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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 unnel oxide
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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  maintainedata ground level or a zero voltage level in relation to the vohages applxed 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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25  voltage level on the ﬂoatmg gate decreases during programming. Under this condition, holes from

the electron-hole pairs that are created in the channel region near the drain can migrate throughout
the tunnel oxide layer and onto the floating gate. Such migration of holes onto the floating gate
causes surface damage to the wunnel oxide layer. Such surface damage usually causes long-term
reliability problems in the flash memory cell by reducing the rate of injection of electrons onto the
30 floating gate during programming. In--addition, such surface damage can interfere with current
flow through the channel region of the flash memory cell during a read operation that also resuits

in a reduction in long-term reliability.

The microelectronic flash or block-erase Electrically Erasable Programmable Read-Only
Memory (Flash EEPROM) includes an array of cells that can be independently programmed and



in a reduction in long-termreliability. The mcroelectronic flash or
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voltage will be relatively low (2 volts), the control gate voltage will enhance the channel, and the

bitline current will be relatively high.

A cell can be erased in several ways. In one arrangement, 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
programming to undergo Fowler-Nordheim tunneling from the floating gate through the thin
tunnel oxide layer to the source. Applying a negative voltage on the order of minus 10 volts to the
control gate, applying 5 volts to the source and allowing the drain to float can also erase a cell.
30  Another method of erasing a cell is by applying 5 volts to the P-well and minus 10 volts to the

control gate while allowing the source and drain to float.
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the art 1o I gamfRr LhE rdr BRABRY 8 eriiRlsloPRfls #L ShliceBdilo c8h UR¥nd 9 { Bbdinfid an over-
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 Automatic
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
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The procedure is repeated, as many times as necessary until the bitline current is reduced
25 - tothe 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 proce&ure 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 cumrent is reduced during erase
verify, thus preventing under-erased cells from existing upon completion of the erase verify

procedure.
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t he threshol

t ages he cells or an differ
fol | owi ng arpalélF%Eaé“’B'ﬁ‘é‘faQﬁ Q§H’“’é§°‘%¥?&‘€ﬁ Y5y I‘c"ﬂpb%seg'b%“?]ﬁg?wregﬁag\ﬂg%ﬁ’fg t he
nunber of ceaberelati@lyihing tipahdld @dlda@s inhd regisn off ViMACE sherbad the aiobtageerssbd cdlls Wi | |

be seen tg] at lhpnavlc; owatgresh% a%ﬁa’gﬁd Cﬁ he lol’ V{%ﬁﬁ‘ﬁh&@iﬂ%%hﬂﬁe?ﬁg@ 'I'B{'r eshol d

vol t ages inY 1'on o nost overera 5 wll
have low th ro@mmmpsm Hiyssestei! in Fignre 5 e,sgqnewn wftheiprahrjdivpliage distrbutign. z’éxeo or

negative. Th@ses oaq,mwﬁmaz%ev\fﬁe thkinﬂt%%%f%cﬁlswﬂhsﬁﬁmmﬁm as the
t hreshol d vol t age d| stri bution. I Eﬂ hed &E&nﬁfﬁ' \ chrvgi 2 show

t he t hr eshol e Q/EERsEFETecHon QPRFALQD, it ignof SPVPVIRE BVer er ase
correcti on djaechaigedihe thishdldsvohage eidtriblwivt. Howc\ectherﬂgestmwmgeoﬁs&imeomw

over er as ;ﬁ o fég& knﬁr%tg%t gxgg ﬁ%ﬁﬁm :J;l%f éeh£ {ﬂmﬂﬁ Havg Q L/ér?ﬁﬁ/ tﬁl’bsﬁ&lﬁ 'VSME& on. However,

the thre age distr I on curve 502 indicates that there is a
nunber of cells that still hav ve I ow t reshol d vol ta use the
backgr ound | eaka&é‘aﬁ"l‘}meé’ﬁ‘ikg‘m“di a@%ﬁelc  plage ‘émﬁsﬁ‘sﬁg‘g'f'i“’g %feﬂf“ﬁ‘fe 1d

