. »e3e%q$l | nBnp, 0" p6pTq;j | : WO 01/ 11631 PCT/ USOO 19349 RAMPED GATEB

TECHNI QUE FOR SOFT PROGRAMM NG TO Tl GﬂﬁIIIIIIIIIIIIIIIIIIIﬂIIIIIIIIIIIIISTRI BUTI ON TECH&SCHC 2003
FIELD 5 This invention rel ates generall of mcroel ectronic
integrated circuits. Mire specifically, thisisdisevention relates to the art
of erasi ngwooatnoatectronic flash Electrically Erasabl e Progrcarosdolie349
Read-Only Menory (EEPROM devices. Even nore specifically, this invention
relates to a nethod of erasing a mcroelectronic flash Electrically

Er asabl e Progr anmaRAMRERGATE TRGHNIQUIRFORSORTRROGRAMMINGhe VT
di stribution. 10 BACKGROUNBoARGHFIEN tmgequjlsﬁmﬁﬁmbl e nenory cell is

comonly referred to as a flash nenory cell. The structure of one type of
#lash nenory cell includes a source and a draln formed in a silicon
substrate. The structure of another type of flash nmenory cell includes a

source and a drain fornmed in a walgciNyeAL e ned in a silicon substrate.
The flash nmenory cell includes a"stacked gate 15 structure forned on the
sili co? substreﬁl The r gl on of the silicon ? trate bgneath t he stacked
gate sPruct ur e 'S IYARHRA reldes aeaerallyAR thejart o Bicees °8‘F°’¥‘I1‘8‘°5’Ia§ RIrshtSoMprecel | . The
st acked gapeifizhiiyiGisUfiven@dn ralatet Bk meramngmickoeleaaémmimn EleB@:szllyCﬁrasable
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G ot ur cEmetEtbl Readon e Mg (kR ey i BRr-on eI IR £ ot ur o

functi ons raz&esao a Qﬁlhb@bf egaing afrméroélbtﬂroﬁic @Wash Blmizaly Eaidble PitiearanabieRdadyer 20

t hat separ at m.the silicon substrate is commonly
referred tgyg\zcrgoq%vhcéaﬁaéﬂgﬁ% tI};?yeTr SITII”S&’I anm ng operations on a flash
menory cell involve the application of a relatively | arge constant voltage
to thd@0drain of the flash nenor yBAEKGROVNBART even | arger voltage is
applied to the control gate. During such a programm ng operation, the

source of the fhas rﬁ@dné me,ﬁo.ﬁéexn@wﬁraaﬂe,@fe%daaa@a@lua.qnénﬁ‘o\%enpr a

zero volt%ge IeveI Inre atlon to the voltages applied to the control gate
and dr ai nTheympmue of esedypet Flgshrmegeery enlkingiudeppiqure ped 2 ¢pipiforegd bea sisen t he

drai n andg ot erne 3ehse 61 a%StImérbe% of Rash ok e itudbd EsotRa AR drhif Grfiad f r om
the source to the drain. The electrons flow ng between the source and drain

can att ai W awikthat{sdpamedinpsiligonspbstrateide fash meporscelfdngiude,astagked gate | 30
addi t 19n) sthidtard YoShed &R Relsidbn Mmhia&gemaﬁa@wnadthb @.nt:dnesumterbe.l.eamaﬁeesmrcﬁécﬁ es the
vol t age potentlal of thefloganrl c? h veI at the start of the
progr anm & YRS IHI‘?‘”“é&H’ﬁ il S‘Fﬁ frﬁgbq‘dﬁ? I on the floating gate
usually attracts the electrons flow ng through the channel region. Z 3
DEC 2003 The stacked gate structure of a flash memory cell includes a pair of polysilicon structures

separated by oxide layers. One of the polysilicon structures functions as a floating gate and the
other polysilicon structure functions as a control gate for the flash memory cell. The oxide layer
20  that separates the floating gate from the silicon substrate is commonly referred to as a tunnel oxide

layer.

Programming operations on a flash memory cell involve the application of a relatively
large constant voltage to the drain of the flash memory cell while an even larger voltage is applied
to the control gate. During such a programming operation. the source of the flash memory cell is

25  maintained at a ground level or a zero voltage level in relation to the voltages applied to the control

gate and drain.

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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WD 01111631 PCT/USOQ' 19349 Under these conditions) electrons in the, gl@ﬁg%\da
regi on having sufficiently high kinetic energy mgrate through the {

oxi de layer and onto the floating gate. This phenomenon is comonl y
referred t carrier programm ng or hot carrier inj ecﬁh?l?s

successfu p‘?lzlglggrrm ng operation invdlves the injection of I Cl en
nunbers of electrons onto the floating gate to achieve a desired threshol d
vol tage f ndthﬁetf &ghloﬂ?gﬁ&)’ongﬁhhc chififel tégto%&mh sﬁfmlénﬂgﬁlgh%ﬁet)@cﬁé%t age

t hat nust be applie e control gate of ash nmenory cell to cause
conduct i ormigtatedrgheh thretupneh pxidd layeégm)@ntwp iﬂﬁﬁ"‘& ga'éalihlbg}vnaww lwmmfebf | ash
menory celdg Qts al hdTBarkiMRb A oPRACAREARR M. ARERLsFPBrdiRRGRAS UpON the
rate at which electrons are |g}tected ont o the floatin ate As can be
appr eci at egerationanylvsghe injppsion of suffisient pynahers b glegtrrms P'emge OPFRg §31°0Y AHNAYF ng
tine t@ reaplidiGedl6n 'vB%e%&tﬂemﬁﬂn@hgrv\é@lh t AQnreiioldVoRaehs Mk 98128 THaN

techni ques, the relatively high voltage potential of the fl|oating gate at

the start most baapphindseythg sertspheais efadiashmemery cel ipcapse gendustian thrggh the ehisngal at e

on the flqe%nbrﬂﬂxriggﬁﬁead Shirdliod of BRI MEméry céil eThéQinicaRRIVBO it rogamttiing! he
floating gate causes a correspondlhéﬁ reduction in tt&ﬁf{oﬁte of el ectggn

i nj ection %ﬁ?‘df’“tq?%e“f’f'&&f‘l"ﬁgatﬁ&t‘éh“’ gqtrons are pyRcted Gpto; Rng g% Arcan

el ectron iappregihted thelsRVePRs Rite dffifedtioRthelGifel the Prof@amBtingGingfodedch fRlesiRUOr y
cell to the desired threshold voltage. Such increased progranmng tinme
sl ows lphe‘UG%’PQI"P%ﬁeed of flash menory devices that enploy such
programm ng techniques. In addition, it is well known that a hot carrier
progranmi ng t eot fitieprogantbning tédhntqha the relatively highfvokdge potentinl bfxhe flpaings i n
t he channel re S rain e 20.

el ect r on- §8Fa& af‘?fé"'f‘P"ePff’%}?W‘é‘H‘g\m% ”P?ll}/lé ﬁe’dgcr\egragaea{o" rg%rplléla(ﬁgﬂ‘ghaerfg?a?%
crystal | gutl Sechstrednetionia thefvolidpe pelehmatoﬂhsﬂtmmgaateczmm agpsespdugngt her

e ot L P ardufnf e ot b4 G oI ER N nto b ol BAENSuclh ddlE R BT P O

near the 4F “aond'éualr%e have & ue to the

hi gh W6l t atpetrayipjestod incocasd:@edmrnqmwé t@remeqlam@yorx mil tedhetdggiecdpot ent i al
of the floatd llh{AE i lcAR AL A Bl oftisch ARBRY L1 0N Of
t he channe grhggﬂ’gﬁ“l o%gctﬂeléf?énea&% 'hn'glnn ass the 25 voﬂlet aae 21Sevel f);{] t he
floating gaviessdhateroploesichiplopmgmmngigehaig¥sig. Under this condition) holes
fromthe electron-hole pairs that are created in the channel region near

the drain can m gHdffoR, it 13WeHERGHH thhthenot eHrfié! r@ﬁrﬂﬁné&mﬁq&ﬂ&uﬁﬁﬁﬂh& he
floating gate Such m ratlon of ho'%j onto th oatln ﬁ%te cause

