |east one
type of chem cal ¢onpound seL%Fted fromtfhe group consisting of_an oxide, a

carbide, a nftrid&e Ronysliade 1e SEHCQnIREAF F9nqier icRtl according

to Claim 1, 2 or 3, wherein the space distance between
the outer shells of adjacent nano-particles is from 1 to
5 nm.

10 5. The nonvolatile semiconductor memory cell according
to any one of Claims 1 teo 4, wherein the melting point of
the nano-particle is at least 1,400°C.

6. The nonvolatile semiconductor memory cell according
to any one of Claims 1 to 5, wherein the difference in

15 absolute value between the ionization energy level of an
atom constituting the nano-particle in the semiconductor
substrate and the energy level at the center of the
forbidden band of the semiconductor substrate is at least
0.1 eVv.

20 7. The nonvolatile semiconductor memory cell according
to any one of Claims 1 to 6, wherein the nano-particle is
at least one type of single substance or chemical
compound selected from the group of elements consisting
of W, Mo, Ti, Pt, Pd, Ni, Ta, Cr, Os, Nb, Ru and Rh.

25 8. The nonvolatile semiconductor memory cell according
to any one of Claims 1 to 7, wherein the insulating

matrix constituting the charge retention layer is made of



9. The nonvol atil e sem conductor nmenory cell according 5 to any one of
Clains 1 to 8, wherein the nano-particles constituting the charge retention
| ayer are dispersed two-dinmensionally or three-dinensionally in the

i,nsul ating matri x. 10. A nethod for producing a nonvolatile sem conductor

io nenory cell conprising the charge retention |ayer as described in Caim
9, in which nano-particles are dispersed two-dinensionally or
three-dinensionally in the insulating mab®i x, characterized in that the
charge retentlon | ayer is fornmed in manner of self 15 o anlzatlon by

usi ng a physP&at-c@&5oSrei 5Hpﬁepﬁo<‘fh@6¥1cade|§(?§m r?ﬁl@ﬁtélcg

nano-particles and the . insulatin natz%% respectlvely 11. The nethod for

produci ng a H6WBI &PPtsé%éFﬁgc&#d nﬁrfa(?éﬂ eac(?"or'”d‘ltﬁfgl © @& aim 10,

wherein the physical 2Q dep itian hod |s a sputtering nmethod. 12. A
nonvol ati | e SEF+E6nd@cfar e ?néeﬁl d§ng a source region and a
drain region_for on a surface of a nlconductor substrat e, ,channel
formng regidn fg&ﬁb@°@%§%ﬁﬂﬁéﬁ@ﬁﬂﬂ?QQﬁiQE?ﬁwﬂﬁWﬂFX(F?#ka%ﬁ%ﬁ %%%lon

25 forned betmeen t he SO rgﬁ %t rain reglon a u%;?

i nsul ati ny fiPnPPer PE§ © éﬁﬁbF ﬁwﬂ%ﬂqu?ﬁ%ﬁj a charge
retention |ayer for adj_acen th nnel .i nsul ati ng .fil gate

i nsul ati ng f% HFF&F%E&nga& Scé& ﬁﬁé 5%5?5@‘“¥§F%EF‘@ﬁq contro
gate  formed adj acent, 88,93t ey AR or AL gt e Zed

insulating matrix.
10. A method for producing a nonvolatile semiconductor

10 memory cell comprising the charge retention layer as
described in Claim 9, in which nano-particles are
dispersed two-dimensionally or three-dimensionally in the
insulating matrix, characterized in that the charge
retention layer is formed in a manner of self-

15 organization by using a physical deposition method for
depositing materials for the nano-particles and the
insulating matrix respectively.

11. The method for producing a nonvolatile semiconductor

memory cell acceording to Claim 10, wherein the physical
2¢ deposition method is a sputtering method.

12. A nonvolatile semiconductor memory cell comprising a

source region and a drain region formed on a surface of a

semiconductor substrate, a channel forming region formed

to connect the source region to the drain region, or

25 formed between the source region and the drain region, a
tunnel insulating film formed in contact with the channel

forming region, a charge retention layer formed adjacent



in that the charge retention |ayer conprises an 5 insulating matrix

cont.ai ning a single nano-particle of sem conductor material or insulating
material per nonvolatile sem conductor nenory cell or a plurality of such
nano-particles independently dispersed with a density of from 10+12 to
10+14 particles per square 10 centineter of the charge retention |layer, said
nano- particle being nade of at |east one type of single- elenent substance
or chem cal conpound that functions as abfloating gate and having a
particle size of at nmpst 5 nm  wherein the insulating matrix is_ anorphous
and has an 15hg| éerr6d aPFUAPEYNef fatlMpst 9Rte avnsaddtime dider dormagfinity
of the nano-particle is at least 4.2 eV. 13. The nonvol atil e _sem conduct or
menory cel | 8€36F8Fhg theo CEPEPR T2LoMherEi datRE @PFf & 678¢ N9dt Wei® t he wor k
function of the nano-particle_and the work functiqn of 20 the sem conductor
substrate isfgtmgespdgaseny. the gnfhe doridraLIe fddfi cShdFacTeHERsty cel
according to Caim1l12 or_ 13, wherein the _difference between the work
function of theCA&holH&r CHEFEand teRE 1Rbr KAVERCCOBRT 16t RE control gate is
at nmost 0.5 eV. 25 15. The nonvol ati |l e sem conductor nenory cell according
to dai m12, 1R§UGRLIRT [REFEFn COREALPAEE &i§ﬂ&ﬁ§§ PePRESRL ttivd Sotler shel I's
of adjacent nang-particles is from1l tqo 61_. 5 nm 16. The nonvol atile