vol tage, t haelbwowmoré negativeytberhteshokl)voltdze thtethigherivirl lehkagsicurrege Betausethgghimay t he

| eakage cur rb% ﬁ%ﬁ%g@k nE&edr{@X bitHAE, zﬁe%a&i&mén@ﬁalége?cuﬁékln@&mrﬁgect ed to a

bitline, the roun e current may stil sufficient to exceed

the cell reaﬁﬂfﬁE’ﬁﬁtI“Eﬂr’Ffeedﬂ‘Fc‘f”s“" R ()‘F’é“l?é*ﬁ‘?’? %FB‘F”Q'et‘%P’E)‘Fé\F&’?ﬁ T @Y+ om not
only 15 fwi rb@m@tlﬁ[‘-cr@d’e&&&%lbdli:eﬁl@thfe@ldﬂtﬁﬁ)lthﬁb&hiﬂbﬁ%ﬂl@hstW@hh%ﬂpdkslbkrI buti on

to as | ow a GiaRasnAR ARG G sam %Hm@@ﬁataf?&fk%gsé&%a&&mﬁssaﬁe hi gh

threshol d vol'ta age AT er O o erefore, what is

needed is a nmethod to ti hten t he threshol d voItIG%e di str4 ion to as | ow
a range as possi BR&EeleR ‘Y’H’df@&%‘i‘ihﬁ'ﬁﬁ@dﬁﬁ?m&edh pid oltage fistabptionto@s ¢\ ¢
the | owest tibw e&h@laﬁipossiﬁlb bypigicreasing the ttireshlll @altagesf thelvellstwith dis:hawest thtedhbﬂge of

the cells with, %wﬁm Wik tﬁemreesﬁm ShaddesR I8 wih e B e Vlfagl

| NVENTI ON Acco resen ent I on, egol ng an ther

obj ects and advantages are obtained by a ne vi ce and a net hod of
soft proframing each mmrymlzgiwﬁi ce that tightens the
threshol d voltage distribution curve to have a maxi numw dth of |ess than
2 volts. The sof Acqrrdingrtatbepragntiotettingetbe formgbingiandptherebjsetd anddyantggesafe | ess

than 3 vo |. t Sbaid I;y%(ine;'rﬂry device and a method of soft programming each memory cell in the memory
device that tightens the threshold voltage distribution curve to have a maximum width of less than

2 volts. The soft programming voltages include a ramped voltage of less than 3 volts applied to

25 the control gates of the memory cells being soft programmed, a voltage of less than 5 volts applied
to the drains of the memory cells being soft programmed and a voltage of less than O volts applied
to the substrates of the memory cells being soft programmed.

In accordance with one aspect of the invention, the threshold voltage distribution curve is
tightened by applying soft programming voltages that are selected to utilize the hot-carrier
30 mechanism to increase the threshold voltage of memory cells that have a low threshold voltage.

In accordance with another aspect of the invention, the initial voltage of the ramped

control gate voltage is less than the threshold voltage of a least erased cell in the memory device.
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25 the control gates of the nenory cells being soft programred, a voltage
of less than 5 volts applied to the drains of the nenory cells being soft
programmed and a voltage of less than O volts applied to the substrates of
t he menor ywoalithsssbei ng soft programred. | n accordance w PoTmSe/1@39ect of
the invention, the threshold voltage distribution curve is tightened by
appl yi ng soft programm ng voltages that are selected to, utilize the
hot-carrier 30 M@eqeeiance yithanqtheraspeqtaf the fpyentiop, thesait rogARpE XOIBESS A8 pr y cel | s
that have appliedvot himsgeabdlesstah a@microsdcondaccor dance wi t h anot her aspect of
the invention, the initial voltage of the ranped control gate voltage is
| ess than the thr GRS HRSeA ind idaBQiel y
device. This Shgégc%@égé'gtghﬁ%g?fg%‘e‘gﬂﬁ o IR ?’P%#"iﬂn?fﬁa&g'fﬁ%%