surface d ton of efepfgon ‘SB‘)%P%I@“‘P Eﬁgm“%eﬁ gethe SFE |

causegol oeectt&;mer;ﬁtrs ablftmwwaérabgtea&rgyruachensfuo&ﬁhm mnsws;at maick sda;cnrreemcu ng
ns, ont o

the rate of ection o oagtin
pr ogr anni .S llcjﬂ Eﬁt?fﬂaﬁ%’ﬂd‘sg’aé%m Sils egg%psérow eg(‘:t () l?Itﬁ e&fereep?/'\]'?% rgg’lﬁrent
f 1 ow t hr oeBdnnélhegionhearad dmgsmny bévetarelativedysiiighmeotage/poratial ddeitd thghighr ead

t t t al | .t t Th
o o oel eciPUaF e SRSy 41 Ropl B 8 ol pALal AT ARl R Sy 10
Read- Onl y balbwuhievoftége potentzE PRE poriiorc bfitheechanmel eegioayocattd naat the dt’duaas than be

i nde de g‘%rm, a4/ 49

r eadIo heqé epec‘)' q’é%@‘éﬁgm dggre% Pﬁgr&? % é’édrggaur?;c g@%ﬁ@%ﬂ&ﬁ
omitting thediesiren-niepdin twharecreaied inghe qhaméresmmsartth@a!rmmmgeﬁfdbmeghone
cells to kﬁr[n@lscﬁ%el f" %ﬁt%@ﬁé oatlﬁfﬁge r R hligrafohbof Rilest difo e RbRinG\gad be
erased together as nory device of this type i1ncludes

i ndi vi duapawsaﬂaoeﬁawsew wnd@étderlaysr (Sveksyurfaredamags lfse%lty qapsen LngiIm ( FET)
menory Cettérng?m@qﬁ&n&fts ,mﬁ R Serhdty L4lPSSre@uchipUhéle oRinfic@dnof efectrbi@hidife gat e

and a con ate vari ous voltages are applied to programthe

cell #th ﬂaatmgrsatﬁguwngdvoayam%g r Badditie speh sugfacegampgy can interfer yithgunepe e | s

as a bl oclgow TitBughthd charteFregion BARE RakhinfenidRy e¥lll du¥in@h reh@Mferation tHapAlsM@sults Wi t h
the control gates of the cells in a row being connected to a respective

wor dl i ne dntredyctionindengdtesy relighllitie| | s in a col urm being 10 connected to a
respective bitline. The sources of the cells are connected together. This
arrangement i s ThemibFoeRtréhidNsh OEBTOGKYerase Eldcgitaly Ersable Rragedrhmatie Readgddymed by

appl yi ng es.as follows: vol t a typically in.the range
o "o 10" Blefiny Gk B BFiadan e 5P e B bEBR P Brgrturigiel 1o
the drain and grounding the source. As discussed above) these voltages
cause hot electrons to be injected froma 15 drain depletion region into
the floating gate. Upon renoval of the programm ng vol tages) ‘the injected
el ectrons are trapped in the floating gate and create a negative change
therein that increases the threshold voltage of the cell to a value in
excess of apprOX|nater 4 volts A ceII |s read by applylng a voltage of

o o, I b o, o I I



_wvoltage will be relatively low (2 volts), the control gate voltage ‘%\njld&ﬁ 7003
enhance the channel, and the bitline current will be relatively hig

cell can be erased in several ways. In one arrangenent) applying a
relatively high 25 voltage, typically 12 volts, to the source) grounding
the controWOgME3hnd allowing the drain to float erases a cBCTUSHI9349%causes
the electrons that were injected into the floating gate during programm ng
to undergo Fow er-Nordhei mtunneling fromthe floating gate through the

t hi n t unnereadxThasize afcach ¢clf and thereby, theanemapparg made smalldyy emitting walsistatgknawn t he
order of mMdRclBnsktid MalouldGrabie telcRlis 9 8E @ms&%ﬂc}fén@gnt@ ngate%ulhgllgﬂﬁ source
and al | ow the drain to float can also erase a cel 30 Ano fhod of
erasing a efgrmurtgcwseérs?ﬂeghrrr?ga@l%tsr ts to the P-well and mnus 10 volts to
the control gate while allow ng the source and drain to float. 2 3 DEC

2003 WO 01/ 1163Aﬂmeu§rapaem%9m PPOIRIEIEs WdiVidaPI¥ANOLAO84mif brag o EEPROM
cells i {ﬁé beca manuf acturing tol erances, sone cells becone
se

over - er %)frlﬁ'tdé fS?n‘@PS‘%‘eI(FET)UE‘E’ERﬁé cellst Enchiof theRETS inglides 2 spyrge. pIdmiis Rng
gates of tficatinygte a8 as6nirol gt & viHich ﬁhbﬁlﬁfolt@gémeablﬂieh t®progah thedtbll WithgP! et ed

of el ectrons an d have a ver ow ne e ¢ or become positively
char ged. T?tga%vgr §‘€‘8 %’I‘gt‘b%{ﬁse %Fﬁﬂps ggoﬂlépl etion node transistors

t hat cannot be turned of f by nor nal operatl ng voltages applied to their:
control gates drhdcélBBtarcomunseted dbkrodymy ©fifoia ahd d‘:cﬂultuh;EWbil the kort@! ghtss loNe cells

subsequent n d operation rrerased cells can
i ntroduce vgryl ngﬂgaﬁoﬁeﬁ{es? F%e SKEgE" @U‘F ??thefjt? r%}"ﬁ Cflﬁ %wzla‘ab‘?fat 8ng upon
t he exintcophecsd wragespective bithfier &he pewces bltht tafls actonmegted rogghanThwd r ead

oper ati ons, a 10 time, while the other
wor dl i nes &ar eé%ﬁ@ﬁﬁ%%%\%@erﬁ%&?g@ 'tl" a positive voltage is applied to
the drains of all of the cells and if the threshold voltage of an

unsel ect ed cel |A¢ed iyprpgramagg by anplying programmingevoltages afioeyes: & woltagntypiwally f | ow
t hrough t R tRQANE 65 9- FOWINE & th@%tﬂf@a‘t@a thlta%g'gf zﬁ)ﬁrolxrmau??S V&]g?ﬂhg ?\%Lneang ffect

of leakage current is illustrated in Fig Is a sinpli
el ect ri calSQHiBghe seures. Apdishssed @O&Fmevomssrusr h%t§l¢cmm injedt¢dsropn@

404, 4036, dasdégRbon LBiofiRo ﬁle%ae.‘g gie. Uén eetoUMf ﬂwggrc%;an{n{lﬁ{x%ltﬁéegrtﬁe are all

connected to aeicgurce suppl y. vol tage Vs pr ogr anmi n

appl i ed t dUPF estEensare R ‘thetfl?é“‘tgrgér?s‘ﬁngfGP‘C&(Fﬂga‘%?lW%‘hﬁ'ﬁE thet on. A
current | dndréasasshelthreholivolthyR of thaell fol20valud GrilexicEBIBF GpppokndactifaQuigh its source,
channel (not shovvn) and drai n. ldeally, the bitI i ne current IBL is equaI to
h. However, if f the unse Iec srsto for ex
Cranststors 402 §gead® Being P\ AHRFuEl S Tolub R b8 B TR RBRAY asec
or slight |v91twemwasm~h-cm«c drainhis emnhnertad, mhmhqgatse seiukde, dnd senginy the bilinezer o or
even ngoatdh¥&e RAdcH I r flow
b ougn et R P SRRl R BRI VOLE o rejibely NG oy R bl
current | BETepsHilkbezrrorer pideastpglativalplowh df e selbis ﬂPF pmaamm@ dsawkeys betheshadkage
currents lyolagk dilftedeiddvely 18wd2 K/MB) QiR cof'ltlrﬁ%Qte EEP:@QW EitEncd it Agon@f arfa hedT 9€
nunber of menory transistor cells) for exanple 512 transistor célls are
connect ed bt‘B""é&EW‘mll‘quﬁ’é""ellbfh‘&h -substantial 25 number of cells on the
bitline are draw ng background | eakage current) the total |eakage current

on the bitline Amamcmmcdrh@e\fé&ll waysc 36l oe lirfa Fément] BplyinPkRRatildly hipP0SSi bl e
to reazgthe stateﬁ on the bitline and therefore renders the
y 13l i ands

menmor y~i ndpEER IR & MR EroHBg 1 oL st e bR FE e & R t age
di stri but naneslayelpémﬁmamemgueamctmneﬂﬁt age mjmtd‘dﬁﬁtblt!w‘ﬂdﬁﬁfg’giteldnﬂng whi ch

reprogra npst oY, hi thres vol tage. An
Iovgr gr ars@ %‘I%rr"me't,gtmgﬂ el'eog"? rgﬂo '%te 'Pﬁ'\"ga rgé’"ﬁg Q‘é"rﬁ'&? gfte &%ﬁ@&ﬁ thig, °