seni conduct oPF eReRBFIUICELE 5‘858F&Pﬁ]gort 6n§H§a(§ﬁélgof“aéle§ilﬁ§ P£% o0 15, wherein

the melting Rghg%latile semiconductor memory cell or a plurality of

such nano-particles independently dispersed with a
density of from 10" to 10%** particles per square

10 centimeter of the charge retention layer, said nano-
particle being made of at least one type of single-
element substance or chemical compound that functions as
a floating gate and having a particle size of at most 5
nm, wherein the insulating matrix is amorphous and has an

15 electron affinity of at most 1.0 eV and the electron
affinity of the nano-particle is at least 4.2 eV.
13. The nonvolatile semiconductor memory cell according
to Claim 12, wherein the difference between the work
function of the nanc-particle and the work function of

20 the semiconductor substrate is at most 0.5 eV.
14. The nonvolatile semiconductor memory cell according
to Claim 12 or 13, wherein the difference between the
work function of the nano-particle and the work function
of the control gate is at most 0.5 eV.

25 15. The nonvolatile semiconductor memory cell according
to Claim 12, 13 or 14, wherein the space distance between

the outer shells of adjacent nano-particles is from 1 to



of the nano-particle is at |east 1,400C. 5 17. The nonvol atil e sem conduct or
memgry cell according to any one of Clains 12 to 16, wherein the difference
in absolute value between the ionization energy of atons constituting the
nano-particle in the sem conductor substrate and the energy |evel at the
center of the 10 forbi dden band of the sem conductor substrate is at |east
0.1 eV. 18. The nonvol atil e sem conductor nenory cell according to any one
of Clainms 12 to 17, wherein the insulatimgl matrix constituting the charge
retention layer is made of 15 at | east one type of chem cal conpound

sel ected from #Be group consisting of an oxide, a carbide, a nitride, a
boride, a silicide and a fluqgride. 19. The nonvol atil e sem conductor nenory
cel | accordi k- THeaRPryRd asL 1E SERd CORAUG RS, MEHEEY FeiHe as893d3@% i cl es

20 constituting the charge retention | ayer are dispersed two-di nensionally
or three-di nBAsPBRaPR§ PR FhBIMEnddl 50i A§ - nhergin2gheamgdtidd POLTSr oduci ng
a nonvol atil e _sem conductor _nenory cell conpr|5|n the charge retention

| ayer as 25°8e5Bfi B&BOI HaEFéFﬁﬁ19s PR WRPER hafBOpSrticles are di spersed
tmo-dinen5|onall¥ or three-dinensionally in the |nsulat|ng matrj X,
characteri zed’in PﬁaFOPﬁéléﬁéQ&eSGQlCP§@§ﬁFP6nmP§9§N € lloAREPTH Y manner
of self- organization b hysi cal deﬁ05|t|on net. haod for depositing
material s foF°tABYn3RG- %5 ﬁéE@§ gadtPhé erein the difference 1in

absolute value between the ionization energy of atoms
constituting the nano-particle in the semiconductor
substrate and the energy level at the center of the
10 forbidden band of the semiconductor substrate is at least
0.1 ev.
18. The nonvolatile semiconductor memory cell according
to any one of Claims 12 to 17, wherein the insulating
matrix constituting the charge retention layer is made of
15 at least one tyvpe of chemical compound selected from the
group consisting of an oxide, a carbide, a nitride, a
boride, a silicide and a fluoride.
19. The nonvolatile semiconductor memory cell according
to any one of Claimg 12 to 18, wherein the nano-particles
20 constituting the charge retention layer are dispersed
two-dimensionally or three-dimensionally in the
insulating matrix.
20. A method for producing a nonvolatile semiconductor
memory cell comprising the charge retention layer as
25 described in Claim 19, in which nano-particles are
dispersed two-dimensionally or three-dimensiocnally in the

insulating matrix, characterized in that the charge



insulating matri x respectively. 5 21. The nethod for producing a nonvol atile
sem conductor nmenory cell according to Claim 20, wherein the physical
deposition nmethod is a sputtering nethod.

62

retention layer is formed in a manner of self-
organization by using a physical deposition method for
depositing materials for the nano-particles and the
insulating matrix respectively.

5 21. The method for producing a nonvolatile semiconductor
memory cell according to Claim 20, wherein the physical

depogition method is a sputtering method.