01/ 11631 7 mPoyyydediye/aitershegnemory deviesias besp erasgverified anshafter theJugmop deyiee haf o

i nventi @n, ptdi@vesdist verffiedgr anm ng vol tages are applied for a tine period

| ess than 10 m croseconds. |In accordance with another aspect of the
nvention, the 3l be Rl QAR dP RS advide bids meMRATBF denilfi 6 f ter Lhe
menory devi ce has been erase verified and after the menory device has 5
been over etheshold ¥altpge;distributivndo bave & mavyam Yidthoh lpssthal WHovi des a menory devi ce
and a nethod of tightening the threshold voltage distribution to have a
maxi mum wi dt h ofhelpeesan inbemtonds bendet understdod upmesrsittraiionof the desailell destriptiore r

under st 000 R0 T SRRRET LA hORcabpabffs ik R ESCH. Ml hophl @thosd |
conjunction w thothe acconpanyi rPg dramngs. As wi || becone readi Ity appar ent
to thosl® sidlledii the artfrompthe falloving desqription; there isghquenandgrsaibed s gbrdiment there i s
shown and gsigvehtRdinply b3WaPof iMeskhtion bf thdBest nody @Rt thi: Ptnyion YAswal bo f

illustration.of the best no ). card V. 0 1 | il | be

real i zed, {HRETAFIREFER™S cgpaglgﬁg PE R 1%?&2&%%'%%@&%%&@%1%&5 sever al

det ai | s ar ewdifigatitrisén afiousrebyipisiaspaqts. athwithopt doperting fremdhe spepg of theipesation. 5 |

Wi thout  depeohdidhy, fhe BdWinBEand BQRARI Bdscriphiéh wild ¥Eidrda as ildsaRVeth Mfirdand t he

draw ng‘s and detai]l ed description will be regarded as illustrative in

nat ur e 1And ™SS KIRUXE restrictive. BRI EF DESCR PTI ON OF THE DRAW NGS The
novel features believed characteristic of the invention are set forth in

t he appended clains. ThE8RiEDEDLISE L OFTHEDRAWINGS 55 \we|| as a preferred
node of use, and further objects and advantages thereof, will best be
under st ood by rHeabenfzaukobeibved ématatteristicf tetdtvantiop dredes Sarthiipthe appendipd 20

11 ustr ati ¥, e Gl IRh fedH Vifbeld A0 whf s BRIHEERbdRTdr e ldid fufer S66/RANY | NG
dr awi ngs, erein: Iqure IS a Sl r’rP 1 f1ed eI-ec,trlca{ Sech_ematlc di agram
of a fl ashWemoﬂ will best be understood by reference to the following detailed description of ,

20  illustrative embodiments when read in conjunction with the accompanying drawings, wherein:

Q

Figure 1A is a simplified electrical schematic diagram of aflash EEPROM;

Figure 1B is similar to Figure 1A but illustrates a flash EEPROM having cells arranged
in two pages or banks;

Figure 2 illustrates a flash memory device showihg write circuitry that applies
25  programming and soft programming voltages to memory cells being programmed or being soft

programmed;
Figure 3 illustrates the elements of a flash memory cell in a programming configuration;

Figure 4 is a simplified electrical schematic diagram of a column of flash EEPROM cells

illustrating the leakage currents from overerased or low threshold voltage memory cells;
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Figure 1B is simlar to Figure 1A but illustrates a flash EEPROM havi ng
cells arranged in two pages or banks; Figure 2 illustrates a flash nenory
device showing wite circuitry that applies 25 programm ng and soft
progranmm ng weldiagls to nmenory cells peing progranmed or bepdiguseoidses
programmed; Figure 3 illustrates the elenents of a flash nmenory cell in a
progranm ng configuration; Figure 4 is a sinplified electrical schematic
di agram of a col ukigareSAfi{ asgriphilEPRENE & icshold Yoltigg distrikutiondn 4 flash EERROM e
currents fro@q¥efebf&sd oftiratiofW t hreshol d vol tage nemory cells; This Sheet
Has Been Replaced 11T TEUEEErrererrrrrl W 01711631 8 PCT/ USOQ 19349