Aut omat i ¢ tiRnelgkideriayergo (be sctunrreb A(pmm)g a négpive fveltage dn e Brdeed i usvioiveits tb the
referred rb AP s d sclosed n
s, pat ectRE i ipiBle Syl R RS g Wil e AR e i st REOIST VEnCRY
VWHI CH30| Nﬁnghmmmm @ngyﬁﬁﬁs@lts/@hw Lwell and minus 10 volts to the

control gate while allowing the source and drain to float.
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Lee G eveland. This patent is assigned to the sane assignee as the n

i nvention and is incorporated herein by reference inits entirety. The

met hod i ncl udes sensing for over-erased cells and applying progranm ng

pul ses t h&Y@PB116¢hi ch bring their th#eshold vol tages back u Cf/gs%lc?éﬁt abl e
values. 5 Followi ng application of an erase pul se, under-erase correction

is first perforned.on a.cell by-cell IS0V rons. T |l in the first
row and col um ﬁ(?%‘?b?"i“bﬁ“'i' %0'38'&%8%@?5*' g‘%fgioé‘rd 5%113 'ﬁ/‘ﬁ@ibﬁate]% %}%aﬁlb%&‘)’/'imﬁg 4 volts
t 0 the contolepdnc&adome(caldy come dpver-trayal befoteootitehn eelid bedome (stafificientyedrasedyr Thendi ng

the source, and usi sense anpl,ifiers to sen i i ent and
t hereby defleaRg gaes ‘{’l%fer?é(e“ffﬁ Sggﬁ%l’s&’e\fgﬁ%rac&’gagf l%'t% ﬁéﬂgaelpldte*ﬂse&ggges%hgnsvag ue of,
for exanpl Rave 2 verglldve negafivet dharge ek becbme posilively eangedd Thd Qver-prdsedatidsctaly fungtion

t hreshold vo|tage abpve 2 volt t A ' . dn this
case, a e?saJé’B‘%&i‘l 'E%a%it?"sé%%rf f@géat%&g’i%"&ﬁd oﬁé%gﬁﬂ?g&aﬁﬁg I"?‘Ig%e% a?’pﬁs"id tE(gel | is .
erase ver i fheie donrigbgares aAd inapdup dakagricirmt wfthechitdine dnangsupsehurot progtamandr to a -
subsequent _erase .veri rat] I . ' ' on

T ot nerBLpreabe 1k SRS Bubieed R hBadhot PYIREbAlhy o |ARkeE B
bitlines ofhebhiincaepanging npanathe extem of Jusregasirs. acconpl i shed by grounding the 15
wordl i nes, applying typically 1 volt to the first bitline) and sensing the

bitline current g{tolﬁf sg&gﬁcaﬁ%gﬁlgﬁé P{?Era@xgﬁ?’ﬁa@o&h@&iﬁé&ﬁmn@%dﬁk Wheld HRbSat a

I ndi cates that ast one S connected to_the bitline Ts
over - el@s etimarvile thedthenivarglineszreagreunded- riiqyrever) becayse 3 pesitive voliage inapplicditase

correcti ongRYLGE of S ?@945 éeggﬁd;f Eﬂg(ﬁ{r@hﬁh vBitage dfinSunietecR@OAMRIVESNIGH 283 or

appl yi ng approxi mat e 1 he bitline for_ a predeterm ned | ength of
time such pesati®oa lgakagoenment will figypihrough the fpugre. ghagnehand draip ofthe ¢elr r ect i on
pul se the bitline is verified again. If bitline current is still high

i ndi cating t hat TRy unaysable ef&e of eallape Girehdis llewmiet sn EigiresiC tviidh isar sihglified t | i ne,

anot her over-erase correction pul se j e Thi 0 i epeat ed
for all of cleggcahichematicdiagpamol polpmn J@ﬂgﬁ%bgu J&B’I”chﬁ%mlzéﬁ(ggﬁﬁ?"d}g%hany

ti mes @ necesSThesolrttd df thetdiunri 4000€ trangistossrate dliconslied exh Darct supplyevoltage
predet er m fed, Yal U, Wt Ghad 5 ) B8Hiel B ChGol s8R % GETRENar 4B Sich' s i
procedure I'S ﬁ@?“lg{?f'm*ﬂ” PET he PARRICQI TR CRIEFS T N the T1rst Tow and

fol | owi ng 6rowWs cutrehi I, fladd thedugh kie tomsister 404 fromeroupdtivgugh ity soubrechamreh(et
verified. rf.orm he,oyer - e car | r ch
erase pul sg?éwﬁﬁaé'd ﬁl%%e{“& ® ?@I‘ﬁ"e@éﬁ%ghér ga‘gﬁlledrlggﬁ{ g‘{éée}gleﬁ{s&gg‘?&%rggf e

i nprovi ng tisele@etbiransistos, fof exaaiplestranbistots 462, 40herciff sxillyyrareddn Bignrediage| | s are

d i | a e . r A/ .
correchg {Nye ?%ﬁ&%hg@{@ﬁ&&%&&g.r%s&,bnae%ﬁ gg&lalaaa%f Gy B edoBr ERAYMESHVAUT | NG

erase ver|l us p t1 ng under-erase S from existing UPOH

conpl et i onangfbagkgeound legkage enrrenis Inlp ardy pquld flowyirqygh Big transisgrpd34Qp. andA0B=C

2003 6 respectively. The bitline current Is. would then be equal to the sum of I, and the background

leakage currents I;, I; and Ly. In a typical flash EEPROM, the drains of a large number of memory
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




. I NTRODUCTION FIG 5A illustrates how the threshold voltages of the ¢gljim ;gm
bits in a flash EEPROM can differ follow ng an erase operation as shown by
curve 500 that represents the 5 nunber of cells having particular val ues of
threshold voltage VT. It will be seen that the | east erased cells will have
rel ati vel WhpgHédhreshol d vol tages ig1 the regi on of VI MAXPCINSoeass4 he
nost overerased ceI I s will have low threshold voltages in the region of VT
M N t hat m Pr ngga ve. The characteristic curve illustrated in
FIG5 is SRR R 19 Lgolexglandq This paighies asHenet irthe samecssignee &5 on of
the curve tH(predit iv8aivntane istiftofoReddtherét Hy&&@&n&fm It.hﬁmfdi‘)‘ | The inRuid fidcals EEPROM
after the over rase coréﬁtﬁtl %lnagpl&eratl on. i's noted that correcting the

VT of theSHEYE ?{\Pé‘?reﬁr'%tﬁ 08 Pastmeas Pylies thatelas 1Bichbring theigfbreshold
di st ri but ivolagesbueeweto, actdpable halashol d vol t age di stribution curve 502

i ndi cates that there is a nunber of ceIIs t hat stiII have a very | ow
threshgl d vol ground | eak a call

t%@ﬁ“’ geause t he ba rerlt_#?

varies’as a funct]ohe HP ‘E‘t‘t?'égfha&etf“%‘l 'é"éjer'?'?ﬁs c?r() ?“ 'f Eﬁ%ﬁ?'\ﬁé’f"t he

t hreshol d byoén bayis by hewshiTh el ih the ﬁlrswdvagﬂ wmmeatluoﬁemmedtahﬂresem&yﬁéae as
marry as Jin h und | egkage current
may still §%ép pgﬁkéf‘éoﬁtgné"&% Songrf()c K dim?eﬁol}rtga ra' &é‘ ge): ?“"?Jlg‘ t her ef or e
desi r abl e sewscepanghueimg sens¢ armli‘fnecmo wote thabigling eurregt andmefaey daechileif thEO r educe
the thres r 0 S SSi

i deal |y apﬁésg(elpﬁélb%g\glf tﬂé éetuhge%% zi)Q‘n‘llegqr%:’att%'h'irxg}{){ﬂrg’l %@o\r}gl ]tfg]eecglatstu@ er'gFaé on t he
or der 10f indiceled by a fﬂmh‘dﬂ weltage atioue 2 valtsitbe biidihe icarreat wﬂltﬂucb@v t In thik cdse,@n etakee

t hr eshol dg“'t i @fifedlloMifdr B CLIA arki et 81 s Qb eiifBGaft POSSI Dl e DY

i ncreasin hreshol d voltage of the ce e lowest threshold
vol tage wi thout affecting the threshold voltage of the cells with the
hi ghest t hr eshéffter appliqatiegfeof epgh erase pylsecang pEorita b Subseayent esd \eifyopertiony devi ce

whi ch opewresas@csmewoakd pereﬁneraea%n Bhﬁe célld oPiRE maRbSh VRS AL Ssridphid h the
m ni mum nunber of onents which thereby reduces. AMENDED S EET

28- Q- 2oozeff9§ee<t@3heb ings qhithe aial in sguep¢re Thisds aceemplishadiby graypdingthg al | ows for

an i ngs easerdlifies! 4pplyiigiancaliof VSI@fmﬁH’lﬁtBttlﬁthﬁ@lhndlibhimg"ith@&tliﬂgcﬁreit A heB845
di scl oses _a mat?l?d and .devi.c to ti g ten tg hr eshol &Fvoltage di stribution

curve of SUFPHSEYNG2 greEs retue, higindicptes 1t abiRst one ) e sells gAmneeted tpdhe ur r ent
limter tbitideds vererased ambj dnawnnigﬂeaﬂ.gVMWtCEtﬂ'ik‘Esé M iéFlefabe Aerearidilipile {s0 t he
pr esent er r QVi. thdtotl te th t.hreshol d

vol t age d?pg)? ‘SE’% b(')tlhm% uﬁ\}se'sa comp]ﬁgﬁg'?yfpa {ﬂg@gpr%% gd' °HT to 40 Bifline for Ae oy y
cells eacixeﬁmmmgd&ngtbmfnmstdhas 100 k] oati ng gate and control gate, wherein
the menory cells IS are organized in rows and colums with the rows being

wordi bpes and LRg ﬁtcuﬂghsof%'o'@%-é?%é Lo tor Sfse MRlpilRgh WJFR{eb §4; :Q:I{%Hl%leyi ng
sof t programming voltages t e darains, sources and ates of

sel ect ed eusieny iy stidldiighsindigdting dianantdyer-erased ceplrseg remarisiegnnecsed @g@bxaine anather

fol I ows: @fr-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.



v&éb%§$ | ess than 5 volts applied to the drains of the selected nerry
voltage less than O volts applied to the substrate of the selysi®E®349
menory cells; and 25 a ranped voltage less than 3 volts applied to ?gl 2003
control gates of the selected nenory cells, wherein the soft progra 'W§
voltages are applied to the nmenory cells b&ing soft progranmmed for a tine
period in the range of |ess than 10us Preferably the threshold voltage
distribution curve is tightened by applying soft 30 progranm ng vol tages

that are sel ect iy the hot-carrier mechanismto increase the

t hreshol d voIt&@gggbq€2%¢§eéalls that have a | ow threshol d vol t age

AVENDED SHEET  28-09- 2001 U80019349 Z 3 DEC 2003 6B Preferably the initial

vol t age of the ont r.ol ate is_ |less than the threshold

vol tage of a Iea ‘gﬁlggc%ﬁes&gl ﬁ?ﬁ"? (g cells or bitzinaflah FEPROM of t

programming is capdxﬂbﬂducsmg b@emeym@ﬁ& %wﬁfb&%wtefsso mgéese%tsdt%‘“ ce has
ererase

been erase_verifi gls ter the nenpry devicé has been o
verified. The cﬁ’%’é"ﬁ‘?ﬁ@@ E‘é pertigilay Vﬁ’(‘%ﬁ/i’%@ﬁmlmyvdde&)eam thatret hod
of tightening tdiledshiraghiobth Withhacrelafllal Fiph AR YOl & o ARKH T, dth of

| ess than 2 volts, 10 The present inventl SO provides a

E: ect Ir| ;:al I %/ EMAX pvie r%ﬂ;&@@%ﬁg@%@@%@w@(ﬁﬁﬂﬁfﬂw%mmﬂwl sing. a
plurality of ng SN rain. f1oatin

control gate and 15 t(si,vtE}Jbstrgit%g \ggismbg?&sburce gﬂaptrﬂf’ﬁb‘v?/glpgé”g@imto t he
drains, sourced$IG thvmwhaﬂmeﬁddmbigeglammuoﬁ Bxeldmhbdaﬁorﬁﬁmme%@xlvks and
20 a cont§®l | ec sou soft pr ogr anmm ng
vol t ages t(g thg%%ﬁg@ﬁ%%h@ggguﬁ%&?g F&t‘%&"%ﬁ%ﬂﬁﬁ?ﬂ’é‘w the.ovsrerpsee

sel ect ed nenor gomestibl opapstianelt is nidied qhmm&ﬁ:grtmevaﬁpﬁw ﬁﬁstaw&‘éfabed)éé?lgwﬁ ng
vol tage of |es th of th ected nenory cells, a
soft progranmm E}é g&{]tpgaé%ggﬁlvégggetd ‘t"%e"?’é%terfgreéh?iif‘fqha%%s of the

sel ected nenorﬁmmhhmcummﬁoaimc&mdhatmﬁ&agenhﬁgﬁ&dfhaﬂ that V6l Rafe b Qelyne 25
control gates 9°wﬁ!p§hoslgl gﬂéed menory cells, said controller being adapted

. to control the power Sour to apply the soft progranm ng voltages for a
time peribd in the range of |ess than 10us. The present invention is better

under st ood upo S tion.of the detai 30, description below, in
conj uncti on wi ?ﬁéit%% tlhgg%cg f%ﬁ‘@aga%i‘ﬁgt V%@mofﬁ%ﬁaﬁ?@‘ appar ent

G

to those ski I | @oltdge, thdlower (mdre negatihe) tﬁ@dt&@hul@gd@&ﬁ{el el o€ 1S
N . N
tr4tll. .. cur}ént Belcéuse tHexle thay llyeras)manyt : as grz7c]élls§ conglgcte% toNa[l)JlxzﬂE)ne,SEe T

‘background leakage current may still be sufficient to exceed the cell read current. It is

20 therefore desirable to prevent cells from not only being over-erased but to reduce the
threshold voltage distribution to as low a range as possible, with ideally all cells
having the same high threshold voltage after erase on the order of 2 volts,

Therefore, what is needed is a2 method to tighten the threshold voltage distribution td
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
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_f_ogg 001 US001934~ Z 3 DEC Z003 shown and described an enbodi nent of

%9 ention sinply by way of illustration of the best node to carriyS00419349
the invention. As will be realized, the invention is capable of othe

enbodi nents and its several details are capable of nodifications |nZ§/zQE@ Qi
obvi ous aspects, all w thout departing fr the scope of the invention.
Accordingly, 5 the draw ngs and detail ed description will be regarded as
illustrative in nature and not as restrictive. BRI EF DESCRI PTION OF THE

DRAWNGS 10 T d char acter i stl of. the invention are
set forth in Pﬁep’g&%gn%eg éﬁfxgﬁnni?ﬁlo*ﬁ O BVRHEFB I § ﬁefr?émwema@ewen as
a preferred nnwmtayéa. use, and further objects and advant ages thereof, wll
best be understood by reference to the follow ng detail ed description of
illustrative enbodi nents when read in conjunction with the acconpanyi ng
dr awi ngs, wher@$4A-5 952 BASRliscloded Smathed aid ddviedo Bbmed ih'te%Jes m%'ﬁ%%éc di agram
of a flasg EEPJ;(%% FI G 1H| simlar to FIG 1A but illustrates a flash -
EEPROM havi ng ‘E‘°5FP%{R§£3 PHNSRBISEGEEY-or banks; 20 FIG 2 illustrates a
flash nenory device showing wite circuitry that appl i es programm ng and
soft programm g voltages to nmenory cells being programred or being soft
programed; 25 Iaﬁan%e“i‘epf%W%PB@Q%@“@F@M@E“GEC@W¢°ﬂsﬂonermry cell in a
programm ng configuration; FIG 4 is a sinplified electrical schematic
di agram of a col um of hash EEPROM cel I's illustrati ng the | eakage currents
from overerased or I ow threshol d vol tage menory cells; ..nii.,.;

. <N., ~ nn/_:mg-E—gTL " .ni ‘AVENDED SHEET 2 3 DEC
2003 ‘WD 01 11631 g PCT/ Us00/ 1934 |gure 5Ais a graph illustrating a
t hreshol d vol tage distribution in a flash EEPRO\/I device after an erase

PP ash EepRov SHcrdild tbTnd sl flialion, oo s FebTiteis maROH R iasten BOBrRR, o7 e
EIO\r/vsn(vvta)lrdlo:c ?e@)marcﬁstuhummwsrvéh}[aMEmm)dem eotﬁ‘pdﬁad 61][1?11(1)1%18!?&&? gyrr?énﬁlol Sn e
uri s DO, | W showi

net hog of soft prog‘;’rﬁ’ mﬁggrgglo&mg’c%og% (t,%a’i'ﬂe'fc’ﬁtf’iﬁ'?ep?”é‘g‘?ﬁ‘t B qsHs Flggure

7 shows ffe VTreergsnizedsniawpamdgoamms with thenews deing elotdlingd ztnh tht dol@hriant
initial erase being bitlines, the method comprising:

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 10ps.

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

l\k:_lln: P AN L A P PP PR TN R I R IR Tyt ]

AMENDED SHEET



VT 'in a soft progranm ng operation with substrate bias; 10 Figure 8 shows
ta%ogf?ooirsus soft programming tine for cells with different initial e/9®®I9349
VT in a soft progranm ng operation with no substrate bias; Figure 9
illustrates the voltage threshold distribution after the applicati od JoBE(t 298]
soft programm ng operation in accordance 6Bth the present invention; and
Figure 10 is an electrical schematic diagramillustrating vol tages applied
to a menory cell 15 during soft programm ng in accordance with the present
i nvention. S RRYI.NG QUT THE | NVENTI ON Ref erence i s now nade in
detail to speci f?%%ﬁ%d?ﬂ@ﬁ?@gﬁpfﬁ?émﬁ%@ﬁmﬁH%‘fqlﬁamliS\lms&hnthel ustrate
the best node mm%ummm@cmm%&m@mw for practicing the
invention. Figure 1A illustrates a basic configUration of a NOR type flash
El ectrically Erasable 20 Progranmmabl e Read-Only Menory (EEPROM device 100
to which the ppessiily foRFhnirin® 3 l.ed.o The flash nmenory
100 conprises a pl E%fhﬂégﬂg core og\ﬁ?gﬁﬁégggﬁéﬁﬁ@%‘}lg%aﬁﬂ ear %ed in a
rect angul at madevise hes bepnesase warifiedwrd aftrt thaohemary devicechas ibeet dveresms oci at ed
with a wordlinggkady)) whereas each colum is associated with a bitline
(BL). Assumng that there are. n colums and mrows, the bitlines are
designated as BLb to BLn 25 and the wordlines are designated as W.0 to W.m
Appropriate vo LAl lied to.the bitlines by a bjt]ine drjver 102,
wher eas appr op|r-I|il g? %%%Ft%éeg'g@dé‘f‘sem%‘ﬂ?ﬁsiaéﬂe’?%y fgvice 43f im yihtenine the ne
driver i04. Théreshbllagkagealipitiution tochavh @ nehkdmoet ®idier 18R dhahQhose gener at ed
by a powey, source 106 under the control of a controller 108, which is
typically on-chip logic circuitry. The controller 108 also controls the
drivers 102 an@hd Présenbinaeitiorslso provides i Bletrically-Rebsatis! le Read-
col l ectively aa&f?)(r)mwi | | lpgyﬁgmri bed, bel ow. 2 3 DEC 2003 WO 01/11631 9
PCT/ US00119349 CRY Mgy & POBPEFBE at each junction of a wordline and
a bitline. Each cell includes a Mtal-Oxide-Sem conductor (MOS) Field
Ef fect Transistor (FET) having a i&gr_ce and drain forned in a sem conductor
substrate, a fPEYFAHPIIEGmRY cllge HPE 8 sowyen drais Jantingaste; eantrol Bete idat i ng
gate by a1d ayesutsfratexi de. As shoul d be appreciated, the cells of a flash
EEPROM di ffer from conventional FETs in that they include the floating gate
and tunnel oxide |ayer disposed between the control gate and the

semi conduct or - agbwer iuee ot applyiad vélbRes RUNS Bra dotkedd, SuiRtritel MdWilrol N Cel | s
illustrated in %&ﬁgﬁ%@are dl%se ggﬁ]ed using the notation Tn.mwhere mis

the row (wordl f e colum (bitline) nunber. The control
gates of the cells are connected to respective wordlines) and the drains of
the cells Fre conr];{eoﬁ}tefg to r@gg ctive bitlines as 10 illustrated. The
sources of° aj | 2§PIHAEF {REFqutro PIREE BT B 2By sfhpRo T asBRIRg ¥OltAgEs toFi gur e

1B i |1 ustr at es tienipdilpsourdessobstiiRah GaTI Yatds oF thie Blectied ntehivhy @ils, [vhetdd®
menory 100 exc?}g that the cells are divided into_ banks, (also known as

pages or sect oFS)POWELIET SRR A S BroghuMRIng Yeltege of lessthan 2yl to thadssiah can
be programed, ofthasdéedansndre adlsi bPNRBSIaMIiNg-vol m%bi@g&f%&des a

first cell bank or page 112 and a secgond cell bank or page e 15

menory cel | s i fUbsRaesqrigs memprycells, Jad 2 grmped qoltagetless tyndwoltatmde as i n
Fi gure 175 wheggasol %at&réﬂﬂi‘e s%hea@@heha%rfeadedaiaeoﬁt&meﬂﬁeﬂzggmgéeﬁ@c&&oi fig cells
1 t he an 4

in the second bank 114. The wordlines of | banks 11 are
connected to s@PYFTSCWCHER Pl The wnf Rragremming voltages f§)a time periodiin theyrangerof
addition to thespmapiouscel I's, each bank 112 and 114 includes a sel ect or
pass transistor for each bitline. The select transistors for the banks 112
and 114 are designated as So to S" and S o 20 to S ", respectively. The

drains of the g8 gilent Petiiok s VeferHnBersOBA B rFnti@erkilsh SGRPEEALy e DI t!ines

30 description below, in conjunction with the accompanying drawings. As will become

2

readily apparent to those skilled in the art from the following description, there is
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. \gggrﬁ? ¢1he sour ces of the sel ect transi stors are connected to the drains

27?94 ansi stors for the wordlines W.d to Wmand W'o to W.'m The US001934¢
select transistors differ fromthe nmenory cell transistors in that they are
conventional MOSFETs and therefore |ack floating gates. The sel ect 23 DEC 2003
transistors are switching elenents rather 25 than nenory el ements. The
gates of the select transistors for the bank 112 are connected to a bank
sel ect BS, of a sector decoder 120 and the gates of the select transistors

for the bank 114, are gjgncgjgtfd t . bank_ sel ect output BS2 of a sector
decoder 122. Théhqéﬂiﬁ’“? SEPeq e n} of thig inventipn simnly byomsyerflilbsitratinneofc onmon

source supply vdidbagandles R hiet 331})% | Syl R. the bank 114

are connected to commo .Og(i)%f% . suppl n&i\??{stﬁggg&f SS &fg%v?goﬁ]’ﬁec%%? 112

is selected by 3p i%?"gmreﬁijiae 1t severabdstails giesppabls of modifieations il vacibud i ne BS,

that turns on t bbvidus ot i itlines,.BLO to BL"
sost o g Ay, 6000581 Pob Bk ACSB Y

to the undeglyi menory cells. The b ) dese ] Y'ng a

| ogical |y 1Jow sﬂ%ﬂg}m{l@ and detgliedidescsipien will begeg@Bled e dlusttativelin mafue brltEnot
transistors So bdresric@yad di sconnects the nenory cells fromthe bitlines.
The bank 2 3 DEC 2003 WO 01111631 | OPCTNS00/ 19349 114 is sel ected and
deselected in an essentially simlar manner using the bank sel ect signal
BS2 and sel ect BRra#si ' eration of the nmenory 110 is
essentially si m?l ar nggﬁgﬁggéﬁm%%%% (Figure 1A), except that the
program erase and read operations can be performed on the banks 112 & 114

i ndepende y o i Laure 2 illustrates a flash nenory device -
200. The thash Fr%ersrdod?# %@%ﬁﬂ%ﬁ%g 05}?8&%“?6’25 %""%I‘%lg'ﬁ' menory

cel I's) whi ch' f otpppuded slaizss. Ghe invéntion itself], howevel) @nvwelPas praRed hadd o BYOr Y cel |
204. The flash V] i.hcl ud N [ it 206 t hat f
progr am?ri ngazpe@%yn%%\éagﬁ%g%gﬁé&?g‘;%ﬁwé%ﬁb?@m rWB‘isCUI EPr‘_’aéY r%f?repq%épglg ngr "
the flash menorfpllewing de@ied desariptipn ofjHvseredivecenthp dindhts WhePkad pecohiudsfharenor y
cell 204 is ref@ftﬁﬁx@a&@on@%@%&% ragm!ng.qycl e. 10 The wite circuitry 206

i ncl.udes programmng cir ograns the flash nenory cell 204
by generatiSng a vol tage that is applied to the control gate during the

programing cyc i Lanak .pat h. 2.1 a.vgoltage VD that is.applied to the
common drain vigl%é;{‘é\ﬁsa pa?}ﬁedf%ﬁgcés\g%ﬁnfagﬁg‘“%‘%ﬁé "fh’sE]%?ﬁQMéd to the

common source via signal path 214, and a voltage VB that is applied to the

1T vi ' : qal .S l.d b jated that th ' I
15 path 210 1 s Sohapal SRR BO 1A tur R uts o g BRRRGM s on crlrmmmsssin

progranmi ng ci r'o\einages arbenkshat soft prograns the flash nenory cell 204 and
all of thegflash nmenory cells on thewordline that includes the flash nenory
cell 204. The soft progranmmng circuitry 218 generates a ranpwd voltage) as
i ndi cated at 21HG. iihstrates aiflgsh methotyodetvive stoovity wiite girtibtryithbi dpgliéshe sof t

progranm ng cy Vinfh ir?gf . 20 .vaol t age that is applied to
t he comon dr aicé{s%ri a sl Q%Q?L%E‘?’Wg ‘é‘ﬁt\%?sttgﬁ'?m@% "teﬁgl?e‘qgspr EJ‘PF‘E@WO t he
common source vheingso§padsrgromed; 214, and a voltage VB that is applied to the
common wel |l via signal path 216. Figure 3 illustrates the elenents of the
flash nenory cell 204 indicated in Figure 2. The flash nenory cell 204 is

formed in25n a BG Bdbatratmeemtsdaﬂﬁhmeﬁbbi@mmﬁﬁbgﬁmmcﬂmgmoﬁbmlI

25 formed in a first substrate material 302. The flash nenory cell 204

i ncludes a pair of doped regions 304 and 306 formed in either the silicon
substrate or welfIG. 3@ simplified elestrical agliematicfiderini o€ 4 tolitein 868 ERPROR and t he

doped regi on 30 ks s,a drain during pragranmng cycles of the
flash nenory ce%ﬁ@gﬁfa&%%e?% ¢ ng?gmeé’l"%“gff’%q’ thershold valtageked gat e
structure that nemdrydel; a control gate 30 307 and a floating gate 308. In
one enbodi nent) 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 |ayer

310 is also referred to as a tunnel oxide. The control gate 307 is
separated fromthe floating gate 308 by an oxide |ayer 312. Z 3 DEC Z003

AMENDED SHEET




WD 01111631 11 PCT/ US00/ 19349 The programming circuitry 208 of the wite
circuitry 206 (Figure 2) progranms the flash nmenory cell 204 to a 23 DEC 2003
predeterm ned threshold voltage VT by applying a relatively constant drain
vol t age to the drain 306 while applying a gate voltage V to the
control E’ 143! During progranm ng cycles, a vol tage V S PCIGPAA? ned on
the source 304. In addition, either the region 300 is maintained at a | ow

vol tage | evel i ro It u anp t hat as
expl ai ned abov gPFFeg“} gd‘l%‘ﬂ’%%trwaﬁé O(/(\irevl"}mgfe'Sl"g)r#)((’)"rmzfil s?g'f)é regi on
dependi ngdevenftédsa eenbogtraidni . As Wil | be di scussed bel ow, the voI t age
differenti al betmeen the drains and the sources of cells not being
programed cau oun a t A4S granm
current to fIO\?v e ) mJetSlm]i():lltchg *é@t%@algéﬂle{nﬁﬂm%@ée o p?g&?%@nm Hoxprigl

al so be dquuslaﬂemtlntdpmmathevelmges qrpphngrtatrmwgs (wordbingsy and @iu@ng fbidihes) viral te
circuitry_ 20 f r on a wordline by applying a
ranpedgvo %’8§§§’u+15'§' ?ﬁ’;ﬁ}f V\B(?rgpr gﬁm'&véﬁ!{ag{g\e to the drains of the nenory-
cells being soft programmed and a voltage to the sources of the nenory

cel | s bei ng soFigurs®igadlewstiagrarmshowing theymethiod df spfe prog@mmimssnigecordangs withe dr ai n
306 and t causes electron 15 flow through the channel region
314 of thgﬁﬁ&éﬁ%&ﬁ%ﬁféﬁy cell 204. The electrons are represented by a ; at
316 in the channel region 314. Hot carrier injection occurs as high-energy

el ectrons i gr Bigsre hshows thetVreretsys 198 preggnyning e farcells,with diffesent initia! gratee 308,

The path ofina bt pRzENBRAY oftkfioh Wil shtid@ite Blagr at es onto the floating gate 308
is represented by arrow 320. Figure 5B illustrates the nethod of soft

programing in_acc a th the_present. 20 i e.5B |s t he
devi c&9 100 shoWﬁ“T"rﬁrg‘l" ﬁrs% °’S‘ﬁ1§9f‘s°6‘fgfar‘ﬂ?18§ﬂ"3ﬁ‘ﬁq ﬁésw' a%gfg 'l"éai

| east a w4 sof pﬁtgraanduhgrsperdttonshmuioduds&atablpf eciated that Figure 1A shows a
single sector and that in accordance with the present invention multiple
word |ines can_be ctor can
be soft progr amrcfsggilg%{%geé ’%tﬂnresclr’mﬁfd gsfrnbupgn Af@r ?P'$°§ﬁ'iﬂr°gﬂ‘gf§?a | o
power et puogkamfmmptrapomgramdmgp Witmtthgcmem‘Z)@tlomn@il ine W is 25 bei ng
programmed as indicated by the ranped voltage 504 being applied to the
wordline by th i%K\Rf Vo %a?bi( on

t he wordl i ne. B worlk ﬂgcg.l),éé\?/\%gérﬁéhc% ?' aﬁﬂﬁt&% %at% plg{regbnagj?cﬁ% ﬁeal soft
prograﬁn"reél'falgéOngTGBm@éH"%‘Q afqoranen it the P'SGB“""H‘?BWrrermry cells that are to
be soft progranmed are further selected by the bitline driver 102 applying

a soft programm ng vol mwdne@mmca)wrrwed bitlines. For
exanple) the bitlines ,0 30 t ﬁrough BL" coul d be sel ected or any subset
of the bitline | n_ar zeI r t
progr anm ng, ﬁ"sfffﬁgcter’%?oew B'P‘g m\%ﬂ c'fe g’ggl &o?g.E fLF{dt nl|gcsr1"§§p ?Ed

t he subst illastee thskwst hodppreserty aandmataedby the dndentors dorgsacyiping tEiinyemts®ns i s a
fl ow di agram of the erase operation that is conducted on a Flash Menory

device in acco NORypelt on starts
as i ndi cat ed a?ggl%gﬂ WB&%%E% g%@ﬁ%z%df\{)ﬁ%l Bc t{gﬁcq'%%g%}%l gﬁﬁbt h t he
gener 2 i ofrogrammable Read-Oniy den@uy (EERRQM) dspive 1900 whichti/pfeseht iRvsBtiqnigsh nenory
art, the idvé.ﬁ&eaﬁwpmﬂﬁwhenayﬁnaﬁ&prmoﬁrm&d a'iukdlitybf CORLS HRmBEy defdli cat ed

at 604 The purpose of the preprogrammng _is to bring cells to the sane
state in Whickpeamangedinpraciangplap payis on ey O Eﬁwsaaﬁ‘@'wrm% rFé‘C'b@M%aSSfrcra‘?ds
determ ”eﬁim@& wBfdfind ﬁfwt)h WhéedsRAEH dofuntd i9 SHseuiidNGitA Hilline PBIEY ase ( APDE)
operation is conple | f the APDE operation is not corrpl ete, the APDE
programls run at 608. It is again deaerm ned aﬁtl 606 ge A{%ﬁ ration
i s conplete. TAFUMTEIhat hepeare p Colyppg and oy rops, the by 'B%&aé °§‘cg“ to APDE
oper ?25 o narid&hd)@cifmhﬁﬁ fre dWiQﬂtddTas nenoecs wmeelppxbp:ﬁ&ﬁvdnhgds ateruppmmahe pitlires i Ion is
corrp ete eter erase corrp ete.
o i i et 102, A eRipaproprine g S RPURNE IR M s R o By
er as e opedrarer 104. The cﬂrad«mtpplebdas thelddlvcml@chndﬂo‘ﬁard Qentmedmb'tamowerrseme«r wﬁe
operation t .60 r
c Orrpl ete, unjde rtﬁ%ﬂntr?l oé a '&?;Brol gﬁﬁxs g c%%a?iﬂ‘g 1olgf’('§§§&’ ﬁe'cg&r l%r %ngeat S
until t healfd castrolswherdrivers mm&ﬂoetoaldg}res rtmwncaylcbllts i iduatly pa@ée%lﬂﬂl)%
opera._}d on }Plao% cscegedcb%[gnl eted. When it is indicated at 610 that the
er asel over erase operation is conplete) the soft progranm ng operation in
accordance wth the present invention is conducted as indicated at 614.
After the soft 15 programm ng operation is conplete at 614, the erasure is
conplete as indicated at 616. Because of the continued scaling of flash
menories for | ow voltage/l ow power




_.applications has placed new demands on technol ogy and the design of flash
menori es to achi eve narrow erase threshol d vol tage VT distribution) Zt3hBEC 2003
i nventors have di scovered a nmethod to achieve a tight threshold voltage VT
distribution for |ow vol tage/l ow power FLASH nenory devi ces. The 20 net hod
utilizes MwO-OtAreter injection underglow gate, drain) and SPOFUS@II®349

vol tages to soft program overerased cells and conpact (narrow) the VT
distribution after erase. The soft programm ng as shown in Figure 6 is

i mpl enent ed af tAnndnh:ey cedlrisiatatediran saeh AlBonadf g ovordlinemraiuchiting) Haeh celihchrgess ed on

cont i gur it MR-GatF 88 RlstnbefolofTiit Bl BurSUEE TR pRE RE=a tring "er ase

al gori t hm fehiddan aacmmvndngottshbstmueaas@oaﬂﬁg gﬁfe dnd;:t canboltga(arae;tameﬂ fivrcthé figaking €SS

than 2 vol f a Ses chani sm
under | ow ate bels‘ol ’?er%?’%aendmﬂ 3 (g's(t%eaﬁpgrc a%eecs? J aEHa %ﬁwagf FE?’Bs t he

t hreshol d mvttnag@l ERis mchaethepinclodasbe ﬂuaslng gge ammmpt@@deamt dlgpotsddrmmfcat a
single celghe Wi B Y d Ql:h%st.ﬁftcBAd%LmFJuﬁﬁ&e";f?%%gtt}e sBiES T dgl§narefo i figure
denonstrates that” under so ions o ranpe voltage Vgs
of less than 3 volts 30 appli ed to the control gates) a voI tage VDS of |ess
than 5 volts appieicets illastmiadindfigined A asmdpsignared usingehootation/Byn, whert essththan 0
vol ts appl f@dwbRihd) Gumbhahd @fs?hc &luﬂﬁ)l(t)ltlmcs mnﬁoel' Oﬂﬂe cgﬁt VTEJteSWthWQ sGrd €Quire
a soft programm ng pul se of |less than 10usec for eac a voltage
great er t HEARANAGted & fespective wWosdlines, eul thedraing plthe wlean@p@ew tp sggpective jdingsast hat
do not 1¢CONliiskridl ETROsolREs If BREAHE Y afe@Biinebdd Rthe fWRPRBAL: F06,1 N9 the
application of the soft programm ng. The inventors have di scovered that for
a typical 35 di St%lgﬁu“ on after normal_ erase/ APDE operations, the nost

erased cel | s wifigungdBdllysrates angiher fiash EEPROM mgspory btd2hapgs similar iothe memory
PCT/ US00/ 1198 é£ceprhat thel @iteire Mi¥idvdintotasies] {afoknewn astpegemar RctOis$; two Mm&rhrem A

not be di sturbe resu t the erase VI d strl ution will be
nar r owed a‘ﬁ(c’iw'é"'\%'%'trﬁ feat'é%’IW'tti‘afﬁ“ ge \’f8$rf“§‘m(‘f§r?"‘}3%d rad jadepengently; fhent or s
have di sconemiceyl11thiatiudese ﬁtsseellda‘anjaorsngslmahea bécand derrpﬁrmwpaéequh Thee

hot - caysr i L On f under te drain

vol taglres) %ng) cg% mr%’%ﬁcebm{( EH:%%E s@ﬁ? e%mr%eeqsﬁl F ggnqeéplggfql%fgdylﬁm hg.
Figure 8 sﬂmawsymolvsaa@cdstostmfdbsmmugrsaﬂ‘rmemglmndemedoh@bmm \@mmﬂﬂmém as
Figure 7 kyy I t%apl [ IearIy
denonstr at esb%igﬁgzﬁﬁga{eocg\éﬁclcégo? {Pgtgt“%og&r?tﬂsmg{lﬁ 8 ra . gtwer i's
noted that the use of a substrate bias reduces the soft ogranm ng current
si gni fi cant|y) Ieddigonse thememery cslis. prshbaniabi3|and 214 ipgludes tHorgassttiaesistor

char act er ifgahétBiinl. TRQeRa hhstdtratfor iHe®akks TR 14 Gl de@%taea adl$ Itt, szaed,s t he
tlme#greqlredfor soft pro ramnn is less than < Et sed an

r equi m’FS@ﬁ“t‘“’F’H {heedrping, é‘“‘oﬁﬂleﬁ‘ napEstprs Aecamectsd fofee fﬁﬂ’Pc‘tVaP'rﬂt'EF’
i nj ecti on whereak thé Qﬁhﬁceﬁ)f)f the deRBILRAsiMtOs hRGONNGEd taRSdrhiiasr tie tiabikiSrs a¢HRhe €d t O

t he control at e c s bejng soft programmed, a voltage Vps |ess
than 5 vol't ts {Vg t'}‘i‘%r"éﬁ% wf the cells being soft programed, and

a voltage VSub < 0 volts applied to the substrate. In this case,

i npl ement i ng sdhe sqhecogaminorsiiiffenitbtm thdwperpory celtliransistorsomthat thayl akd dontentiyria/ wor d
at a tine I o L4 ca 5to 1.0
second erz]ids(gS Ptkﬁgnégdp@%géee(r:l %{?10‘2’?% &, ﬂege%gtgjba?‘%a'%?réggé&% rtgye? es!es l'zg?er‘res and
vol tac}és #rap memiogy edsrnangsl dbe geftestof ﬂesclemd'amqra@eﬂwtbmllém chraected foiadbenk and
are givengdy gk $%§E&@éde¥£cm598§$§ Fﬁgg of t%’@le&hﬁfnsn 4D e bR H133ges and

vol tage ranges co utrlirze out artin rom the scope of the
i nvent i onCoMEged te adbapk selgettoutpueBSatof a seetar ﬂ@ﬁmﬁg‘zéf Tlterfeurmroéﬁhsﬂb wbﬁrﬂc age
curve VT YE1 §4orbtIRAD a Commbh &%tcb§uppmlt§ ‘ng 15&15:}6%@3%&%%@%9@“? tt&he

t hreshol d 2%/q?(lta ge distribution of ter an erase operation)

dashed poP¥kdi4 5@2°F'W&F‘!:‘Qtaé‘§mﬁlﬁ}ws‘6\9@r5§Pl§3§é°'E’é‘?Ye?cltzﬁon corrects the nost
.overerased cells and is typically successful in increasing the threshold

vol t age of thekaqm&edta;&%y@péw]ﬁ ahxgtten;zﬁglos: etmhlestlelcut}emo

i ndi cates the voltage di st tlono fter the soft
pr ogr ami g B P%\f'teg'ﬁ“ﬁ' %‘88 %d%{’r‘té@“'tﬁf"ts w%ﬁ"fﬁ%&g 'y heHedegHing BemeRyqyr e
10 i |1 ust ceiis.eThetamk i 1dis uakieagbsy a@pl@u@ranbgn&aiymv agﬂmmtewameéelecﬂmﬁ@sdurl ng a

soft prog n erat.i on rce i s _grounded. a ted 1002, a
Fanped voltage® pe A SERER sors e hicomses g menet it B Thpikand o
bias voltage is applied to the substrate as indicated at 1006. In an
arrangement in which NMOS transistor cells, for exanple, are fornmed in
P-type wells in a sem conductor substrate, a negative voltage can be

applied to the P-wells. The source is 30 grounded and a negative vol tage
appl | ed to the substrate or P-well. This prow des a h| gher hori zont al

o o Y T Y . o M -




. -the threshold voltage distribution in a flash EEPROM after erase by
increasing the threshold Z 3 DEC 2003 WD OL111631 14 PCT/ US0011934 DEC 2003
vol t ages of overerased cells while not affecting the threshold voltages of
the | east erased cells. In addition | eakage current in the cells is

subst ant i 3¥Q 91/H63kri nat ed) thereby rdducing the power requi r BRENSUARAYP
resulting in a further tightening of the threshold vol tage d| Stl’l buti on.

Furt hernore the power uired for ra eb
1T ow gt b seehan gesp el o eyl iaBC AT SRt SIS et B
descri pti gfled@traksiiboresh i’ reme opefrattah@f tmwmorpmohaassmaty qmmaaaatrmdoffm
pur poses of |IIust ation and gﬁ F‘% tion. Iendeq)gto be

exhaust i v&egpry 0 (Fighre iA)excopt OgTay ﬁréseﬁlnéﬁﬁaggpef ofi: cAnLePE ¥ PRyi ous
nodi fi cat kwb%nlﬁsrllvwlﬁtiﬁd%p&daftl@ opsifmidnesuslyy | i ght of the above teachings.

The enbodi nent was chosen and described to provide the best illustration of
the 10 prlnC|p I on d L L shoP5R t her eby
enabl edone of %ﬁrﬁgfliyswﬁslalﬁ%}hm?'ﬂ%ya‘r"vtlc 23)0u:l‘ hasﬁ%{e Aﬁ\'}f%ﬁ?b@ﬁc#&s@g“ ous -

enbodi mentafay202 offlhdh rveorypeedls, widtkihfforcpposessof aihlsmt@nsﬂhowedsmgic flhsh myeanary cul ar

use conte such nodi Gal he
scope of gﬁnggen@ISL l'yéle‘f'er{nqo ne?i‘lqu&{' %@‘ﬂc%ﬁgb@ ‘38@? pW:Q‘hrﬂmE

i nt er pr et egeratibnaocthe dtmczozm‘ ﬂ#ahmmomﬁadtlwmd@nm flash mqeryryane&,l 204 Fach,

l egal ly, and e bl n AW dto
tighten tﬁégﬁ'nresém g)ﬁoﬁ {'lhghg |"§et'r} ?‘ége?{%%qéﬁte\%éc I n gﬁngi'-m %E%J&éigmg 2 3
DEC 2003 devi ce conposed of nultiple nmenory cells each havi n a source,

dr ai n10f | oat i ndhearite circeitiy 2Qfoinelndss programmingeircsitry 208 thahgragratps ghsiflash oy e
organi zed e%owmzaﬂgégnﬂl:ﬁmw&éltﬁﬂ?sd’p@ﬁ&it@ﬂie%mmrgﬂéﬂtﬂﬂfgtﬁ@d the col ums

bei ng b|t I nes, the od conprisin pl ying soft q%‘Eogramn ng voltages
to the drarogammipgexsiesinsignabpath 219} 2 yoliagss efhaE’éPléiﬂ'P‘éH’ nekipip yia signal e n

the soft Pﬁﬂgﬁﬁ%ﬂ&emltﬁa@wﬁﬁplﬁﬂﬁ)tﬁ@ccfrﬂjn&p.wﬁrce Ha signMQhﬂth dn@8Softdp8 VD
volts ap led to drains of the sel ected rrem)ugé{eells $1 | ess

than 0 voI‘*!aS'Sei‘BﬂleﬁéQj‘ht’ gommen wellds sighabpath 216, oIt shquldheapprraipls 9‘3'0'&!? F‘g’“ﬂ and 15
a ranjed Y,gdhtzqagalvaﬁamghan 3 volts applied to the control gates of the
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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 Vs that is applied to

the common source via signal path 214, and a voitage Vp 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.



3. The nethod of claim2 wherein the initial voltage of the ranped control
gate voltage is less than the threshold voltage of a | east erased cqld DECCH0I
4. The method of claim4 wherein the soft programm ng voltages applied to
the cells being soft programmed reduces a maxi mumw dth of the threshold
vol t age diwordlthugsion to less than 2 yplts. 5. The nethod of pciraisewiesigir t her
conprising verifying that all nmenory cells in 30 the nenory devi ce have
been erased before applying the soft programm ng voltages. AMENDED SHEET
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menory cells, a soft programm ng voltage of |ess than O volts to
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volts to the control gates of the selected nenory cells, said controller
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The voltage differential Vpg between the drain 306 and the source 304 causes electron

15  flow through the channel region 314 of the flash memory cell 204. The electrons are represented
by €7, at 316 in the channel region 314. Hot carrier injection occurs as high-energy electrons
migrate through the oxide region 310 onto the floating gate 308. The path of a high-energy

electron that migrates onto the floating gate 308 is represented by arrow 320.

Figure 5B illustrates the method of soft programming in accordance with the present

20 invention. Figure 5B is the device 100 shown in Figure 1A. The soft programming is
accomplished at least a wordline at a time. It should be appreciated that Figure 1A shows a single
sector and that in accordance with the present invention multiple word lines can be soft
programmed. A word line in more than one sector can be soft programmed because the method of
the present invention is a low power method of soft programming. In Figure 5B, wordline WL, is

25  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, WLy, 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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3 30 applied to the control gates, a voltage Vps of less than 5 volts applied to the drains, and a voltage

Vaub(Vp) 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 Vy 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  Vqdistribution after normal erase/APDE operations, the most erased cells will be soft programmed
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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. It is to
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 other 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 Vt 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 cells after the soft

programming operation in accordance with the present invention.

25 Figure 10 illustrates how the voltages are applied to a 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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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 - N

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 10us.

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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~ a plurality of memory cells each havmg a source, dra.m, floating gate, control gate and
substrate; :

10

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

a controller for controlling the power source to apply soft programming voltages to
15 the drains, sources, substrates and control gates of the selected memory cells, wherein
the power source applies a soft programming voltage of less than 5 volis 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 10ps.

8. The memory of claim 8, in which the controller controls the power source to

apply soft pro gfamming voltages to utilize a hot-carrier injection mechanism

25
0. 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
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