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i nvention rel ates gem{,ly to Flash nmenory devices and nore pa

to Flash nenory devi ces using nanoncrystals. BACKGROUND ART The i nckiea®t ng
use of portable electronics and enbedded systens has resulted in a 15 20
25 need for | ow po t - FRARY hat can be
programed at verymﬁ{éﬂbg%ggggﬁt é&$9ggggﬁb§§ﬁ%ry, %cﬁ;has been

devel oped, is Flash el MANUFAKBURINMGMES HODJFAERMH@Rr ead only nmenory
(Flash EEPROM). it is used in many portable el ectronic products, such as
personal conputers, cell phones, portable conputers, voice recorders, etc.
as well as in many larger electronic systens, such as cars, planes,

i ndustrial control systemACEGROBNE @EAHERPRIENGENce is formed on a

sem conductor substrate. In portions of the surface of the substrate, a
doped soECENIC2di PIELIAnd a doped drain region are formed with a channe
regi on therebetween. A tunnel silicon oxide dielectric layer is formed on
the Seni cond@b@ oPressib stV Er oo yelptes hgernsiilnde  Flagh onemary kviseerendnd®eur ce
and dra ide dielectric |ayer, over

t he cha gﬂg?%EMQPRMSmgﬁ&ah&gggn ??ﬁ%ﬁﬁ%gggs formed for a trgn3|stor
havi ng a floatlng gate layer, an inter-electrode dielectric |layer, and a
control g %?GGk@Xﬁh%AE@F source region is located on one side of the stacked
gate structure wth one edge of the source region overl apping the gate
structure. Tiihe diiaeasingegicont patabteceitercbnies drdlecrabdieed sydemothat hesuitdaked

gate struct with one edeoverl ing the gate structure. The device is
pr ogr anhed fﬁy PEPORFRReR ST Ty noey il rmariss gt B3R BORIOSTARBR efhdi veiy | high

tunigl | §8g4s A Ghd kRN HnRANRBIYSKA! bichadh FEERAY Hieu eRhRaIPeRRable

proposed t hat can be 30 programmed at fast speeds (hundreds of hanoseconds)
usi ng | pwgvajhma@ese&bonldl mebryt (Fiasbl EERR@ND. Btipuageinofmany gottaldasldchoniae
silicon nanocr al s usi ng, nano stal ¢ rnge storage sites that

sol at oARERES HEb 2k e b R P HP o BGHAT B Sar PO GE JERBCEOIATHE gat o
oxi de | ayeQklliag 115)6%?,' BBl bQEHACE S stetns, sdhORIARN AR GRlusPRANBSHHES kdterfrs,ash
EEPROM devi ce has al so been denpnstrated that can be programred at | ow

vol t age§tcand hi gh speeds. Such a device was fabricated by inplanting

ger yani um at Qg LNE@PA SNl deGR i PJ}?nteH %B?a %eg:nk&h YBF sutlshiGiel h@{ﬁé@é bPihe

process can cause gennaniumto ocate a e sl |con-tunne
i nt er f aserfadecsinthagulistrafe, aidoped strate ogiprbardegdapkel diag dgidncee pemicr withae.
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Above the tunnel silicon oxide dielectric layer, over the channel region, a stacked-gate
20  structure is formed for a transistor having a floating gate layer, an inter-electrode dielectric
layer, and a control gate layer. The source region is located on one side of the stacked gate
structure with one edge of the source region overlapping the gate structure. The drain region
is located on the other side of the stacked gate structure with one edge overlapping the gate
structure. The device is programmed by hot electron injection and erased by Fowler-

25 Nordheim tunnelling.

A silicon (Si) nanocrystal Flash EEPROM device has been proposed that can be
programmed at fast speeds (hundreds of nanoseconds) using low voltages for direct tunneling
and storage of electrons in the silicon nanocrystals. By using nanocrystal charge storage sites
that are isolated electrically, charge leakage through localized defects in the gate oxide layer

30 is presumably reduced.



Solutions to these probl ens have been | ong sought, but have | ong el uded
those skilled in the art. to DI SCLOSURE OF THE | NVENTI ON The present

i nvention provides a Flash nenory having a trilayer structure of rapid

t hermal oxide (RTO/germani um (CGe) nanocrystals in Si02/ sputtered Si02 cap.
This structure has been denonstrated with via capacitance versus voltage

(GV) neasurg snibav{Gy ﬁﬁﬂﬂ&?f&‘tahyﬁlﬁﬁﬂﬁ?k@]\du&vk@ Hae MR Ravaskysd al s
in the mddle layer of the trilayer ~5 structure. The Ge nanocrystals are
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concentratl n and t he raﬁ_%ad th anne RTA proc Si ng§24 condi ti
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to those skilled in the art froma reading of the f ow ng detail

descr i ptunoel qmanamh mnpt)hr deéé mtmtloeptmfomm’@caccorrpanyl ng draw ngs. 25
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versus volta
devicesintht&t 2 is a diagran1representat|ve of a transm ssion el ectron

m croscope (TEM mcrograph of one of the devices of FIG 1; 2 FIG 3is
a diagramrepresentative of a TEM m crograph of another of the devices of

FIG 1; FIG 4 is a sche Fl ash nenory device
accot di ng to the present %§§ﬁﬁsiﬁ1€&qj't%€ng%%§cfg6§f agram representative of
a transm ssion electron mcrograph of a TEM m crograph of the nanocrystal
Fl ash nenor yThevresentaaretignniygovides adlashasameryi avéi # dilayer structure of rapid

thermal oxide (RTO)/germanium (Ge) nanocrystals in SiOy/sputtered SiO; cap. This structure
has been demonstrated with via capacitance versus voltage (C-V) measurements having
memory hysteresis due to germanium nanocrystals in the middle layer of the trilayer
15 structure. The Ge nanocrystals are synthesized by rapid thermal annealing (RTO) of co-
sputtered Ge+SiO; films.
The present invention provides a method for obtaining a Flash memory structure of
Ge nanocrystals synthesized by RTA technique and discloses that the Ge nanocrystal growth
is critically dependent on the Ge concentration and the rapid thermal anneal RTA processing
20 conditions.
Certain embodiments of the invention have other advantages in addition to or in place
of those mentioned above. The advantages will become apparent to those skilled in the art
from a reading of the following detailed description when taken with reference to the

accompanying drawings.

25 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a chart of the capacitance versus voltage (C-V) characteristics of various
multi-layer structure devices;
FIG. 2 is a diagram representative of a transmission electron microscope (TEM)

micrograph of one of the devices of FIG. 1;



FIG 6 is a Flash EEPROM devi ce according to the present invention; and
FIG 7 is a sinplified flow chant according to the present invention. BEST
MODE FOR CARRYI NG QUT THE I NVENTION to Referring nowto FIG 1, therein are
shown capaci tance versus voltage (C V) curves of various experinental
devices. The greater the hysteresis, or difference in capacitance upon
application BIG. & 1§laaﬁagt@r|ntra§lr%s@i&dtvlé€b\f%r"ﬁw @fcrd digptbd dmortel baar, ddvies bet t er
t he char]%‘(e) storage characteristics, or nenory, of the device. The

capaci t Bft¢d;ver sus vol tage curves are shown for thr ee devi ces: Devices 100,
200, 15 300. pleagh douh 6. 1ahHER% A ARELEAIOMELOR SURSEIALE, RO 60 2
mul ti-layer 'insulator struc eis forne ere cﬁa es are to stor ed.
The Devpte@enlﬂﬁ/ch'@éha trilayer structure of RTO Si02

(Snm/ Ge+Si 0 20nrr)/sputtered Si 02(SCr.un) cap,. where the RTO s rarlavld
therfral oxi dBlbf i 4 AREHTRTGEPHRaEYC Shin aRFRIAESICoiE TESIOSIE) ¢isa 4

combi Naf e bn GFIHERFARAN S hEAS AL RE LS -Bhe RPBIHLALARESSonaNd t he
sputtered sTlicon dioxide i1s of SOrun t hi cknhess. Devi ce 200 has a
trilayer strhi.grieadasREBPS @y d@mpﬁmﬂmg@mﬁnﬂ&s@(m@u@bsmﬁ tered

Si 02(50nm c vi ce 300 has yer ed structure of RTO Si 02
(Snm) / Ge+Si CE%?(?A i S“‘rﬁ Y ghigry COWM%E?\Qﬁ%p‘é eirtt?r}vgg}té? ‘structure,
exhibits a counter-cl ockwi se hysteresis of about 6V in the GV curve as
shown in FIG 1. 25 The Device 200, which is another trilayer structure
with the mddl e i nSBESTMOD&YEOR CABR $INGOOT THERINVIBNTIORK pure sputtered
oxi de, exhibits a counter-clockw se hysteresis about 0.73V. The w dth of
thi g9 hyst er eReferdisy 86RIb $IG! haReldeheaWistbin Qﬁpéchﬁn&%ﬁ@%ltﬁgé){)cﬂ)%u%g' ce
100. Not shown is a simlar tilayer structure as the Device 2

om ttingf wmppﬂp@mqmﬁeéﬂmeeanﬂ%ref{tml\y hsrftterpsmmrmfiersmue@amcnmerpes| s of
1.09V. n t.t roc the s allty
and r eattbeFRESE paBou ihs AbE LRGP D) hOPkRSialn B BEb FHSH KL S50 |
cm2 (ash@a@a&mﬁ@l,)ormrﬂm98oﬁtha@evrce~ cm 2 (after RTA). The 3  pronounced
hysteresis exhibited by the Devr ce 100 nust therefore be due to charg
storage in tHhge eﬁ)aﬁﬁ%ewygsﬂﬁr% Itags capves atgrshowa 1o theeelevisstil Revres Petf0, The
exi st en | furt her
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| ayer detvictere iefdrirtoid tveheze slpgds dny 81 ler gsicd. Dlie Dedise 1 G@dhasa Gildyov sirocturbhe

i nner KIS 0o St oA S RLLERRPoBRT SA(GlEnh e benohe mbdciey Sedrd,
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conpared to the Device 100. It has al so been discovered that the sputtered

Si 02( sogemandep ang siliggprdiamide PhSPrarpicknrgs.tand toe sptieoedt sibea dl@rtstﬁrtlh of 29
Ref |
tragim SaBotigdel GTneneRRE NS nis ity Sulat SEREPSIE B AR

is a di Mﬂﬁ@mﬁ)/ﬁﬂm&eﬁem&@y(ét)nm) caet And thé Device 3P0 dhat hemvelbyaad emictate cf000C

for 300 _sec nds trilayver structure of the Device 100 is forned on a
sem conm F@SI/%é’uétp “énm | i con substrate 102 and i ncludes a first

i nsul ator | ayge PJlAcCf000 WhiBhok a'?]'i@gé} Qhrctifte NBRRAEYSE RN Rk ARk RY&Ls | 06
of 20 nmof ~ 5 co-sputfered Ge+Si 02, and a second insulator |ayér 108 of

50 nm ofof peeus 6¥pintthered c8ve2s sidven Billedn substrate can be either n- or p-
dopeig LI ﬁthoﬁmw 28& 'R i ar‘))cﬁger trilayer structure with the middle insulator layer

consisting of a 20-nm thick pure sputtered oxide, exhibits a counter-clockwise hysteresis

about 0.73V. The width of this hysteresis is smaller than the width of the hysteresis of the
Device 100.

Not shown is a similar trilayer structure as the Device 200, but omitting a rapid

30  thermal anneal (RTA) step, which showed a hysteresis of 1.09V. This means that the RTA

process improves the sputtered oxide quality and reduces the trapped charge density in the

Device 200 from 3.62x10'" cm? (as-prepared) to 1.98x10" cm™ (after RTA). The

3



It can be seen fromthis diagramthat the nanocrystal-insulator |ayer 106
consists of Ge nanocrystals 110 of different sizes. The trilayer structure
of t.he Device 100 has been subjected to a rapid thermal anneal at |000C for
300 seconds. 20 It should be noted that |arger Ge nanocrystals 112 of

di anmeter (8) ~20 nmwere fornmed near the RTO Si02 to sputtered Ge+Si OZ

i nterf agemifecd de%sis@&hﬂﬁt@@%?)(@él@é\ﬁcelﬂ(ﬁ) Wubtih &efoB1HR Aol BRTRdiRhgdife RTO
Si02 to sputtered Ge+Si 02 and the sputtered Ge+Si02 to pure sputtered Si02
i nt er f adhesGe Thraceystdelpsatied abdempidéleGasulriproeysrsThd exigigmrernddre naneciRF@sdn02 to
sputter i rf 102 t ur.e Sputtered

Si 02 25%?6&1de %e”{i}ﬁ]ﬁo cgér:ﬁ% ?Saep éﬁer%} %%%Eﬁégsﬁgggocbre %rfe%ﬁn%ldﬂ ﬁf ator | ayer

1 06 cont ai ns Ty qhevi@VE00, %lmaqqmlh?élajeicﬂc@ e)dﬁﬁblﬂsQﬂﬁﬂ:all st@adls of fdse1gRn
S|gn|f|cantI%/ in Si02. it is believed that as the concentration of GCe

di ss81 vOe Yot STlopsmaller saenalized miniung ganasitpnce f e Pewcei0d s dop e aithineert ace
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It has blae@aogmm’agsm;l)atlkbawllhhemsmlﬁmd mehelDevmam(anneal ed at 1000C,

si gni ficant di f on towards, the two interf | ace. The process
can account ?e fag OI P issovBet t@?t HUHEEry ‘t%ifsém{ OCEER & PRt4hgn

i nterfaggsm &B@e%{ﬁﬁbér?ﬁam’}[mﬁ{ of Ge 4 nanocrystals 110 in the central
region of the nanocrystal-insulator |ayer 106. However, the reason is not
knowf for t héiq@rremsmemtpeHIGf dr trateirois shbwhardjegras rnpmwtgts@aﬁsx thangmaasipn

hi gher er of nanocr e,RTO.Si 02 t ttered
G s ARG af el (PR RREE Do W G B ko e g Bh *F e
Devi ce k@{ctatesaftes hapid thermad a@ivafl &CEOVO QT8 300V eecoidsf ThefriabawtirdMranttie C V
curve with gentler slope as conpared to the Device 200. As the hysteresis
wi dth i @@ml&,@uwﬁnmegi 08¢, semigondneiahwealchsichtah e sm@@n@@bsma@ HRsnd idedasra
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weaker andpafsed GebBitke indeasdchyd idselawr fgyca 1§ ofF0 fargblRgphosdd SIOUCTH e.
The 1000C anneal ed sanpl e contained a 1o substantial anmount of GeOx bonds.
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| arge va hi ft duc tor in the nanocrystals. This
was veri flhggteg% ?:r"‘?“?r@ﬁgﬂ? %@?qu ?ffge%@ ay times, i.e, to 15

si muypat e di ffI@rs%ﬁlde@eﬁ&edl A8 ardBe iRy FARGrRAN § M Fk%an@etext r e} nhSwehown a
di agram representative of a TEM m crograph of the Device . The

t hr ee- | d‘ysenectneanahmRé“Oo&Gzhe smﬁrecéGz@&Ozsntfecfammcbmales|Clia cancsstass st e
202, whi c! 0 a first ins tor, | ayer 2Q4. of_ .5nm of
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t he hi ghSiDevel spofterel abeeBi© aniacfecd Shadu@et&puttdfred gxéistionce pofe @peuttered Si0,
b s T AR A S Bl e I8 B b S Efr
struct urgneérykar 1Pevi ce 300 is formed on a 25 silicon substrate 302, which
i s p-doped, and includes a first insulator |ayer 304 of Snmof RTO Si 02 and

a nanocr yst al At n9GPH¢.00Gq &?‘érdlﬁbﬁ stenpiesatlyf inc SiQpultt &y é’&h@éf‘»dsﬁ@? aS’I'Hi]ée
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sput t er eghdGegRirQa the bekf éCle S‘f‘@z,tthé Sof@MirgRog@dfeaP EdCRhEdo W dlhfasibn Fux,
cappi ng OX|de | ayer, it is reasonable to 30 expect a significant

out - #i f figsylbng BFangscygulssen et Gaiaf e IMEaeet |1 000C. The GV characteristic of
the Device 30Qyasy do¥erfel Ghat R IO DEFicR 1602k a F 89080 ¥t The
smal | er nor maoﬁl zedée%ecﬁf r?u?necg%%é?tance o?lct he@%Jeaw ce gegioﬁaso%corfpﬁf%n%cat o the

ot her de@Gt aefusi¢h Ei“ardsltneawdwatetrfac@ fobk piee. T procSisOiint dtbeki &b tHeargetin)
in the Device 300 nanocrystals are nmuch | esser in nunber in
t he Deviranyoef Ce lilaéloP‘é’é@%ébQ @cpipthex e intenfaees 986 glae sy s auElhsa ot t§€ of
this device to be | ower as conpared to the Device 100. Referring now to
FIG 5, therein is shown a diagramrepresentative of a transm ssion

el ectron m crograph of a Device 400 having a substrate 402 and including a
first insulator 5 404 and a nanocrystal -insul ator |ayer 406 with Ge
nanocrystals 410 fornmed at the RTO oxi de/co-sputtered silicon oxide + Ge
interface achieved under optimzed fabrication
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condi tions. An exanple of the CV curve of the Device 100 (not fully

optiim zed) containing the various |ayers described above is shown in FIG

1. This figure shows the charge storage to capability of the proposed
structure. It is to be noted that the range of gate voltages at depletion
for the two |logic states of the device can be further optim zed by changi ng
the thi ckresgtadf 1thé vardonus! ropier of the dahecreyliaeuldiod layBel . rilogewpytht 0
FIG 6, therein is shown an exanple_ of a Fl ??h EEPROM devi ce 500 according

to the PREYERNGtAPENDIgh thepretereniak foymaterpf 1aigs Cargpogusile ddd eddrehau )

15 stru i1k i -850 a drain
oot on D o G R e R B e R B e O P

sil'i con subsfir sitoald 02 mell, clefommed badyitoF1608, dha thedopace dAd dldvesisovy ee and

draip regi gns 504. and 6.are, n-doped.. A trilayer structure 512 consjsts of
Choel | SeniiRerrtipasnP S VSRR - et oY Chedibh Yehe b e SR ER IR
P-type $ehiceQ00S URIhd B sterdi2widih & pz&dmwg,ew,&mi r8kns Uk B DAREA] dchgsks el
oxi dation at about 1000C. A Ge+Si02 |ayer 516 of a thickness 20 run was

t hen depdsiteredarae starase eapp®ility bgudiedyevied 30% dt bpubacaspagested dhmiigasystahe

sputteri =l ' 99. 9999 - di i th ' of
ugdopedlt%g C%ﬁ{&gﬁ‘%ﬁx%s?n aédoﬁg(%%% gﬁd(gt %gdg%:ﬁ]?d[é(%sog\!e%gg&@r %&ag%%? Bovver
wer e fi xeglyaleaSing 483 Orixlunghmg baMD stiictures fiee t1DOEIG) anizBleAd datviptd cgitaiaedia02

| ayer 518 (50 nm was then deposited by rf sputtering in argon at a rf
powdp ofubs barpowy of CePk hgngsy ebisdapglitg ngd strgctgragsarthentiap an ¢leciyparand

¢ enper al e aep e BE e TR PSR 6 G R DR 8
and r anmpaydyvendueatb @se wepEng ok eldctadnsadyatit d30dingewadd. Thegehtier fadeyst the Cow

control gate 520 _was forned over the Si 02 _ | ayer. 518. The present invention
uses rf ng-es%“d ¢ Devisg 13@ i presPitind %ﬁ‘ekarﬁnwmg%abfétdpgwgm tﬁ% Ghages storesy g

106. Si meenshdeh@Biguslii ths ScBded ayet-w Ioasiinehtsi & Arrthinadipmiglesoxt de, can
be grown by rapid-thernmal oxidation prior to the sputtering process, the

si | il6on stroulateidiferenitsvebpecades  of the first insulator |ayer 104 can be of a
very good qua ity _as ion-i tation.d e i 5. non-existent. The first
vl Stor agurih nehCdd JOR el BEl i RTTE 4 Gl S e @l TN
nanocr y shietoprdphbfathe Dt@ic@Xd0de - Bidthtcriager! tiefurd bf Slef P&ScARO0 ROformed on a

hi gh-t mperature rapid thernmal annealing of the oxide-sputtered |ayer. 5

The st r §8icanrsubyris 805 which iy aploped. Hadnafludss ddrstapadate baer kel wihofa Ge
RTO SiO,, a middle insulator layer of 20nm of sputtered SiO,, and a second insulator layer of
20 50nm of sputtered SiO,. This is a control device which has no Ge nanocrystals and which, as
explained above, indicates that the high level of charge storage is due to the existence of Ge
nanocrystals.
Referring now to FIG. 4, therein is shown a diagram representative of a TEM
micrograph of the Device 300. The two-layer structure of the Device 300 is formed on a
25  silicon substrate 302, which is p-doped, and includes a first insulator layer 304 of Snm of
RTO SiO; and a nanocrystal-insulator layer 306 of 20nm of co-sputtered Ge+SiO,.
The Device 300 was subjected to a RTA at 1000°C for 300 seconds. It can be seen
from FIG. 3 that Ge nanocrystals 310 are only located at the RTO SiO, to sputtered Ge+SiO;
interface. As this device was fabricated without a capping oxide layer, it is reasonable to

30  expect a significant out-diffusion of Ge to occur during RTA at 1000°C.

The C-V characteristic of the Device 300 as seen in FIG. 1 exhibits a small hysteresis
of <0.5 V. The smaller normalized minimum capacitance of the Device 300 as compared to

the other devices in FIG. 1 is due to a thinner total SiO, thickness (25 nm) in the Device 300.
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nanocrystal s/ sputtered silicon oxide cap |ayer. The Ge nanocrystals are
responsi ble for the charge storage. In order for the proposed device to
funetion well as a | ow voltage high-speed Fl ash nenory device (i.e., to
have |l ow wite and erase voltages and short wite and erase pul se
duration), the Ge nanocrystals nmust lie as close to the Si substrate as
possi bl &s thic 6e,nahoogtteld at nuvh 1BIEr dx indmbseipint thereliSi GQ(}Ge ist agpeonable to
|nterface) The fabrication process ste S o t he
ol | owesDpet e ShaBorio g PR R ABBER B ovie A formhar T 180t own
on Si wafer rbafcmglrwﬂwr@ls Qxdreiatit bvha diagFayn Q?@Y&@ﬂaﬁ@d)ﬂﬂﬁans(rﬁ%mﬁ | ayer
of silicon oxide Tilmthat contai ns Ge nanocrystals is deposited. This 15
| ayer igedtionsmictiegendi oed Dﬁ)ﬂ@oﬁl@phﬁwmarsgb%natq Pnadi oxludengam dirganswatget s t o
obtain geunani um si | xrde hath f Q 3 20
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at om ¢ peigentagRrddakilihn Ihige SPUGE EhicicE QlRbictédNmdar @pahedd: fabreptidd eri ng
pressure of 5 mTorr of argon (Ar) and a radio frequenty (rf) power of 100W
The nan&@E{mal formati on 20 vv|II be carried out after step (5) is
conpl et ed. I I i %gd? rf
sputtering o}f§)1ae')%a|b1]ﬁ1 eedsfrt %gg{r]\ HI oxl| éé {Bg}/ﬁétlégtﬁ’%f%%/ %fze%%%éuf& T%;e
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1000C for out to 300, second n Ar to bentedt
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(1) TheehiidpkResse aho rs?dl?ésdoﬂ' fAET AR ce Vah AR itu?t}i&r eptﬁ%)zea_ he éjﬁﬁgﬁgtth@n Of
the Ge+Si 02 layer. (3) e concentration, the RTA tenperature and

durati oﬂnlcl®oSS((¥1)th€r‘rfe10tuhi&ykrseﬁﬁhfbli‘)e‘tlh@lQ(hl rd sputtered oxide |ayer or
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finish t evi ce as known' t o those having or |nary skill
in the Baguon 508 dre ptdmeedi ambtieisonrchasd Beanregems SDdend bO6 grem-dopetli dntrikiteh a

speci fi st , .1t 1s 5 .to he understood that many alternatives,

modi fi cétﬁlcg‘r‘fg 5”2ﬁ8ﬂ%§?%’3{68ﬁ2$%?”%%$ apparent to those skilled in the art
in light of Wh@iafPheYRIOIILeS5T4 Rlab QRowl 6k B RA@lYsilibdn ubsiritbendad
enbrace all such alternativés, nodifications, and variations which fall

wi t AP n phaegegmnhntntasmgfm@)éle@flaltqredﬁtmIaudwt MRS, Al matters

hi t her - tofores wn in the acca S are
Lo be. i nter preeeevioa Tt s T HE¢ Pifined him i i PR FR20 g Fodit RGNS 2
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[ 500] conpri sing: cgpr ovi ding a sem conductor wafer [502]; formng a fji rst

i nsul at Sfith Gpieecy opRAee e ( Hamgeni (mmd 9t3§rmkrﬁfa@heq §dr2]arg<51 Ifrersrrr%@ﬂdar
nanocry%)i(:)% \'anse 249 a]?yfr{1Fe£r a%d(%%)g%,]er%%)egﬁve{l%mt insulator layer [514];

form ngta gedond i nsu ayer e nanocrystal -insul at or Iayer

[ 516}; and r apihskatpies SR, 1@%%@@(9@@@%&Iﬂreﬁtdewsﬁtéha)tyqrfslbme%ﬁhfé%@on d he

nanocrystal -insul ator |ayer [516], and thge second insulator layer [518]. 2.
The net HoRPVEES Oérla@\ﬁle@drsnumrmgmrqssmearérho meatk or mi ng t he

nanocryst al - H?‘ﬁg‘{ﬁﬁg‘%&} .'?'{Zzlgs]. then rd] her rT2'131 anngal cP (lélok) 1nezlrr|g£]r9amg%gtc zgtySt al

materi al and
a temperature of 1000°C for 300s to form the nanocrystals 510. The RTA ramp-up and ramp-

down rates were fixed at about 30°C/second.
30 The polysilicon control gate 520 was formed over the SiO; layer 518.
The present invention uses rf co-sputtering to form the germanium nanocrystal-
insulator layer 106. Since a high-quality SiO, layer 514, which is a thin tunnel oxide, can be

grown by rapid-thermal oxidation prior to the sputtering process, the silicon to oxide interface
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3. The method as clainmed in claim1 wherein: formng the

nanocrystal -insulator |ayer [516] uses from1l to 5 atom c percentage of
nanocrystal material. 15 4. The nmethod as clained in claim1l wherein:

form ng the second insulator |ayer [518] uses a sputtering process. 5. The
method as clainmed in claim1 wherein: formng the first insulator |ayer

[514] usemedirkipblatoh &Rl 0PCHE BS B aQeryl BEoTREANGH a@fonCilndd] AfR&li dnnd havle Ty 1
wherein: 20 rapid themal annealing the first insulator |ayer [514]h t he

nanocr yBUaexiptealu | TheofTst dyenatps pr 1A ¢ sthecyet hd PHEST 40 oFing aypdr (hp5E8] t o
rovide | [ . ro.L:

Panocr y S AR T G SRR Bylr ok b BN Rk NS bR Mol o

| ayer [&dmshlinpoftheosideapatdroslalyeat or | ayer [518]. 25 7. A Flash nenory

e\, OBt M R LSRRt 07 SUORLLLE (B2 Bl i o v
NANoCT y ik ks HA eI AYRh J)éé@%%ilgx]‘y%@fh‘é@é nbfRrfskdi$ brd RSWRILN drauer

[ 514]; a second insul ator |ayer ormed over the nanocrystal-insul at or
| ayer [ 8liBge starage.do anderdor thetpadrmsgdbdOliceodunetmnevelhes 4 lomsvoltagedlight-speedl ay er

514] a t he nanocrystal insul ator |ayer [5]6]. 8. ,The device,as
¥ ar roa T dreuty Ao Ern 1 e S ot tng Sint uphess Sra g PEItE R0 TSI ns
from1 p@sSdat@ithy; theeendessQfs Masoed ¥strke MRS Siddubsate HIGGWICE.cQS
clainmed in claim7 wherein: nore nanocrystals [510] are proximate the

fird? ipsatedmbtheRbfdpxids/snytiared pishdeeyateaint&seht or | ayer [516] than
proximate th Lystal =i =8l . econd insul at or

| ayer [5I8]. qk]lig?ﬂ{ﬂ)%%lé%} Pgégggbgﬁgﬁﬁ%@ﬁﬁ%e({: eélilc%]mié ?Snfgpgg?'ng: sources [ 504]

i mpl ant ed i n(f)heAsgmidcqrativetion (shos Pr-ab ennf)5tB2imal aiddr ai giswh 0631 wafet apt ed
in the sem conductg{1 sub%t ng‘(tﬁe RL/SOZ% separ at eg, fromthe sources by channels
[508]; and gat es™PE1PFIRY Cfdtial & 2 P YREhHRPE T 508] . 10

- ALUY. AA&. A )AL AAy A AR1EH- o 8e AR ACEWEinA G ndabbryStals is deposited. This

15 layer is first deposited by co-sputtering silicon dioxide and Ge targets to obtain
a germanium-silicon-oxide layer with a thickness of about 3 to 20 nm. The Ge
concentration in the matrix can be varied from about 1 to 5 atomic percentage
(at.%). The sputtering conditions are about: a sputtering pressure of 5 mTorr of
argon (Ar) and a radio frequenty (rf) power of 100W. The nanocrystal formation

20 will be carried out after step (5) is completed.

(3) A layer of silicon oxide of about 20 nm is deposited by rf sputtering of a pure
silicon dioxide target at S mTorr at 100W.

(4) The structure, consisting of 3 layers, is rapid thermal annealed at about 800 -
1000°C for about 50 to 300 seconds in Ar.

25 It is to be noted that the distribution and size of the Ge nanocrystals are critically

dependent on:
(1) The thickness of the rapid thermal oxide layer.
(2) The deposition of the Ge+SiO; layer.
(3) The Ge concentration, the RTA temperature and duration.

30 (4) The thickness of the third sputtered oxide layer or sputtered SiO, cap.

Referring now to FIG. 7, therein is shown a simplified flow chart 600 of the
manufacturing method of the present invention. The method starts with Provide Silicon

Wafer 602, which proceeds to Form First Insulator Layer 604, Form Nanocrystal-Insulator
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| @A 0YBBE& ( providih®d oehisanductorGvagr 5()-2'9 %09 ()-Z
10@;2@\KBBBB§)) \ .+ 1 $nPd! (((’l? Y& (Jiypp 3 ((V) 0% & 83 - o g$2’/<%0° () -%9%0% & () -
Y 1090°& () - ! %ﬂ]@a}%ﬁ' rs(( jrisy ééiﬁeb&ééfverlt%‘; semiconductor water %;
10T<s 1099 & ( Yorhfiigd AbESystal i u ¥kt & ¥er (3 16] loveA@YaEifd Tiulakor la'e‘%/é{@PZ%l} _&()-
16" %40%&' ()- EEE HHHHI-?\ QFT 10g 10 0g< 10%& () - 10%& (% -I'L 940%99&' () -
L 940984 (fauminggsecond insulator Jayer [g 18] over the nanocrystal-insulator layer [S16]; and

rapid thermal annealing the first insulator layer [514], the nanocrystal-insulator layer

[516], and the second insulator layer [518].

2. The method as claimed in claim 1 wherein:
10 forming the nanocrystal-insulator layer [516] is performed by co-sputtering

nanocrystal material and insulator material.

3, The method as claimed in claim 1 wherein;

forming the nanocrystal-insulator layer [516] uses from 1 to 5 atomic percentage of

nanocrystal material.

15 4, The method as claimed in claim 1 wherein:

forming the second insulator layer [518] uses a sputtering process.

5. The method as claimed in claim 1 wherein:

forming the first insulator layer [514] uses a rapid thermal process.

6. The method as claimed in claim 1 wherein:
20 rapid thermal annealing the first insulator layer [514], the nanocrystal-insulator layer
[516], and the second insulator layer [518] to provide more nanocrystals
proximate the first insulator layer [514] to nanocrystal-insulator layer [516]
than proximate the nanocrystal-insulator layer [S16] to the second insulator
layer [518].

25 7. A Flash memory device comprising:

a semiconductor substrate [502];

a first insulator layer [514] formed over the semiconductor substrate [502];

a nanocrystal-insulator layer [516] formed over the first insulator layer [514];

a second insulator layer [518] formed over the nanocrystal-insulator layer [516]; and
30 nanocrystals [510] proximate the first insulator layer [514] and the nanocrystal-

insulator layer [516].
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the second insulator layer [518].

10. The device as claimed in claim 7 including:
sources [504] implanted in the semiconductor substrate [502];
10 drains [506] implanted in the semiconductor substrate [502] separated from the
sources by channels [508]; and

gates [S512] formed over the channels [508].
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