F1 s EEPROV doviiBwesp i SrpisPRuR il apnos iesmryd A naitTEROMMSE T 7 ca

el ectrical s®&igerehA withdemesemativo folages hpplibd tb EIRROM (wbrdlimes)iand cdRirgpg (bitlified) ofiat h
represent gti Vel d -Qg@& tdlines) and col ums
(bitlines) o}‘ﬁg S&Qn%ﬁ?egpwgrg% f;&égagrlnfls 8réiﬂﬁg a soft programm ng
operation; Figure 6 is.a flow diagramshowi ng_the nethod of soft |
programming in agﬁm’agﬁéé{%%%mt avige E‘ﬁ‘!“’qg‘ﬁ@%ﬂr?%‘?ﬁmﬁ?{j‘ﬂf‘é” Cfifs the

VT versus softeppseognantianng tine for cells with different initial erase VT
In a soft programm ng operation with substrate bias; 10 Figure 8 shows the
VT versus soft preagird MoRs te viRerhsoff ftbdramnting méiof £RS Gl aiffibAdidbdal &h@Se VT
in a soft prggra ng operation wWith no substrate bias; Figure 9
i|lustrates 9?’1'8“% A& SREREPH™IH VPSFPB8RF on after the application of the
sof t progran’m' ng operation in accordance with the present invention; and
Figure 10%i s an dligure $ shows the Vinsersus seft rogsamraing time fgseellswithdjfferentinitipberasa ppl i ed
to a nmenory vﬁnlasoﬁlp";oggﬁ,{ﬁn?o'\fiﬁignp{tmg;samtggag;n accordance with the present
I nvention. MODES FOR CARRYI NG OQUT THE | NVENTI ON Reference is now nmade in

detail to specifi ' t i i.on: Whi ¢ I lJustrate
t he best node pr e@%ﬁ?@lﬁ%ﬂ%ﬁ? g’%ﬁ@%ﬁ"e@ggﬁfdt sgﬁ’}n#\[/‘éwnt%%éésa%r oﬁlrogt(]:lf |s°(t:1| ng the

i nvention. YPEYRBInG gpefafion ig apcqrdance with the prescatinvenyénm 2ndi on of a NOR type flash
Electrically Erasable 20 Programmabl e Read-Only Menory (EEPROM device 100
to which the predtgure 10y &ndléchicalischematic diagram illustrating voltages applied to a memory cell

15  during soft programming in accordance with the present invention.

MODES FOR CARRYING OUT THE INVENTION

Reference is now made in detail to specific embodiments of the present invention which

illustrate the best mode presently contemplated by the inventors for practicing the invention.

- Figure 1A illustrates a basic configuration of a NOR type flash Electrically Erasable
20  Programmable Read-Only Memory (EEPROM) device 100 to which the present invention is
advantageously applied. The flash memory 100 comprises a plurality of core or memory cells,
which are arranged in a rectangular matrix or array of rows and columns. Each row is associated

with a wordline (WL), whereas each column is associated with a bitline (BL).

Assuming that there are n columns and m rows, the bitlines are designated as BLq to BL,
25  and the wordlines are designated as WL, to WL.,. Appropriate voltages are applied to the bitlines
by a bitline driver 102, whereas appropriate voltages are applied to the wordlines by a wordline
driver 104. The voltages applied to the drivers 102 and 104 are generated by a power source 106
under the control of a controller 108, which is typically on-chip logic circuitry. The controller 108
also controls the drivers 102 and 104 to address the memory cells individually or collectively as
30  will be described below.



advant ageously applied. The flash nenory 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 wth a wordline (W), whereas
each col umwoserasaoci ated with a bigline (BL). Assum ng teavusooressey are n
colums and mrows, the bitlines are designated as BLo to BL. 25 and the
wordlines are designated as W.o to W.m Appropriate voltages are applied tq
the bitlines by mensirt ¢efl isdocaled & exch jupotion\gfie werdline apdhs titing. dfach opbintladpes ar e

applied to Mhf-o¥eAtmnaRnddf (ROSPFdE Ef&: TrhsisR [FEFPHaving hSoule bicls applied to
the drivers, 102, and 104 are generﬁ(tm%gg%}pa power source 1%6 under the

control of B™EGRASERICuciqy bR 2 fnd 3 cpRirogate separated from the fopting; ¢ |y
The cont r ol gaetby 3 G§er ofibxide. Aoshbuld besappleciatelt, ihe el of OfasBEPRUM differ fddr ess t he

menory Cel | S j.heyi .col.l ect V. AN - . bed bel ow.
V0 017 1 Tomren it R %‘ﬁ‘g ,&%d%r@%éa&ﬁ%éﬁaﬁ?gﬁ %éwé‘jfeé??’g‘?&g%g bevc i on of
a wor dl i ne thar@nipl pitg and the senpcondpctopsubstiaigdn wijehsthe;songse and dean assforsedd conduct or
(MOXS) Field Effect Transistor (FET). - having a source and drain forned in a

sem conduct or s Thesdellsitigstrated ih Figate 1AGrayikignated Rsingthcmnkiont, Oftess mR@R at ed from

the floati ! / i 0 rec d the cells
of a fl ashr}%EB%%\lfam‘T%F L@"‘g{ﬁhgéoéugﬁr%\;giﬁinf’@ﬁgﬁgl:é%oﬁﬁﬂ %%gto F‘E%]%g}seﬁ']cl ude the
fl oating g&Prrcgigddo respeeive wendlings apdithedraing of fissells aprcconpseted to respective hitlings asgat e and

t he senioconmts@dal TheNatrbdsdt A1 of the Ghlls GR corinBeréuQs!the Povidsbufte 286D are forned. The
cells illustrated in Figure | A are designated using the notation To,,,,,

where mis the ' PR n i 6 i.tlipe) nunber.
The control gat @%ﬁﬁﬁﬁéﬂé&é% are g%%lﬁ%géﬁgrgg@tlg%gg%edg@&é&m%#gﬂi nes, and
the drai ns 18¢expepithatahie cells gredlividsdh intachapkes. (@lso knowp atnapss € 15F10TF) TNOST yhichiage

il lustr % gdhogaihEFiﬁﬁU %B.;%iéch%’i’ whith cafibe @:h@a@aéc# ierasa%anwlgmﬁﬁwdmnﬁ 'ﬁg pgwer
source . I L | ust tes an er as ne I that is
o et 2 B RCl Bl o BP0 e e g B ‘

simlar to The e e Ce are d t o banks,
(al so kiAowmemarysellydsthefirstdenki1d? ary desigaasedin thejyime magnes as in Figure lAnwhirgsiae 1B,
each of Whipfike §aBollB adiddRSh@dNRAhtioR R HE Bells 81t de&Rll bink RO ANEREHEALs of TE
menory 110 |§gnlf§ S first cell bank or Faegle 11 ian‘g]rlg secand cel |l bank or
page 114. 1§ ag spyrgetad i jepaurate Wordjineinyers 116 god H1%, cespecivelai ed in t he
same manner as in Figure IA whereas a prine synbol is added to the

‘desi gnat i ons of Inpdgitiondq thesmerppry ¢ells, sach Gnds 1bhend 114 includepselgefonpaspieansigfer  t he
banks 112 wadacfmiﬁinﬁ,r_ﬁtefsa&flf@m&sr@thsmml lmdw-mi%ﬁ&sl&gsiqg 118,
respecty,vel Voo LD ition to he ry.cells, ea an .and 1

ol uadl e e SRy, Idnpd of B el Rhdu s SRl bR ki uliig,

t ransi st or Wheress the paurcesof khe selecptransisiors aut conmectedda thg draineef thegra@istarfoShe and S' o

20 to S, wold®®PRE} loWel, Yand WIS, 6l NS of the select transistors are
connected to the respective bitlines, 'whereas the sources of the sel ect

transistors ar Cme ge?e@tengatnsexs(iiorg 8ff£rr}r%mql[;earlxerl]l§or}p (Iell Erahl%lsiortse}lp Eﬁ&ﬁe? ) ccfan(?ngntitopa‘fl
- MOSFETs and therefore lack floating gates. The select transistors are switching clements rather
25  than memory elements. The gates of the select transistors for the bank 112 are connected to 2 bank
select BS, of a sector decoder 120 and the gates of the select transistors for the bank 114 are
connected to a bank select output BS; of a sector decoder 122. The sources of the cells in bank
112 are connected to a common source supply voltage V..; 124 and the sources of the cells in the
bank 114 are connected to a common source supply voltage V., 126,

30 The bank 112 is selected by applying a logically high signal to the bank select line BS,
that turns on the transistors S to S, and connects the bitlines BLo 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 So to S, and disconnects the memory cells from the bitlines. The bank



wordlines W.o to Wmand W' o to W.'m The. select transistors differ from
the menory cell transistors in that they are conventional MOSFETs and
therefore lack floating gates. The select transistors are sw tching

el ements ratygiagsn than menory el emgpts. The gates of the mAles0b/19349
transistors for the bank 112 are connected to a bank select BS 1 of a
sector decoder 120 and the gates of the select transistors for the bank 114
are connect Hd it slectedyad Kesgledtedin anesseptiplly igilarhanper ysing the bagleselraicsiengi BS, anph e
sources of té&%ﬁlﬁﬁhélsgo&ﬁ B3 K Thelohérafidntor 82 MR Riotyad0 {5 @ssantifIfy Sifeklhr EXthe sﬂwuppl y

vol tage V,, e sources of the cells |nthe bank éPFEa

connect ed tomﬁln% 1P Bigars 1A sxcept st the prostamyerastansiyend opesgions can B prefored op o

sel ected by mppinyi 119 sa1l4a@egeadehdy diisiptanadegl to the bank select |ine BSI
that turns on the transistors So to S and connects the bitlines BLo to BL,

to the ungerlyi n%n%ﬁ'g?ﬁ%s%aﬁ?% mItlﬂ ﬁazﬂeﬁa&%o%eeigeﬁﬁm&m&s\éhng a

Ioglcally | ow si Ine BS1 that turns_off the

transi stors @y @ﬂasammtm'&nw@e& fgr E‘Hé’s?fé"ﬁﬂ‘t‘?raﬁ‘é’r fhews 3 gagle fiash BemITY jes
The bank WO &ii284.GRflabPmEhot) &&Sﬁ@é&ﬁﬁd&es Wi cir@:@memmfpdﬁaﬂﬁ pogaminingt ed in

an essentially siml the bank .se sel ect
transi stors g}/ﬁn o5 © &gm%@f‘gﬁf] °FP’ otls’t"H:udm h@ﬁ&sh%% esse%?cq'al ly
similar to tpragrarohing b:smumeomhwﬂaimeréﬁy crir204 isﬁgﬁneémpmrogﬁamnmclpr ogr am
erase and read operations can be performed on the banks 112 & 114

i ndependemt |y Or e WeilelcRAREEDb Jhclules phogtiintning ditclitds208aiaCrograrhd thsflasirenor y

~device 200. The fItﬂip%gemﬂ%lgggwuggetg%ma nl?edl('odtﬁesco s?%é%& gghgz of flash

nmenory cel | sTHHY & ration, ingle flash
menory cel IprQQﬂnnn“ﬁme'chu§mmm23ﬂ aletiageeVihs is anplied ke Gprmop deajnyvia signply 206
t hat perfor Wx@&%f@;}: QP thatGPRppRldiOMS c&ﬂnsntssm@erﬁ@svgnmh@t:: hhPSVOIERNG Y

cells, including the flash nenory cell ogr anm oper tion on
the flash nehehisapplisf fo theypmmon welf éf‘ PIERH P2 %t‘? 5 %?'B‘b'?e FAYS ‘5% The
wite cilfuipah218@6 wontlineides progranmng circuitry 208 that programs t he
flash nenory cell 204 by generating a voltage that is applied to the

cantrol gate durifigwiiRircuRfy206 ﬂtﬁﬂﬁhélﬁheﬁﬂ?ﬂﬁog{dnﬂmﬁ%&ﬂﬁ{ry PEithut ?ohcbrog?mﬂém tage

that | appl PEERSE BBTEHCAI S AL b e e on e i et G 0. Ve
that is applinesbry cli2he The sofiprograminking/cimuitty Ghbgenqatesta radred voltages heindichadat
appreci at edC‘T’lagi:atﬁs Elt%h gﬂﬁelcor]t%m?@&ng glle b &tﬁo%ﬁéﬂh%at Ble vihRignalpidh 1054 1 CU' t ry

206 also_in es_ s circujtr sof { rog

flash mefr yvoéléael"vzmwame qotheetmt%drw ét'éﬁlgwémst' 225 0ltage s "E*h'é P@F—%‘P.

t hat i ncl udetie ¢ditinoh kéusda vial¥iRha path 2RI dnd208itagd We thads Appliddag)the carintigy vesllviali t ry

218 gener at eg a@rﬁ)‘?d vol tage, as indicated at 219, that is applied to

t he control g%'faﬂep uring the soft programm ng cycle via signal path 210, a

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 onc 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.



20 voltage V' that is applied to the common drain via signal path 212, a

voltage Vs that is applied to the common source via signhal path 214, and a
voltage VB that is applied to the cormon well via signal path 216. Figure.
3 illustratwsoihesiel ements of the fiash nmenory cell 204 ipchinstimdae N Fi gure
2. The flash nmenory cell 204 is fornmed in on a silicon substrate 300. The
silicon substrate may be a well 25 formed in a first substrate material |
302. The flash msHseaamming cirpwjiry 24§of the wite girghifry, 206 (Fignsp 2kprogeags e Slast04 and 306
formed.in eicdBicell 208 164 prede@Anifiddifrbshalll Solfe Welylapsiiiflg a rElAGveliQfthnt gt On 304

functions as, a source ang the doped_ region 6, functigns drain during
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204 i ncl udersamgingckdd, gweltee s ismpintained phdie surve Bk ds addition eitheothe gaibe 30 307
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t
floating gate 308 are each forned fromdope %ol ysillcon. ting
gate 308 i & <eigiardabeye theresiomA90 maybea wellregigner g fubstiajraegiondependipgipgithe by an
oxi de | ay e rembdlifinent] 28 wilkbetiischssaddeiod,the voltagh|differeinidl betwerd tHe@rants sl theunnel oxi de.
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of the wri pPegemmingcurrept to few whtnguiéplomenpryrsHeare baingprigrammednenory cel | 204 to
a predeterm ned threshold voltage VT by applying a relatively constant

drain ol t age Adwill alsd bealisdiissédrbeld@fthedaft pgampiingicircuitty 28 bPthy/ itk sigitryCO t 0 t he
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expl ai ned sRRYEHFHE hemBFicOR baiRPsofPyogRmmedWel | region or a substrate region
dependi ng upon the enbodinment. As will be discussed bel ow, the voltage
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progranmed causes batkgroun 1%8a age current that causes a hig

pr ogr artfi nfov dropghthe channel regipnHé pf the flash wemoryesiizfd Thejelegtrons are Bprpseged

pr ogr ammedboy ¢l,@t 36 inthé dharklzepidte314ll B& UEfi@Ghjabroovcur digh@hdrgyBle@énamMmi ng

circuitry 8 ite cj LT _ sh nmenory cells
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vol t age t oeleckren éat sigratesontotthedlopting@aty 3Q8ds tepressatediy asw 329 ogr anmed and a

voltage to the sources of the nenory cells being soft programmed. The
vol t age di f f er dliguire$B l(dralecths\mehiod df eofiirdgrdinnadhlfin attdrdante withthe prese®04 causes

el ectr 15 £l owe . ' ' J ash nmenory cell
204. The eