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TECHNI QUE FOR SOFT PROGRAMM NG TO TI GHTEN THE VT DI STRI BUTI ON TECH E 0
FIELD 5 This invention relates generally to the art of mcroelectronic
integrated ﬁﬁf% More 10 specifically) this invention relates to the
art of eras 3 lroel ectronic flash Electrically Erasabl e PEGHiSansaid e
Read- Only Mermory (EEPROM) devices. Even nore specifically, this invention

relates to a net hodpQf i trically

Er asabl e Progr ammeg ealggﬂ*lq%:ﬁé wgl‘é—‘iﬁt&&?h’gr kb%lghﬁﬁtﬂn

di stribution. BACKGROUND AR‘DD(BITEEQ‘HE VpPIRFRIBOADON nenory ceI | is
commnly referred to as a flash nenory cell. The structure of :

f1 ash menory cell includes a source and a drain fornmed in a s ““NB lhﬂlmﬁlmmﬂm
substrate. The structure of another type of flash nmenory cell

source and a drain formed in a WXECHNEGAL EIEID ned in a silicon sl ate.
TFhe flash nenory cell includes a stacked gate 15 structure fornmed on the

silicors subst raEtﬂ»m%hﬁ‘orfr@BﬂeQ%En@rfall} Rﬁhédnl drRtosidt P&‘ f}ﬁﬁe‘g pangakf, Mg stacked

gate structur hs known as t channel region o Flash nenory “cell. The
stacked gaPEREy,dtivipengen sglaes tosthe %?ﬁfﬂ?m& gliqrogiagtrpriieiBash Elqgmcallycﬁrasable

pol ysi | i c@ioGimtsbidRe8- Cﬁlﬁ,ﬂﬂé:ﬂé?@@k@%) di@:cé@ﬁ&?mor@@ﬁecﬁfc?l&h fisARe}ddn | con

structures functions ? aflo gate and ['Con &tructure
functi ons ‘5!%“"%086‘??{ Pt ¢jasing %@Fr%lﬁ@rmlcmw y@@#alble ProgsarypabdreRdady er 20

t hat separQileMeinbg détieahitfigh@atue ¥ Q@itdaen.Si | i con substrate is comonly
referred to as a tunnel oxide |ayer. Programm ng operations on a flash

menor yjpcel | involve the appli cat%ﬁﬁm vely |l arge constant voltage
to the drain of the flash nenory i even |larger voltage is
applied to the control gate. During such a progranm ng operation. the
source of the ﬂ"as'nen@m‘gmmd:lld m¢raor25elhabmmnmendfea'edaagaﬂusrmdndnw{ﬁéellor a

zero volt | o the control gate
and dr ai nﬁﬂgﬁdgﬁéﬁg&orf le)ﬁl:a?f‘é Hl gﬁ r%/tﬁ t'gc(?&edtegg °§r Q’ﬂ fm’"%""@ﬁd B&SHeER t he
drai n and S¥BEe eThe stqecaye @fl a@@@‘ﬂdm of Baﬁllmmomeb ugmdtsrnssomhamwei draig @ic@ed f rom
the sour cend el g ko in HBcoRbRGIEO e h!{sq))\'ln\ﬁc%r)g IifRRRed Iack RS ang drain

can a ain rel atl vel y ﬁ ki netic ener | eve near In 30
addlt n, STyFRee @?Fdeaﬂsets fgpn v@ftfaggémamoneathe gligansubstrpte besieath dhiestarkeidses t he

voltage pgﬁ:enfuce}eminotaszfhleemnhageg%t&tﬁe@aﬁrmngJ?yéeﬁvel at the start of the
programm ng operation. Such a high voltage potential on the floating gate
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i n the chseparated byeyiderlayeesy iOng obthié polysilicna btyuctnieg funkiione hi £ARMNRY Gire HdWcAL €
through t i e floatin Thi henonmenon
is commn&ﬁcrtrpg?gﬁéroggé?cgﬁ%gﬁ%g{m %& P ﬁtgorl %at% gor Fhéznf;éng’ng "gorrg Af Thg ey ?ee‘gye'

i nj ectq onthataeragies shedtoatinggatsdroamthe ﬂgcompebsmw Brommogy vedgret easianjigel dx@e of
suf fici enfaydpunbers of electrons onto the floating gate to achieve 5 a
desired threshold voltage for the flash nenory cell. The threshold voltage
is the voItagePthat nmust be applied to the control gate of a flash nenory
cel | to cause COFHTEIE SPFritiopbefilash Bemprysebinvolug the ppplication of arclativelly oper at i on

on the fllaghcomsamvgliLpetd the dbR of thaBladh T 'whi 1@mpé\@9la?éépb on
depends u‘ggﬁ t he rat §%at V\/m crﬁJ el ect ronsoyygérie i rlu ected ont o&tgﬁggﬁg%tg{il ng

gat e. Brgroé%er Yring syeh apFpgrammigpPeratign. thesaurs ofith flash memoyisell isonger
t he pPiSogrrainThing! t i putdlevep aciveto 1R 3 veBifl relAlioh Wtﬂ@MaQes\éﬂhfeagﬁhe é@!’n&@l such
pr ogr anmggg a}lgghm ques, the relatively high voltage potential of
-floating

Such a relatively high voltage potential applied between the drain and source causes
electrons to flow through the channel region from the source to the drain. The electrons flowing
between the source and drain can attain relatively high kinetic energy levels near the drain. In

30  addition, the high constant voltage applied to the control gate raises the voltage potential of the
floating gate to a high level at the start of the programming operation. Such a high voltage

potential on the floating gate usually attracts the electrons flowing through the channel region.
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ngate at the start of the programm ng operation is reduced as el ectronspr 003
accunul ate on the floating gate. Such a reduction in the voltage potenti a%
of the floating gate causes a corresponding reduction in the rate of

el ectron iWp@éttldh onto the floating ,gate. Such a reducti onpcrvusbiospt € of
15 electron injection increases the tinme required to programa flash nenory
cell to the desired threshold voltage. Such increased programm ng tine

sl ows the Badarslicse eopditiensoflectrprsgi thewhamgl region byingtsifitiemlydlighykisatic knergy

progranm ng.; i ! [ n hat a hot carrier
pr ogr anmi ng“%%g%ugﬁgéfué’bﬂloﬁgg?akk%ﬁg ok%rul#;ftlo%g}r'# %#%'el e@t‘?ﬂgﬁ’-eﬂ%} 13 copupenly
t he channefefaregiaas hefcarrigeprogrammingerbpycagier injegden: A $vecesialipnogratwaing O

el ectron-h DA M i [ r onmbard the
Crystal 1 agtoruaR i S AR b MBIl ns O Bl SRR RO Gt
el ect rohs #fesied thesshold voltage fonvhe Bash aremoprellp Fhe sheesholdyoltagreis taamitezk thaegi on
near the dpadiBe Wspiad do¥heM3MEol Batk BF A1dsK Setnoly Q1 ty@umﬁdueﬁéﬁﬂ{oh wdYenhg the -
hi gh voltage applied to the drain. As a consequence, the voltage poaf"éntl al

of the fIo'&EPHS“’Q’@taécﬁ?a’ﬂefP‘&"IO“lﬁ'&Wt‘ﬁ@OO’chl'-a'g@ tppestipyplved in ®progiamming t i on of
the channebpefa6i6h Sepedd? 6adnaAe AR whilk efdétnb a@ hid i ofl e daARE Jté?\/ﬂ)caﬁ the
floating gate decreases during progranmm ng. ['Jnder this condrti on ol es
from t he eAPBEFREH-thilawvesHierate efniectipndhedprger e programmingditemieatach dyidesiredear
the dr gy n washod @ldgee t hroughout the tunnel oxide |ayer and onto the
floating gate. Such migration of holes onto the floating gate causes
surface danage ‘gho t he tunnel oxide Ia}/er. sSuch surface damage usually
causes | ong- t er Yt &1ch grpgrammingfeehniauss the felpdyelyhizhorltage petegtial ef the figatingduci ng
the rate ofate anjhectait 0Nthe progladiiigWpSration id rédaced30 elebtdnt Ac0@melad 8n tHeélfioBGhg

progranmm n lon ,addi ti.on. such surfac e.can interfere with current
flow thr Ol.%he' CRE RdueHe 'hlﬂbcgvlog?’gc ‘°P%§°Eﬁ%g§ PURE AP (PUSS RICORRIPPIEPE 1 ead

oper at i on redvatiorsin $he rate eidldcaron injeatisnomhtrcthé flating ghte.NSpch @ FeduétRIniinte kdd o The

m croejectronic. or. block-erase Electrically Erasabl e Programrabl e
Read- 5Iey %’r&)’/‘ e%‘ﬁ%g%ﬁﬁcagélgﬁéwe T uéﬁcﬂgo ST ﬁﬁrasa%m%’f‘m’é%ﬁ g “Ier‘ljéfq“’?an be

i ndependerthiesholsrvoliaganfiedh isancised pPoglarDRBg 2i0@ 3lowd il ovdrilb@ted of fRakh thémm@0/ 19349
read. The K& 1k eGAcNLEL) .| he nmenory are made snall by
omtting tralnsitstf)rg Jﬂ%oﬁkoggﬂiglé‘]’ée}gé t %%ﬁsi stors that woul d enabl e the
cells to be erased independently. As a result, all of the cells nust be
erased toget herlh additionyjt el kpowr thatia hepeastisy PrReAmIRng echnigue rasyifsdn thec| udes

i ndi vi dualforitiod of Qlek @ KoRI Pair OMARCHAhne] Meidh of ihe dshehenBHf qcﬁlrl@ﬁﬁ%ﬁsérﬁgl._ ThET) .
a floating gate

menor y, cells. h of \tﬁge FdET i ncl udes source, a drain, a
and a Lont® cSV”g'iﬁ%"*’f’&“ orend hsn highsengegyelegtsens bpmbard the pryatal latties seyemra dlhe
cel | w t h tie silicomsupstratednd Ajslotige dtiea dlettdishs €@l the lagice. t Moredvas eheddoktiont offthe cel l s

as a bl oc cells are connected in an array.of rows and colums) with
the cont rié gg‘t% ¢ O"o'}eartlﬁee‘gé'glufugf?Y havﬁ ar"ngﬁgﬂ}\ﬁ' olpgrar ! ?‘(‘f ‘Q‘Wégﬁr}gcti ve

wor dl i ne ankthge hpplied @ithesdraih. Ahecansdquence thavaagepaenbsionge fdatngpaecheilt 0 a
respectiv it J e the cells are connected together. This
arr angene%?lg%vtstﬁiﬁga\ﬁﬁpg(gmga?% Er?é‘?r%’r%/f%ﬁ n "&?fF aef l(f’rclgedﬁfe%retﬁff dria?%f)fh(?gr amed by
a?pl yi2hg pekage levetion thelohtinggets demedses dudngprogranmiinhgagbmcrttlyipbmmllidoy. holestfiam r ange
of 9-10 vgl.t ~ LOXI mat e volts to
t he drai nmgﬁgccg(?]olfjh Iaﬁg&%{]agé csr%ggrd?gt @K\éﬁl&l& gg%ggécﬂgggécg?ﬁ"egew \ﬁ/g?‘{g!i%%s
cause hot the|nnsekasids layer apd onta the dloatingf gatsmSachiBightiah of holep brrpitherfloatiug gare i nt o
the float pfifesOaiiie dhRRR (J RIRKM ofifie 4. @ﬁ&%ﬁmdgﬂa%égwaﬁg@eﬁ)s SibG-1oh ect ed

el ectrons are trapped in the floatli n%ygate, and credte a nhega Ve G ange

t her ei n t Frlipbility problegs dn the, Bash memonted] by s¢dugige thefrate pidnjeasion of eectropsdnueth n

excesso of flanig exk BRng pYogthmifihd. In ad¥iGé, SuchSuriRadaibe BRRhYILY w"ﬁh \5%@9 e of
about 5 vglts to the control og%ate appl ying about 1 volt to the bitline to

. ppl ! :
whi ch t heflay Hirepsh thechannel resien of thedlashimpmomicell dusineaacad gperatiaaribat algo remaltsbi t | i ne
20 currenm.arla&ucu&}ﬂanerjnscmr,m@r_ ammed and the threshold voltage is
relatively high (4 volts)) the bitline current will be zero or at |east

relatively lo |f. the cell_ is t . progranmne r erased, the threshold

vol tage wil | \ll)vghcr'%'fzrgrf]lﬁ}@ﬂ? Mﬁf%&bﬁ?ﬁ%@f‘ﬁ@ %WW ogfam@aklp Readyanly; | |
enhance t MemotyaHial EEPRIOM tifudai 4 drfa§ of U1K et canibk inddRndetifpiogRimeliagd. A

cell can be erased in several ways. In one arrangenent, applying a
relatively high 25 voltage, typically 12 volts, to the source) grounding
the control gate and allowing the drain to float erases a cell. This causes
the electrons that were injected into the floating gate during progranmmi ng
to undergo Fow er-Nordheimtunneling fromthe floating gate through the
thin tunnel oxide |layer to the source. Applying a negative voltage on the
order of mnus 10 volts to the control gate; applying 5 volts to the source
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.as depletion nmode transistors that cannot be fumed of f by normal operpQinaN;
vol tages applied to their control gates and introduce | eakage current to
the bit |ine during subsequent program and read operations. The slightly
overer ased‘gghbmﬁan i ntroduce varying anounts of | eakage current to the
bitline dependi ng upon the extent of @vererasure. Mre speciBGTEE049340ur i ng
program and read operations only one wordline is held high at a 10 tine)

while the F i ~.However., because. a positive voltage
is appl i edqif%etTﬁ%\%?‘Jafi"‘%?%S'? Ay ‘F&%mﬁﬁﬁ%‘%ﬁnagc s SRR PR e daRtstasr kown age

of an unselasé&tlestitransistorsithat weonly ehablg) the eqlis tobe enssgdinbapendeatly. eakagalcArdrapt Wil |
fl ow throu d drain of the cell. The undesirable

ef fect of %ggiﬁgé&%sgcg%g&@q?ﬂﬂ@s ‘rated in Figure 4, which is a sinplified
el ectrical schematic diagramof a columm 400 of flash EEPROM cells 402,

404, 406, and 4ddlashmempey dsyice efdhis bipe insludesindimdual OGtadOxide Sesicsidatsr ar e al |
connect gd {(NMOR) BAYEGRS : ! | tage VCG.is

appl i ed tot(t h_e)conti?tgl %ﬁﬁg}/%f hggltg rry;églslﬁéttagé 8%8(%%%:1]?%%0% ?Jsro(ral‘éce‘iatdr%ﬁ.a A
current | 2 flopygsate arda somtreligaterts whish yerinus ¥olmessrasmapghiesiin droghamabegelliviith asour ce,
channel  (N®inaBN®M)to P tidicelldNor b dREL AiVaf kt@nPidtd g, current 1BL is equal to
h. However, if one or nore of the unselected transistors, for exanple
transistors 402,,L 406 or 408 as illustrated in Figure 4) are 20 overerased
or slightly overB%Esee conmesed ingp aaaNf dowsand splumnsyvith theeoneal gatswithezellso or

even negat inerowdesidg bamkdddad 8 Gesh@ake@6rdind 4ndMeSdrdids of ki ce A 2 L& rﬁ;?i;'éuﬂg flow
througl‘lot heo';tngé'%n istors .4%2 . 40’?:%5 and 4%88, respectively. The B!t I e

cur rent 01 BEWETTAAC # Frapectiys bidiney Thesowrrs of fhinicels are conpecieddossthiek hisund | eakage
currents | agang8nennid kielwn dsra NOR wpmes/] cohfigisdtiokEPROM the drains of a large
nunber of menory transistor cells, for exanple 512 transistor cells are

connected to ea j t ] l,f ubstanti al. 25 nunber of cells on_the
bitiine are dr a&vilaﬁ?s%g}g%g}"ggr%% @gﬂéﬁrggr@umm'%‘fc)na%eﬁés {OB?‘&‘i:al"%lé?ﬁ%@@‘céW r ent
on the bi t intheragsgef 810 selt to the comtol gate adroltage pEagproximitaly SaKeIo iht diafaagsi bl e
to read thgroatddithelbuy L L n erefore renders the
Nenory i nogrg‘r'gtjﬁgvg : tnl“?gigsctgér]é(l)lsmslr]%j'?gﬁnf&ﬁgés%lrléla edc'acf'1 'Seis hgtgqefk%“st’%l?eég'ﬁ%‘fdcsfr%?t age
di stri Bt | SRnGPIEion regioniintg therfloating sater dlpen cmrovelf Hopragpenmidg eitageshthee h

1 €Pr Ogr ANbinjdoed MO N irapbdin A AlihSad Oad cRlaliHegdile aﬁpgel fhedl il tage. An
over-erase, correction operation of this type I's génera nown as

Aut omat i ¢ BFEHFURRRShol lagarf thxmel o avalicdn exces ol Aproximattind voltsi ch i s
referred to as Automatic Progranm ng Disturb Erase (APDE) is disclosed in

U.S. Patent No.A &li6d2adbylapplyérita voleegt of EMTRERAGRo (HRORGIGT, g&}la@gﬁ\ dpbiel] VEMORY

WHI CH LIM D, PREVENTS ERASE VERI F 2 3 DEC 2003 WD 01111631
5 PCT' / usog"?l‘@(g gﬁg@ﬁg@% the é?g%fu{‘e'a C%‘E‘ﬁg‘:%ﬁf"“ ‘5{@7‘{? 6°“L°éea"%i‘é\§'@$ tha gitling g

pat ent 20 s @usrshtgHeht celd istpnegramme and dieghresholisvoltlye ipresiedy hikAeit)QRe Bihide | S

i ncor por at qre I L L t jrety. The t hod .i pcl ude

sensi ng fo‘ﬁﬂg‘\t}g{l?%{lzaeggﬁ a@fgﬁ %ﬁg'gccl& gbﬁdﬁllfltlhggél%o'rs gé‘rpé?ﬁnm"ﬁ"de 5 Fesed: ‘F‘h@f%ﬂ%‘?

whi ch bri n{pltaaseyilt be iglativdivloy (3 ypitshdbecop@eligatgpyoliage ailt erpinmb e ciahelemd (e

Fol | owi ng pimRd duerddeivPbOfelafkIfhi@ge Pul se, under-erase correction is first
performed on a cell by-cell basis by rows. The cell in the first row and
colum position is addressed and erase verified by applying 4 volts to the
control gate (\ﬂ)‘feﬁlci"h'é’)e,msid PSeYeral yays dn gheATangament, prpdying ayelativetii high t he

sour ceds andltags) thcal@ 13 Qol@Bhicf so@td ptAnGRNER chiiR] Ritd dddRfowiHE {hgexfamqgﬁo her eby
det er m ne 'szcthent r.eshol glgvialtage of the cell is above a Vvalue of, for
exanpl e, ZVOHE 1S [HES Berlectans fhaywere iecied dnto ths flognagateduringy a t hr eshol d
vol t age alpogeaniningibufidergd FowidrtNdrdiRin tnh@ink fioi the fiGuihOPhte hduithsmiase, an
erase pul %gmglsox%g\gl érei\d to all of the cells, and the first cell is erase
verified agarn CAPYHF L5 SMEariPBIYINg nsgttye Xpliage onthe orderal anigysil@volts ¢ the
subsequentcomrohgar, yplyidgys wihe athé SiurceQuitioigSie 6:@intefbd: Odh diss R d @IMed on

all ofagth he .nmenmory.. Over-erase veri is performed on the

bi t 1 Res %.18{[?. ‘Je"%éh(rg’%é’@"’?sﬁ“gs"e"&!})efsn"éea!’ PH{iES YO S%?éécoé%f’]:l B 10gPlAteng t he 15
wor dl i nes Coniiopgalei wile talipiiogihk yourcevapt tirainatotfloat. f i rst bitline, and sensing the
bitline current. If the current is above a predeterm ned value, this
indicates that at |east one of the cells connected to the bitline is
over-erased and is drawi ng | eakage current. In this case) an over-erase
correction pulse is applied to the bitline. This is acconplished by

appl ying approximately 5 volts to the bitline for a predeterm ned | ength of
time such as 100 us. 20 After application of the over-erase correction
pul se the bitline is verified again. If bitline




current is still high indicating that an over-erased cell still 5,1@ C 2003
connected to the bitline, another over-erase correction pulse is am EI
This procedure is repeated for all of the bitlines in sequence. The

procedur e ted, as nany tinmes as necessary until the rrent
S reducedwz)S to&?he predet er m ned vl ue, which is |ower t h&n %‘#885%33"?
current. Then, the procedure is perforned for the rest of the cells in the
first row and fof B.Lremmgm{h%ﬁvean&ﬁén n&h EEPROMIRNSS tHaSbekAbst Mg@ ave been
erase verified. By perform ng the over-erase correction proce ure after

each er ase WefRRcss. spiecalls peagmeroyergipsehbefere pherselds beoame uffipteatly prasede@be ed,

i mprovi ng tedGiidgait 8REoRt-e@sdd S iis Eeeltheﬂompeemgnmﬁe%ﬁw% PG anaS 2r €

corrected after each erase pulse, bitline [ eaKage current Is reduced during
erase veri figveawenslopnsgative FW%&@W@W&%\G'Y&@W@ fThe Ayaserased 9¢ls eap dwnction
conpl et i50n a@fiepldin RoAS Ran¥iSloks§tat RAMBESHiRed off BAToPRaI 2P vo d &N
US0019349 2 3 CEC 2003 FIG 5A illustrates how the threshold voltages of
the cells dhensppteol gaesand inteodueereqliey uapnt ¢ the bit linegluripg§uhspansnt piogiem adger at i on -

as shown bywwm:&@%ﬁmghtryeﬁemm&uimm'&oméerbﬂ?mgfamsﬂd&lé}ﬁygewrmm to
particul ar l\g/ﬁwes of thresh&ed vol t a It wil e seen that the |east

erased cel It ig degeRsing uppn, ﬁéWCV%PﬁFI‘F‘PHWeShoI d voltages in the region of
VT MAX, whereas the nost overerased cells will have | ow threshold voltages

in the region OMo\:Q’s;M:lhhd]lbﬁdurthglprdgﬁn'Z@ﬂ@eaﬂbpdﬂ;&@ﬁi(bn\l)eonchlﬁlB%rh'éﬁltlﬁgﬂ #®hiC
nown t he threshol d vol tage distribution.

curve |IIu trate S

The ' dadfed ey Vit ardinp v Buisd Hiveiies RS f 2O PO EagBEdh ¢ he
cel | s in atieldesis oEEIPRONE edilk @nd if e threshpidvaltage 60dnnumedléced celpR vardyil@i.zedolor | S

not ed t hat ga[“r,ceg 8£| tcpe V{mptflot eo lésovere_ﬁ gd %el.l sf Fas changed t he

t hreshol d V&t aga QrstFibut ) S PAPESHS O 8 P di stri buti on
curve 502 indicates that there Is a nunber of cells that still have a very
| ow t hreshol d v@he ungesirabls efeat ofilcakaghenrigaidkidinssuaied it Bghreede wbigh isersimpiified cel |
varies as ele&uaﬁLahema&fd.ggmémotﬂumohagﬁash tﬁﬁkbwens 40304 ﬁﬁgﬁ‘}d l068) the
threshol d voltage the higher the |eakage current. Because thefe nmay be as
many ad3512 cel %Wﬁ%@ftﬂ@&f’!%ma“%o[f frangistorsiappaalivapnegied tradsopise kupgly vollageent
may still ke Aptdgamiing vaneg@vggeqpsnieetoqsé Aonw%ﬁkeeme ﬁ'sﬂsmtolrw which %&gf efore

desirabl e todRrevent cel from not 2% bei ng over-erased but to uce
t he t hr esh8F-d* Gyranaldlows !!‘f?'ﬁgbmel ‘B‘ﬁs'i‘?f ffP'a\&f%.mﬁ’ thrryeh Kssoyere<shpngt (ngf t h

i deal |y al Ishm}mdbaa.vlmautyhﬁe bR chiréhbIsl Riegfall @l 1l NldvaOR ofé 6:8hor€bARE ON the
order of 2 vo Ther ef thod to_ ti hten t he

|
O et hol - U e LS ER B erams fprason gt 306 o 4B ATt dac bourura: 5o
i ncr eagd ngotd’tﬁastmoreshbmlycbvvmfatagmcﬂihréshﬂd ealtapss will blivdrinpw, ms:tevbnlnﬁ@sﬁw d

vol tage w thr f e cell i th t
hi ghest t hzr"teﬁ liggg C'S'Tct%ts Ié ’é?'g@‘ ‘g)u}s/ﬁogvgﬁ'%u& oth%)lrll%n\?'lst(%s éz%oﬁbarl&d ugsevi ce
whi ch oper eesrestively. dmlpbkluyt cagenp &g sydyldghend@ equatitowkr soin of h@nd the backigtonnd he

m ni MM NURREE. QfreRRTPRAEN,S LYy BRal ST BRIV I G Sins AYENRERARER Tnemory

transistor cells, for example 512 transistor cells are connected to each bitline. If a substantial

25  number of cells on the bitline are drawing background leakage current, the total leakage current on
the bitline can exceed the cell read current. This makes it impossible to read the state of any cell

on the bitline and therefore renders the memory inoperative.

It is known in the art to reduce the threshold voltage distribution by performing an over-
erase correction operation, which reprograms the most over-erased cells to a higher threshold
30  voltage. An over-erase correction operation of this type is generally known as Augomatic

Programming Disturb (APD).

A preferred APD method which is referred to as Automatic Programming Disturb Erase
(APDE) is disclosed in U.S. Patent No. 5,642,311, entitled “OVERERASE CORRECTION FOR
FLASH MEMORY WHICH LIMITS OVERERASE AND PREVENTS ERASE VERIFY



-.28-09- 2001 6A US0019349 2 3 DEC 2003 the cost of manufacture and al IZOMBE(f 203
an increase in the nunber of conponents per unit area US-A-5 912 845

di scl oses a nethod and device to tighten the threshold voltage 5

distri bUti\QBquFéé? of a floating gate nenory. The arrangenent requires an
active current limiter to the sourceSregion. 10 SUMVARY OF R¢FRUS | ON
According to the present invention, there is provided a nethod to tighten

t he t hr eshERRORS! ise@a Jeheia! {900 td R CRVEMEY. | Thi il gsed of

nul tiple nenory cells each having a sour ceﬂ'ﬂ’ragﬁg?%gg?ﬁ’ﬁ% s%‘ﬁ%‘é‘hea“
control gg‘ﬁ% Pfcga‘fb‘f'é‘?“ﬂ"? #d iniaeqrperaied kereimbyreferenegyiaits grtifety nTheowshaiintheles unms

Wi th the rewSndmer 6greasedlctiR@fd Apilidg 1ot AhMFD PulB D iv}éﬂrcgi%ﬁgg thkil el eogch-| od

conpri sing: ,applying soft programm ng voltages to the sourc and
control ga OétggegPX%é’gé%‘fC&Pthlg&Ce| I's, wherein the soft progranmm ng
vol tages are as follows: 20 a voltage less than 5 volts applied to the

drai ns 5of the sRillewingdppliesmon st SEdriss puide, Wdek-2E& b8&Siok ﬂéﬁ'?stgeﬁ’d?lln&ﬁonaaoogll-i ed to
t he subst ra’gc%“%g istbheos,selfg:i%t qg menory cells;, and 25 a ranped voltage |ess
than 3 vol PEeUSHS RIS THREIEB e 3 Ty padcolymn positionis addressed padersy vemfiads
V\:h](:,‘r ei n t Iy appliying plvolgrtamasicnugrol!geinf:I agafind), evaD(@hlich?ai{l aaimﬁ@,hg?amarng el | s being
soft progr L me riod in the range o ess than 10us.

Preferabl y éﬁéq?iﬁengﬂsgfsa a’\'/”(’)lf)ffeggt%scﬁfcs[f'? P@H‘F FB‘%B"&WW"&@ detergiRedhdbe by

appl yi ng dlrtthoBopage @f enntihnig abwot b aaesof] fonéxaapiz, BelieClrefd cbiDiswhnildriefSed he

hot - cafyr i . i ' h haol d vol t.age of nenory cells
hat  hoye ThTREH A UTEL (bOEE RSS2 VIR i hER® Gl il 553 ol st oty n erae

Pr ef er abl pulstiis applied tll of thetcaldsearaifthe fivst cellispede emifitd adaingat e vol tage is | ess
than the threshold voltage of a | east erased cell in the nenory device.
Preferably the s3@f ippRE0% 8 Wasl [ mory device after the
nenory 5 device hasppbee_n er ase vg?'iﬂ%loag'gpggrcfggfébe%ug‘?gmﬁ%vc \PPE&U e has
been over QYHLESGEITCFHQRGS PAUSOULHPS al) ofthg calisOf the g@mdtye Odersirast werify iset hod t hus

i d n ! n ks . 0 Ld It
provi des gedfi@itied yn W BiIGRs SMMEE dra dsltaﬂﬂ %f Thi gbz%cﬁdgﬁnﬂ?%hey%? Pé F}fuﬁﬁgﬁ% voltage

distrigution.to have a maxi num w of |ess
i wordlines, applying typically 1 volt to the first bitline, and sensing the bitline current. If the

current is above a predetermined value, this indicates that at least one of the cells connected to the
bitline is over-erased and is drawing leakage current. In this case, an over-erase correction pulse is
applied to the bitline. This is accomplished by applying approximately 5 volts to the bitline for a
predetermined length of time such as 100 ps.

20 After application of the over-erase correction pulse the bitline is verified again. If bitline
current is still high indicating that an over-erased cell still remains connected to the bitline, another
over-erase correction pulse is applied. This procedure is repeated for all of the bitlines in

sequence.

The procedure is repeated. as many times as necessary until the bitline current is reduced
25  to the predetermined value, which is lower than the read current. Then, the procedure is performed
for the rest of the cells in the first row and following rows until all of the cells in the memory have

been erase verified.

By performing the over-erase correction procedure after each erase pulse, the extent to
which cells are over-erased is reduced, improving the endurance of cells. Further, because over-
30  erased cells are corrected after each erase pulse, bitline leakage current is reduced during erase
verify, thus preventing under-erased cells from existing upon completion of the erase verify

procedure.



- 10gTd®2puesent invention also provides a flash Electrically-Erasable
Programmabl e ReadOnly Menory (EEPROM), conprising: a plurality of nmendd$0019349
celI's each having a source, drain, floating gate, control gate and 1p DEC 2003
substrate; a power source for applying voltages to the drains, sources;
substrates and control gates of selected nory cells; and 20 a controller

for controlling the power source to apply soft progranm ng voltages to the
drai ns, sources, substrates and control gates of the selected nenory cells,
wherein the powtYTRODUEHIeM! i es a soft programm ng voltage of less than 5
volts to the drains of the selected nenory cells, a soft progranmm ng

vol tage of less than O volts to the substrates of the selected nenory

cell's, and a t affpefAhistragehdved® thidddiBrotakds e conjr.ol_gates of
the sel ect ed nenn%ei;/&hll s, said controll e@ébglf#g% cg%aoﬁl%'e mta(r)HaEler':\F-ngM he

power source to™ 3 REINS 3R Lrase eparatinian sharal byages 500 thadirepiesdtP@ei 0d in
the range 6f | asmbbhéntelkQiasin Qleé,ﬁgg j ' i s t er, under st ood
upon consi deratjon of the de glb}fﬁgg 30 eSEW%I%Q&%FX%%@%éHTmMi on
with the acconﬁh"n grazRdprinyyill haye relatively bigh treshokladithges MRaEDL ofgét hose
skilled in the MAK {h t I | cki.ption, .there is AMENDED SHEET
28-09- 2001 U5001934§-V .%%%%B%B%\M%%o‘\%nﬁ? gﬂid’%&%@é"r?‘ﬁg@‘ YPlaggsditheent of
this invention rSipmeAVHYINANAt ofn bel detsormizative, Te charalteridte Shrva PG & Oy Gar 'Y

out the inventimd.s A%nd\ | j.zed t invention is capable of other
enbodi ments and its se%gﬁagg{rgﬁ%f)@ vg&ége pian. ofthe dashed portien ofitbe cwrvear i ous

obvi ous adPect $02 shaw the tinesholddefsages iofNthe foslizrih & AShEHEIROM bt g JJ%Ye?&(%i on.

Accordingly, 5 i nd detail ed description wll be regarded as
illustrative i r?B ﬁgﬁ}{i gﬁéﬁg’%hgt’s %ége‘ig‘%‘t‘r"F&F‘?“&é{.'e rPHbe posioRpeemE@NelFhBHE -

DRAW NGS 10 Thehmgedthe tlaesholdositis diﬁﬁlﬁﬁpﬁﬁ%ﬁ@b&‘[ﬂeﬁ}d&ﬁoﬂ{wh% i nvent i onI ?r e
. hovBver, as we

set ;forth in . ended. ¢cl.aj.ns. .The invention itse

as a preferredtdﬂmﬁ)jggg%*&ﬂ%eeéoaﬂwﬁ#ﬁ@er%ja@%efﬁﬁlhmaﬂﬁg&awélgr eof ,
will best be utukethseshald vblyageef erence to the fol l owi ng detail ed description
~of illustgative enmbodi nents when read in conjunction with the acconpanying
drawi ngs, wherein: 15 FIGIA is a sinplified electrical schematic diagram

of a flash EEPREMuséthebackBrousd Rhkigk aiirré® of &l Jaﬁmbdﬂrafinlch?@frt%te&f g flash
EEPROM havi ng gaugg t@%fo@c;@? d ingt?wo gﬁl‘%ﬁ? or banks; 20 FIC [ 0Ilustrat es-a
flash memory deviee ShOW ht Sk PEEEIES) eskolq woltage s higker the leakagenri ng and
sof t progr ammi mgreb|Beagss there mayrie s nedy hss DVeMcdhRMIRT BRI mhei Ng sof t
programed; . ggckggogld@?ﬂlggusl.'ates the lelbierrents of .a flash nenory cell in
a programrng configuratiign, bma%sqlﬂbeé e torexesgd thecell repdeurrant Heisat i ¢
di agr am o0 a c#tetafure désirhlle to IEERROBALE Eointhok bl Béih@bveRGrabdiout RIKAUS (LU Fent s
from over erasehhot Widgl uR MRS 1% 1S riiet ot fosSibie, with ideally all cells

having the same high threshold voltage after erase on the order of 2 volts,

Therefore, what is needed is a method to tighten the threshold voltage distribution to
25 as low a range as possible by increasing the threshold voltage of the cells with the

lowest threshold voltage without affecting the threshold voltage of the cells with the
highest threshold voltage. ~

It is also desirable to provide a memory device which operates as quickly as possible,

30 and which operates with the minimum number of components which thereby reduces

R N R A I B L PO R T o W R R

AMENDED SHEET



- AENPBROPHEET 2 3 DEC 2003 WO 01111631 PCT/ US00/ 19349 Figure 5A is a
graph illustrating a threshold voltage di-stribution in a flash EEPROMJS0019349
device after an erase operation; Figure 5Bis the sinplified el ect rzé:g]I[E
schematic diagramof a flash EEPROM shown_in Figure | A with represe 7803
vol tages applied to the rows (wordlines) and colums (bitlines) of a 5
matrix of menory cells during a soft programm ng operation; Figure 6 is a
fl ow di agram sggvvi ng the nethod of soft programm ng in accordance with the
present i nvent ierpsthif gunefadtushadvalldwisoVdn ¥elk ogramm ng time for
cells with different initial erase VI in a s%:‘é?%?%g?g&nrﬁqﬁ%mgod’gaﬁﬂ’%n W th
substrate bi as?m Y% gure 8 shows the VT versus soft progranmng tinme for
cells with different initial erase VI in a soft progranm ng operation with
no substrate b'pgs thgrse 9 illustrates the voltage threshold distribution
after the appl #7 3 8¢ ‘Ehﬁ%l"%i’Wﬁ‘ﬁé@@d?wwgo@ghemﬂﬂemﬁmma@mé@ance with -
the presenst i n&gﬁbﬁtm;cu@@@fgiﬂg&tﬁ%g;g&én&p el ectrical schematic diagram
illustrating voltages applied to a nenory cell 15 during soft progranm ng
in accordance with the present invention. MODES FOR CARRYI NG OQUT THE

| NVENTI ON Ref eTigite@ns (e Ll..to specific enbodi nents of the
present invention m%ez?]eﬂ?ilgﬁ%%t@@%ﬁ%@@%@éﬁﬁo&@ﬁﬁgwcont enpl at ed by
the inventors for practicing the invention. Figure Aillustrates a basic
configuration of a NOR type flash Electrically Erasable 20 Programrabl e
Read- Only Menory (EEPROV) device 100 to which the present invention is
advant agdBusl ﬁmﬁpwmry 100 conprises a plurality of core
or nenory cells, which are arranged in a rectangular matrix or array of
rows and columms. Each row is associated with a wordline (W), whereas each

colum i s asschdcatdan tuithe preseh iiventién, (REd is pPSEdadial §{Eﬂ‘%§ e .n,col ums
and m rows) tgl%ltgé%n@? are desi gnat eg as BLO tg&éllx_dr?at% an ﬁ}eﬁfére%} l i nes
are designated a 0 Ov\f’r‘ﬁ"eﬂfdaﬂﬁ‘?’? PEcY eAnResRiof apidtipdemiient celts t he-
bitlines by a datlthaving adoureerdra) BoathpoiaighdB RSl Dad I are.applied
to the w?gdl [ nfdg %%ui&d‘%’{od' i ng dlri ver. 104. The _vole?gﬁeégﬂé%%ai&%dyfgust he .
drivers 102 and 104 4f¢é gene f%amﬂi/wﬁh Vs bRy wer apghthecolules cont r ol

of a control | deingbBlinesthednethsd toryiral] Yy on-chip logic circuitry. The
controller 108 also controls the drivers 102 and 104 to address the nenory
cells individually or collectively as 30 will be described bel ow.

applying soft programming voltages to the drains, sources and control gates of
selected memory cells, wherein the soft programming voltages are as follows:

20
a voltage less than 5 volts applied to the drains of the selected memory cells;

a voltage less than 0 volts applied to the substrate of the selected memory cells; and
25 a ramped voltage less than 3 volts applied to the control gates of the selected memory

cells, wherein the soft programming voltages are applied to the memory cells being

soft programmed for a time period in the range of less than 10ys.

Preferably the threshold voltage distribution curve is tightened by applying soft

30 programming voltages that are selected to utilize the hot-carrier mechanism to

increase the threshpld voltage of memory cells that have a low threshold voltage

Netth, 2o ;aevgul ., n
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. Zo8-g9Esh003 WO 01/ 11631 9 PCT/ US00/ 19349 A nenory cell is located at each
junction of a wordline and a bitline. Each cell includes a US0019349
Met al - Oxi de- Sem conductor (MOS) Field Effect Transistor (FET) havin

source and drain formed in a sem conductor._substrate) a floating gat | DEhénns

a control gate separated fromthe floati n&Bgate by a | ayer of oxide. As
shoul d be appreciated, the cells of a flash EEPROM di ffer from conventi onal
FETs in that they include the floating gate and tunnel oxide |ayer disposed
bet ween t he corprelabFakeinAiatvolthe: SeRd bstrate in.which the
source and draip ar gf r med, Tﬁ% cel I?ﬁ?l ﬁiugog ag?jvcl’l BiSders dhap pbey, o

desi gnat ed usi ﬁgfet?’wid Yfgﬁaéﬁ plorleasbenased oalb inghermemoryhlevicow (wor dl i ne) nunber
and n is the colum (bitline) nunber. The control gates of the cells are
connected to respective wordlines) and the drains of the cells are
connected to r ddpEEblythe sefttprogrmaming islapplied tosha ra¢raety daviee SR HeSfer®ryal | of
the cells qre . ce 106., Figure 1B illustrates

anot her fl ash %g%&%ﬁ?g?%?\%{i aﬁ%l{éefwdﬂic CIF14580 except
that the cell s vari€eddi vi ded i nto banks, (al so known as pages or sectors),
two of which are shown in Figure 1B, each of which can be programed,
erased, and read independently. The nmenory 110 includes a first cell bank

or page |12 andhe dsedbddnetisdd thiseprbvidés aetBor} dévicaTng a%?etﬁ'@d%}'n’éhﬁ%%é \?}?i n the
first bank 112&&% %ﬁf%!t%%aﬁ%% i.N ijﬂ%sarre manner. as_in Figur ereas a
prime synbol is adde tHLIHEER i Rave e width-efiless than 2 welts.second bank
114. The Wbrdlines of the banks 112 and 114 are connected to separate
wordl i ne drive 116 and 118). respectively. In addition to the nenory
cells, each baﬁ%e Eﬁ%ﬁd’%ﬂ%ﬁeﬁﬂi&aga@é@ﬂwEw PrognsimgblerReadr each
bitline. The s@nlyMehé(EEBROMY, dodipritii@ banks 112 and 114 are designated as
Soto S" and So 20 to S'", respectively. The drains of the select _ _
transi stors are connected to the respective bitlines) whereas the sources
of the sel ect aphirditFEéfahdindy cells eRMGYRE 2 & ' farel Qe Ly ansi stors
for the dlines. Wo to Wm and W.' o go %ﬂ?ﬂ%%&%&g?&q %Lr%gﬁg?ag?ﬂdts-
differ fr mthé“i?fr’é%y cell transistors in that they are conventi onal
MOSFETs. and therefore lack floating gates. The select transistors are
switching elenents rather. 25 than nenory .el enents. The gates of the sel ect
transistors fof PPRE FHIR or £ppigpe veltagpeiottiae draigs, sowsesksubsiretes anSontodl a sect or
decoder 120 angatehef sdastedmahoryRellssgldect transistors for the bank 114 are
connected to a bank sel ect output BS2 of a sector decoder 122. The sources
of the cells in bank 112 are connected to a common source supply vol tage

V55, 124 2nd t heotmillercfos cantrolliig the@olwer toirdee afndoflphde Al to a
common source guppl.y. volta V5, 2126. 30 The bank %}2 is sel egtg%g?(gy
i SRS Sl

appl ying a | ogf ¢ HOHS taRErol zatas of e selected memprs celish whereimr ns on
t he transistor ﬂ1e$owtm;oﬁfceandie§@waepxbgmh{ﬂ%dé)@&théé”&ﬁesglgﬁntsovoﬁﬁb tixgd}af}ﬁ
is de

under | yi ng nmenmp cells. The bank 1 sel ected by applying a Togically
| ow signal to Pﬁ%’eﬁej??%%s‘gqng’ﬁcqﬂf’r?é° grogrampng yplage of fesy than @ veltsdptheor s So to
S' and di sconnesated T thiEsREyd S8inbS dolld Fhd NamPbd Vd iy 3 DEC
2003 WO 0]J 11631 IF) PCT/ grseogéw 49@114 is s%ﬁ%tﬂ%ﬁ?ﬁ@?‘éﬁ%&&“ﬁ an
essenti alfy si TR! sstesafdhe selestrdmpmeryiesin said sanrolleribginglad B2l tardntselitiec t
transi stors S' gowe surce toldpply RO/ Hr&Farinin J5ROR . .S essentially
simlar to thaf of the nedrir,ggy 100tp(r |gureklt}§\l)t, exgééﬁ%gﬁd?ﬁgﬂﬁfl eg?tlam
erase and read 19¥8ns can be perfornmed on the banks 112 & 114

i ndependently or sinultaneously. 5 Figure 2 illustrates a flash nmenory

devi ce 200. The flash nmenory device 200 includes an array 202 of flash
menory cel |'s, WH RRSeptgRvestios better gndarstpadsunon consideratibnwni tha dethifegl € f | ash
nenory cedd  20descrifiRn bblaw!in BRI ' ' .Wite . circuitry 206

t hat perforns prql{ian}#n ’hlgper a#%%gm%gﬁt %e gr%fugg%ﬁ %I”gghe%ry

cel I's) i ncl udi Fgulyraerarem othasersiipd incthe arp rom thexoHowing gesriptiongthereds at i on on
the flash nenory cell 204 is referred to as a progranm ng cycle. 10 The
wite circuitry 206 includes programmng circuitry 208 that prograns the
flash nmenory cell 204 by generating a voltage that is applied to the
control gate during, the progranmng cycle via signal path 210, a voltage VD
that is applied to the conmon drain viia signal path 212) a voltage Vs that
is applied to the common source via signal path 214) and a voltage VB that
is applied to the common well via signal path 216. It shoul d be appreciated
that the signal 15 path 210 is a wordline. The wite circuitry 206 al so

i ncl udes soft pANENIDEDISHEETCUItry 218 that soft prograns the flash nenory
cell 204 and all of the flash nmenory cells on the wordline that includes
the flash nmenory cell 204. The soft programmng circuitry 218 generates a

o I .



. 2b8)od-bad1is applied to the control gate during the soft programm ng cycle
via signal path 210, a 20 voltage VD that is applied to the common dray8001934¢
via signal path 212) a voltage Vs that is applied to the common sou.}rc&; Vi a
signal path 214, and a voltage VB that is 27f)p| ied to the conmon weldd UECa2003
signal path 216. Figure 3 illustrates the elenments of the flash nenory cell
204 indicated in Figure 2. The flash nenory cell 204 is fornmed in on a
silicon substrate 300. The silicon substrate tray be a well 25 forned in a
first substrat e sherfiridaesc?®d anldholitdah ry.cell 204 includes a pair of
doped regions 304 and 306 forer!rne%%ion_ el L%@%%H?FFWE’*YSWQWH‘@W%H
300. The doped .P?@%@%A_Oﬁmwtmmﬁmmwmaemﬁed,hﬁeiﬂ%asln{s%%éai} 306
functions as a df ahér &oiiEnRA@ IV cles of. the f]ash nenory cell
204. The flash nenory cell 2029?{’1C| udes egéﬁgf’rgccﬁ‘%%leé’gfnéd’g%&ﬁrvéﬂ?%at

i ncl'udes a cont PBYOYAsRectspalbwithoshdeparting diari the s gs &ﬁ@ﬁvexﬂiﬂn%ﬁﬂ%ﬁ?i ment )
the controls gat Ehe APHViALY J te 308 are each fornmed from doped
pol ysilicon. The float] %ﬁg%&%%d@gorg‘%%ﬁd efl g artugandact of
the substrate 3®UCH)CH. oxi de | ayer 310. The oxide layer 310 is al so
referred to as a tunnel oxide. The. control gate 307 is separated fromthe
floating gate 308 by an oxi de |ayer 312. Z 3 DEC 2003 WD 01111631 11
PCT/ LJS00/ 19349BRIE BESGRIFHONPETHEDRAWIRGS of the wite circuitry 206
(Figure 2) prograns the flash nenory cell 204 to a predeterm ned threshold
vol tage VT by applying a relatively constant drain voltage VD to the drain

306 whil e Hppl yﬁ@md@eﬂwewbdﬁbage!ﬁfﬁ&‘eﬁsﬁcbbﬁeﬁﬂﬁ;ﬂbﬂhre%ttfsnﬁﬂﬂ During

pr ogrami ng Cycép‘ﬁ?q}deﬁdéﬂx&st‘?ﬂqgmvs" S. rTRJHlirllt ai ned on the source_tgfm. In .

addition, eithe S FEg on 5EHoR el hatteyer, asvelkes a prefered ahadagusesv el

during progr am@d@n@&bﬁmmaw&ﬁ&eaﬂm‘?ﬂdé&%d%§ XDl ajﬁ)glgd above

the regi on 300 We «%aigaﬁldl r.egi o alf)r a, substrate regron depEng? fipon

the enbodi ment . CREVHE f STeaRtRT dlsta iy cmbedimenss whegeread if baantio

bet ween t he dr awittsthanctonipemampuirewisgpvhaeinl S not bei ng programed causes

backgr oundsl eakage current that causes a high progranming current to flow

when multiple nenory cells are being programred. 10 As will al so be

di scussed bel oWIGt mmmdgwwwe%ﬁ&&héﬂog&éﬂﬁEFﬁﬁW' te circuitry

206 soft prograns flash nmenory cells on a wordline by apply’ng a ranped

vol tage pulse to the wordli-ne. a voltage to the drains of the nenory cells

bei ngsof t pr og e st t HSL 1Aat licstiahe o TRHIRTROM by SRR e EF k! S

bei ng soft prog{vg%.orim&s.vol tage differential VDS between the drain 306
a

and the source 3 uses €electron 15 flow t hrough the channel region 314
of the fl1&8h nenory cell 204. The electrons are represented by a , at 316

in the channel g% . Ga ri.er. injection qgccurs as high-energy
el ectrons nmigrate tﬁrpug%at e om‘gfgd%“gﬁ%hwmwwm ng gate 308.
The path of a gmameniag g9d sifiqmogrammingabltateg txha@Borp B0 bEREplob ARG, Jat € 308
i's represented bgix%g;ﬁg(xg Figure 5B illustrates the et hod of Sof t

or dance

programm ng in ac wth the present 20 invention. Figure 5B is the
device 100 shown in Figure 1A. The soft programming is acconplished at

| east a dli . i t shoul e appreciated that Figure | A shows a
singl e s\gg{, or gﬁ%a% ﬂgﬁé#%cegecﬁea%ﬁgéﬂﬁ%"mc%ﬁ%éEﬁ?ﬂfﬁpm@ﬁmﬂg\mnﬁdrti pl e
word lines can be soft programmed. A word line in nore than one sector can
be soft progra e . nef hod of the present invention is a | ow
power net hod o;ﬁ%g%i?g%?%gﬁ%&nﬁq?cﬂﬁéfﬁcﬁe"ﬁ“@W@B{famwPﬁ@aSh\IEEPKQMS bei ng
programmed as iceldiibataiglibe biagcaned foal dvegeasiid He} &h@iﬁ%ﬁ%@ to the
wor dl i ne by th?‘ﬁ%%‘l‘%ﬁne driver 104 and thus to all the contr gates on

t he wordl i ne. e rd’ines, W.O W.2 through W.m that are not being soft
programmed are grounded as indicated at 506. The nenory cells that are to
be soft programmed are further selected by the bitline driver 102 applying
a soft programm ng voltage of less than 5 volts to selected bitlines. For
exanple, the bitlines BLo 30 through BLn could be selected or any subset of
the bitlines. In order to mnimze | eakage current during the soft
progranm ng,- a substrate bias voltage of less than O volts is applied to
the substrates~(see-H.gure, 10 and,associ ated discussion). Figure 6 is a

fl ow di agram of the erase operation that is conducted on a Flash Menory
device in accordance with the present invention. The erase operation starts
as indicated at 600 2 3 DEC 2003 WO 01111631 12 PCT/US00/ 19349 with the
generation of a Wite Erase Command at 602. As is known in the flash nenory
art, the flash AMBNYEDESHEET s preprogramed with all zeros as indicated
at 604. The purpose of the preprogranming is to bring all cells to the sanme
state in an effort to prevent overerasure of sone of




.the cells. It is determined at 606 if the Automati c Progranming Disturb
Erase (APDE) operation 5 is conplete. If the APDE operation is not 73 DEC 2003
conpl ete, the APDE programis run at 608. It is again determned at 606 if
the APDE qp§haiis9n 'S conplete. This cycle repeats until |t %‘@gbf ted at
606 that the APDE operation is conpl &t e. Wien it deterni ne at the
APDE operation is conplete, it is determned at 610 if the erase operation
(ERV) is conpl eligure kA it 4 graph MeliRRE D@ s Rl@ed idlibdiBR it ASEEEPEHRL | ON 1S
not conplete, an erase operation is conducted as indicated at 6 10 12.

After the 8V CHYLGTACIOBITUAN: 612, it is deternmined at 606 if the APDE
operation is conplete, if not, the APDE operation is repeated at 608. This

cycl e repeats wigurk sBhané t;a.phﬁmamcan sBheaiiPHigirah Y1 £NAHEEPRON hben gver er ase

(APDE) operati s been co i ndi at ed at 610 that the
er ase/ ove?réguagg&b‘@r’ﬁt"f%?f“i“?%lﬁ?ﬁf %I{PEW‘PHK’%% eoptliges aRhTahynrs gritliags) efe i n
accor danc enawixt df nich@rypeetis éuringiannuf PiogRimntitg spentost ed as lndl cated at 614. .
After the soft 15 progranm ng operation is conplete at 614, the erasure is -

conplete as in Be ause of tinued.scaling of flash
merori es for %%%?fsaagﬂeo V\?’T%'B TV ﬂ"gt«i:{?‘f%f% RIETARMIRS Y apcoitapee Witds on

t echnol ogyhcam‘ocmhe'cni:gn of flash nmenories to achi eve narrow erase
threshol d vol tage VT distributions, the inventors have discovered a method
to achieve a ti I W, Vol ae/low
power FLASH el E,e?jgf,",%égg @#&Lé%@%%@hﬁ%hh@;‘%gg ‘{‘B‘E‘E}rfgu“ét““ttr‘] i on
under Iongm@Oﬁ@F%m!)"“aadpﬂsvbSt\m@tsebmbbages to soft program overerased
cells and conpact (narrow) the VT distribution after erase. The soft
prograpm ng asFreatvstiows HedHversfs ot ﬂrmmmilﬂgfc@fcélﬁrwﬁm&é}gﬁ mlal &h@se/ APDE
al gorithm and can be inplenented on a ibit byte or word atine. In a
typi cal eP"aé'ea%Bé’l’%ﬂ"&‘ﬁ‘“"PPﬁ’%"%dﬁ!“l"@ﬁP%ﬁW%hm&ouI d add | ess than 200msec per
sector to the existing erase algorithmwhile narrowing the erase 25 VT

di stribution tBigara® mhhraca‘s :He%&agehﬁeshald\aetrtbsnormtfet thabﬂgil’camionﬂe sges the

hot - carrler injection i qt n, and substrate

vol t ages. PRPGUTE" ‘7°p°Taf' t“"a‘f°é a"f%‘e 'Itf?8§f“f8 H"e\?g‘i"’t characteristic versus
the soft programming tinme for a single cell with various initial erase

vol t age t hr eshBigure Mis anTﬂectxﬁciagssrhena!ierdbg@miumsesmtgtvattagﬁmetmhetstofatmepmqgmﬂmTi ng
condi §kon Sndil\ volts 30 applied to the
contrgf ggtﬁgs%ﬁ@gﬂﬁﬂagﬁb%%&ﬁﬂ ss t tlv Pttl% applied to the drains,

and a voltage Vsub(Vb)_ of less than O volts applied to the substrate, a
cell with a low initiaMOBESEQRCARRYING OULTHE INVENTION ng pul se of |ess
than | Qusec for the VI to reach a voltage greater than 0 volts. It is noted
that the thresRefteinoeds icdgmadafin dethil ® sbt’fwﬂc eftdodifmbnts Onthé prdsentinteqtibehibieakage

t d d th t f t ft Th
vent or <TRAGE G ROREF Bt o EpARRe bR aPog: G paeatrd obbroRT 1 or |

normal erase/ APDE operations, the nost erased cells wl|l be soft programred
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t he . he erase
VT d| stri bu?rtmg)1 % &mkelyr r owe@ﬁ W&lﬁvr’ﬁftdt?“g‘?‘%’f“é@‘% Sén§ }"fs can be
achi eved. adméage?ﬂﬁb/@tpbﬁlf@ Ahe Bashimemene 9 omprises 2 pluraliyeof 9¢rearmtmp¢ilse bi as
i nproves PRtkark Qf?an?&i m‘i‘%d’tdngﬁlaﬂ MiBe b zPBy Bf ol LRNGNindE. ELG 1&581s 355#%]9@5 | ow

gate and draln vol v& al so reduces the current require sof t
pr ogr ammi Vi 2 wprdlifed )sﬁwwh\‘iéﬁumss%@Ftﬂlcéwglﬂatﬂﬂq{&mnder the sane VGS
and VDS as Figure 7 but with Vsub = 0 volts. Conparison of the two figures

clearly denons&grsat,ﬁgtmndnaeeed, dofime ahd i @6ws), mhsmtdeeare\&tmaeu&sﬁm&stbl as. It
is noted t ﬂite use 8f as&u Wte bi as reduces esotﬁgroranmn
curre g fyordiings are dehignaty fot Wl OPPERPRRF VaKASES A errbpte tishitibeson t he
char a(1: E) eruyaaﬁtnmegur?t:r Idzewﬁlﬁéis lapptbtiate VoREdas iﬁteamiy% fotthd w&gluﬁt@ b_uta vailrdlﬁﬁéj OIt he ,
time r equi.r or .so ramm ng i ess than < usec/ ce

requires dglgcrulrp?emc YohlageﬁépFB'ﬁ&g’e‘E‘b?""E%fBgﬁW/ 10821 B5RGRHEF Wt BOVGE O EF lﬁ‘ﬂj ection
conditio nmdafthcaomafrpedcombue&ges \WhEehl 1e@§xciltyaﬂ-c81p\lﬁgné Siroafipl Maelcdn@olleh@0& ont r ol
gates of e|n ro d, a vol 5 volts
appl i ed taﬁ %h'ﬁmcfr[gf Ny °Gf ? (Bt? g‘{dgegnﬁﬁhfg'?‘ty g sdg‘?&%ﬁ'& or &ti'ac‘bta%tt age
Vsub 30 0 wibh bt desarjiplibedddwt 0 t he substrate. In this case, inplenmenting soft
programmng with these condition on a nultibit byte/word at a tine




.15 woul d require < 200 cosec in addition to the typical 0.5 to 1.0 second
erase tinme per sector. It is to be appreciated that these times andZ3 DEC 2003
vol tages are only exanples of tines and voltages that can be utilized and
are given for illustrative purposes only and that other tine ranges and

vol t age raﬂ@ﬁgnéﬁﬂld be utilized w thout departing from t hePEEHBHNE/10349t he
invention. Figure 9 illustrates the narrowi ng of the threshold voltage

curve Vr versus ,nunber of 20 cells. The solid curve 500 represents the
threshol d vol t affd"IrY fliftiorated abpach inpuonaf payordline andadhitling diagh ¢etiincludhea

dashed por MeahOR{d2-SemftoRdtBEMOYY FRIEERERTANGANNEET) IRMing QLuBs by {rg,% most
over erased ceIJ.s and. i s tgpl cally successful in increasing the reshol d

vol tage of PR RESEMisOMbaprubtiraces flatingguie ands eonuqiigate depatated fiomike RxGGng
i ndi cat es tawebyolyargeoddes tAsishastd ShpprecifBNRhe cefEdflaFas EEPROM iSO

progranm ng oper at | in accordance with the present invention. Fi gure
10 il Egsnt r%i"é%%ﬁ%a&ﬁ%'"@@f ﬁ%@% udgtae Hoating gyje prdl tunngkgisle Javerdisposedbgwerm | ng a
sof t progr trmintrgl gapeanathieGemicdriactsbLAelis wiich e fcedhd HAM fabastaat 1002, a
tanped voltage is applied to the control gate) as indicated at 1004) and a

bi as vol tage i j t substrate) as indicated 1006. In an
ar r angenent insrvaﬁﬁg I ﬂ%‘&g 'r"aﬁ%'frgggrarec F'I)g'éa,t‘:df‘ﬁ?’g&?é‘ﬂ‘ﬁil  Logy heregp jsdlbe | n
P-type welfow (ordling @pinbay adticis te colubmi(bidine) numbae gk totfroMgles 30e &Rk e
applied t ochheieRs ; souf i s .30 ounded and negati ve vol t age
applied to t hetegttj s%‘lrcgl%vgwc?)’%hﬁ?s\’/vaeq%ﬁl?c ‘%ﬁf'sso%ﬁco‘f? HUE CUNEES H%Feg%‘l“’ie%h‘teﬁi‘s
el ect rl&alillpstrated Thyrsonmoesef alf babe Gellpars obrineqedg ti@mpoivargourte1gsUMTar y, t he
present invention overcones the limtations of the prior art and tightens
the threshol d \Ghirads iflissdds RothirdnsH bﬁ{?, grase b
I ncreasi ngwbhe t%r eshcl)l é [82_ 3 I{)EC 2%%?%%%%@%% 70 49
vol t ages BAFEPidhay thegellsarq dvidash inte barks. (alse kravinisg pasheorstrt@shmloaf which ages of
the | east shovasiadigumt 1B, eadtiof MhcthlchPR: JrERUAGE, EHEIEAH rdal iddBR &Gl STHeS
substanti al lﬁ'}(/’ eH?mqq‘g#eed t her eby reduci ng the power requirenents and
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resul ting T B hpkpr Brectii2 aidyg sweengicelt kapk erpgee s Thé but i on.
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al | owi ng st e.5 soft progra i mul t aneously. e foregoing
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pur poses  dfe bahisud2 pad 11d areanthecied ©rstpaidtORordlitie drivers 216 dnd i €8) 6@ pkcliRie
exhaustive or to limt the invention to the precise formdiscl osed. Cbvious

modi fi cati ons & addiioh@d o 0SSy [ ' f. . t.he above teachings.
The enbodi nent was ghg@ﬁ%ﬂ&%ﬁ@bﬁ%@%ﬁggﬁ#&o@m cfifos s e O P GRBPRGE | on of
the 10 pr fHERY béling{The select sansistorsder thevbanks b12mnd d14 avedesiamavid as &i ioSnaridcs’§ her eby

enabl @0one Sf, rpettivay.yTHRkdids of the k18 Ahdsistdrs 4 bdnhdcRedtd e | %/e%meibﬂﬂneis,n var i ous
enbodi mantﬁ% and with various nodifications as are suite o the particul ar

h . =
use cont enBIEEAYF soRers o theselpm rmsistoss arefrRnegtrd to te deins ohte transistarsifbithe t he
scope of whellihe3Wehyto WL.20d 8dl'eloWwirgd by the appended cl ai ns when
interpreted in accordance with the breadth to which they are fairly,
l egal ly, and equitably entitled 28-09-2001 15 CLAIMS -1. A nethod to
tighten the th?%ssﬁ%f;tc}&\'}%ﬁuf%é'b%bff@f the Jsmopteel pRsistariin thah gy cueetiond 49 2 3
OEC 2003 M®SFEEs ydrtheoeford laok floating ppése Tive sakécy ritisios a@AMic iRy éifEend Rl CE,
draings f | @at j,0g, ntr ol te .wherein the nenory cells are
organi zed I n rov@ggﬁﬁ%’gﬁ%é‘gs é\‘/li’t?%seﬁ ?lte 8%'%‘@"??@}”6&)’#%%%8 negtrditoahanie o) urms
bei ng bi tfelealddS) of aeectpedézodir d2hqud ithei gags ofxppbejachupnsiadds fpriegamTisag vol t ages
to the dr@nRRied S OXbLRSel r e lected menory cell|s, wherein
.the soft rogtrcamri n \%%Tac? guéggﬁg gaasg&{)roq%f(%;\ﬁfsfﬁlgﬁ%so\l}%fstoggg cFlgségL"‘l"ﬁan 5
‘volts app‘olizé’éf qopnecisa LR emmen goureesupple el tge M nk@dend the wlices ofahewelidinge | ess

than O vodahe 1004 et « DonihiSbERE SipPly vbitfe $2) fft €d nenory cells; and

30 The bank 112 is selected by applying a logically high signal to the bank select line BS,
that turns on the transistors Sy to S, and connects the bitlines BL, to BL, to the underlying memory
cells. The bank 112 is deselected by applying a logically low signal to the bank select line BS,

that turns off the transistors S, to S, and disconnects the memory cells from the bitlines. The bank



.15 a ranped voltage less than 3 volts applied to the control gates 1 EG?
sel ected nenory cells, wherein the soft progranm ng voltages are apg iDekl 2403
the nmenory cells being soft progranmed for a tine period in the range of

| ess than The met hod of claim1l wherein the soft
vol t ages ﬁ”’gglsict ed to 20 utilizel@ hot-carrier injecti onﬁﬁg{@%l%%%‘% 3.
The nmethod of claim2 wherein the initial voltage of the ranped control

gate volt qg@glsglfgﬁfal mtggigv\ﬁﬂﬁ ah Q{sﬁd}ﬂg Sﬁ{n;{m foREher Ringdne b\?aﬁ?gel&[ ﬁﬁ%ﬂj}aﬁetjgllg. t (2)5

4. The met erein progr amm-ng t ages app
t he cel | s stiedt trgnsistir S'prodtv. aeeperation @€ the memenyk 1 kuisespintally S@rhllarh@thatmf@is:hol d

vol t age d'nﬁtHohb#ﬂO'(p u%eﬁla{{).eezﬁpl ﬁ'ﬁﬂhg r\SQlJ craé anJ Fbgd H&mggs &t\ bggg'k I)A‘” ther

conpri sing veri _ menor s 1n 30 the nenory d ave
been er as@lubzaelfsdrlé&abﬁlu}den@d@m oss:mvltzmeelgimmn ng vol t ages. AI\/ENDED SHEET
28-39- 2001 US0019349 z 3 DEC 2003 16 6. The nethod of claim5 further

conpri ging ver 'Fféﬂr@ﬂnliuﬁh?étcs%'ﬂ'asmﬁém{ry d&ide 28)0' hd 8h H%H&'&)ﬁedi@é’k&ﬁnﬂ@&é@axpeen
corrected for_overerasure before applying the soft -progranm ng vol tages 5.

7. A f1 asBAme 22tof flashmepnogy celly phich If’i’fdﬁ'ﬂé’?ﬁ?é’é HRIStrRIQe. Sty Sieioi!

conpri si ngen 363, BraHadh Mkinbry d@\flcmmcmds@wh@ cRafilty Desuhdd erforme yfdsﬁmnqﬁ I n
floating gate, control g)é)te and substrate; a power source for Egé%
| ect ed

vol t ages ©Peratipas of the aay 202 of flash memgpyells, dnclnding she flash mefpory gell 204y

Menmory ceblograniifly Gpefi@idh 6©Ihk Rishin@moBOdI0l is rBntd R aPOWBEraiim LG cleO appl y
soft programm ng voltages to 15 the drains, sources, substrates and control

t f th t.ed wh t h ft
R BB e e VR et I e e
menory cellemoryeced 364 b)pge@gmigm'mgagwthdt Bg:pph‘nfd b s soiiuobgateduviaktte t 0 t he
substrates_of the c'se qlctse al %Xav [ae glls gémgﬂ]ecgm%% - | ess lth n 3
volts to PREEENPE G gt e dy Tenpry , aé e F'e er
bei ng adapatk@12,0 valoagt N@_thatlh_eppzxed p@heeqonsmmrsovercet vaalplpil path A4, gwd 4 vaagegyammi ng
VP11 a92S 1Bl ieBodilFy RELIREbolLIMIR AR o, | P BullR dkQBRed i o \BalfPTOr Y Of

claim8, 1n wh e con e power ‘source to apply soft
progrdﬁm nah @ ssageesdline utilize a hot-carrier injection mechanism 25 30 9.
The nenory of claim9, in which the controller controls the power source to

apply a ranpedTkhti@@fcdi@y zdaemss %tuaeA so&qwsanhamg Bigcutfy 218 ifak S prOgriage of
| ess than the threshol d vol talg a | east erased ce
the flash memory cell 204 and all"of the flash memory cells on the wordline that includes the flash
memory cell 204. The soft programming circuitry 218 generates a ramped voltage, as indicated at
219, that is applied to the control gate during the soft programming cycle via signal path 210, a
20  voltage Vp that is applied to the common drain via signal path 212, a voltage V that is applied to
the common source via signal path 214, and a voltage Vy that is applied to the common well via

signal path 216.

Figure 3 illustrates the elements of the flash memory cell 204 indicated in Figure 2. The
flash memory cell 204 is formed in on a silicon substrate 300. The silicon substrate may be a well
25  formed in a first substrate material 302. The flash memory cell 204 includes a pair of doped
regions 304 and 306 formed in either the silicon substrate or well 300. The doped region 304
functions as a source and the doped region 306 functions as a drain during programming cycles of

the flash memory cell 204.

The flash memory cell 204 includes a stacked gate structure that includes a control gate
30 307 and a floating gate 308. In one embodiment, the control gate 307 and the floating gate 308 are
each formed from doped polysilicon. The floating gate 308 is separated from an upper surface of
the substrate 300 by an oxide layer 310. The oxide layer 310 is also referred to as a tunnel oxide.

The control gate 307 is separated from the floating gate 308 by an oxide layer 312.
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Y4" 109%& ( yhefpfesdnt DlyEitigh isPAOWPHEer (methdd ofiSodOpr @ra@Bininy - In FigOPFIBRIvS dlie-WL, is

10%4| &s() being programmed as indicated by the ramped voltage 504 being applied to the wordline by the

wordline driver 104 and thus to all the control gates on the wordline. The wordlines, WL, WL,
through WL,,, that are not being soft programmed are grounded as indicated at 506. The memory
cells that are to be soft programmed are further selected by the bitline driver 102 applying a soft
programming voltage of less than 5 volts to selected bitlines. For example, the bitlines BL,

30  through BL, could be selected or any subset of the bitlines. In order to minimize leakage current
during the soft programming, a substrate bias voltage of less than O volts is applied to the

substrates (see Figure 10 and associated discussion).

Figure 6 is a flow diagram of the erase operation that is conducted on a Flash Memory

device in accordance with the present invention. The erase operation starts as indicated at 600
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YY! 10%&5( ) ls@mg)ﬂag%& the APBE% ﬁﬁn?} A&G&nﬁlét@#ﬁé‘-ﬂ% pdogram is run at 608. It is again
1109 ()-!z#10% g E 92#1 %' (

109%&' ()-7y %8'!(8'2?99 i the A@?@W‘Pﬁ'on '#C%lm& This eyciegopgats yatil it is indicated at 606
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610 that the erase operation is not complete, an erase operation is conducted as indicated at 6
10 12. After the erase operation at 612, it is determined at 606 if the APDE operation is
complete, if not, the APDE operation is repeated at 608. This cycle repeats until the flash memory
is completely erased and the overerase (APDE) operation has been completed. When it is
indicated at 610 that the erase/overerase operation is complete, the soft programming operation in
accordance with the present invention is conducted as indicated at 614. After the soft

15  programming operation is complete at 614, the erasure is complete as indicated at 616.

Because of the continued scaling of flash memories for low voltage/iow power
applications has placed new demands on technology and the design of flash memories to achieve
narrow erase threshold voltage Vy distributions, the inventors have discovered a method to achieve
a tight threshold voltage V distribution for low voltage/low power FLASH memory devices. The

20  method utilizes hot~carrier injection under low gate, drain, and substrate voltages to soft program
overerased cells and compact (narrow) the Vy distribution after erase. The soft programming as
shown in Figure 6 is implemented after the normal erase/APDE algorithm and can be
implemented on a multibit byte or word at a time. In a typical erase operation, this configuration
would add less than 200msec per sector to the existing erase algorithm while narrowing the erase

25  Vydistribution to a width of less than 2 volts.

Soft programming uses the hot-carrier injection mechanism under low gate, drain, and
substrate voltages. Figure 7 illustrates the threshold voltage characteristic versus the soft
programming time for a single cell with various initial erase voltage thresholds Vr. The figure
demonstrates that under soft programming conditions of a ramped voltage Vgs of less than 3 volts

30 applied to the control gates, a voltage Vps of less than 5 volts applied to the drains, and a voltage
V.u(Vy) of less than O volts applied to the substrate, a cell with a low initial V¢ would require a
soft programming pulse of less than 10psec for the V to reach a voltage greater than 0 volts. It is
noted that the threshold voltage of cells that do not contribute to the leakage current is not changed
during the application of the soft programming. The inventors have discovered that for a typical

35  Vydistribution after normal erase/APDE operations, the most erased cells will be soft programmed
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) 10% & () - u!c{w}@r&cf(iylcncy Phthe gell under low gate and drain voltages, and also reduces the current
: 5  required for soft programming. Figure 8 shows V versus soft programming under the same Vgg
and Vps as Figure 7 but with V,,, = 0 volts. Comparison of the two figures clearly demonstrates
enhanced hot-carrier injection with substrate bias. It is noted that the use of a substrate bias

reduces the soft programming current significantly, which benefits low power applications.

Based on the characterization of the particular flash memory cell being utilized, the time
10 required for soft programming is less than < 10 psec/cell and requires a current in the range of <
100 pA/cell using hot-carrier injection conditions of a ramped voltage Vg less than 3 volts applied
to the control gates of the cells being soft programmed, a voltage Vps less than 5 volts applied to
the drains of the cells being soft programmed, and a voltage V., < 0 volts applied to the substrate.
In this case, implementing soft programming with these condition on a multibit byte/word at a time
15 would require < 200 msec in addition to the typical 0.5 to 1.0 second erase time per sector. Itisto
be appreciated that these times and voltages are only examples of times and voltages that can be
utilized and are given for illustrative purposes only and that oihcr time ranges and voltage ranges

could be utilized without departing from the scope of the invention.

Figure 9 illustrates the narrowing of the threshold voltage curve Vy versus number of
20 cells. The solid curve 500 represents the threshold voltage distribution of cells after an erase
operation, the dashed portion 502 indicates how overerase correction corrects the most overerased
cells and is typically successful in increasing the threshold voltage of the most overerased cells
above zero. The dashed line 900 indicates the voltage distribution of memory celis after the soft

programming operation in accordance with the present invention.

25 Figure 10 illustrates how the voltages are applied to 2 memory cell 1000 during a soft
programming operation. The source is grounded as indicated at 1002, a ramped voltage is applied
to the control gate, as indicated at 1004, and a bias voltage is applied to the substrate, as indicated
at 1006. In an arrangement in which NMOS transistor cells, for example, are formed in P-type
wells in a semiconductor substrate, a negative voltage can be applied to the P-wells. The source is

- 30  grounded and a negative voltage applied to the substrate or P-well. This provides a higher

horizontal electrical field for more effective soft programming.

In summary, the present invention overcomes the limitations of the prior art and tightens

the threshold voltage distribution in a flash EEPROM after erase by increasing the threshold
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the art to utilize the invention in various embodiments and with various modifications as are suited

to the particular use contemplated. All such modifications and variations are within the scope of

the invention as determined by the appended claims when interpreted in accordance with the

breadth to which they are fairly, legally, and equitably entitled.
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applying soft programming voltages to the drains, sources and control gates of

selected memory cells, wherein the soft programming voltages are as follows:
10 ;

a voltage less than 5 volts applied to the drains of the selected memory cells;

a voltage less than O volts applied to the substrate of the selected memory cells; and
15 aramped voltage less than 3 volts applied to the control gates of the selected memory

cells, wherein the soft programming voltages are applied to the memory cells being

- soft programmed for a time period in the range of less than 10ps.

2. The method of claim 1 wherein the soft programming voltages are selected to
20 utilize a hot-carrier injection mechanism.

3. The method of claim 2 wherein the initial voltage of the ramped contfol gate
voltage is less than the threshold voltage of a least erased cell.

25 4. The method of claim 4 wherein the soft programming voltages applied to the
' cells being soft programmed reduces a maximum width of the threshold voltage
distribution to less than 2 volts.

5. The method of claim 1 further comprising verifying that all memory cells in
30 the memory device have been erased before applying the soft programming voltages.
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comprismg;

* aplurality-of memory cells each having a source, drain, floating gate, control gate and L
substrate;

10

a power source for applying voltages to the drains, sources, substrates and control
gates of selected memory cells; and

a controller for 'cdntrol]ing the power source to apply soft programming voltages to
15 the drains, sources, substrates and control gates of the selécted memory cells, wherein
the power source applies a soft programming voltage of less than 5 volts to the drams
of the selected memory cells, a soft programming voltage of less than 0 volts to the
.substrates of the selected memory cells, and a ramped voltage less than 3 volts to the
_ control gates of the selected memory cells, said controller being adapted to control the
20 power source to apply the soft programming voltages for a time period in the range of
less than 10pus.

8. The memory of claim 8, in which the controller controls the power source to
apply soft progfaxmrﬁng voltages to utilize a hot-carrier injection mechanism

25
9, The memory of claim 9, in which the controller controls the power source to
apply a ramped voltage to the control éates having an initial voltage of less than the
threshold voltage of a least erased cell.

30

MW e £, 4 1 M Marer LT 5 a9 et

AMENDED SHEET



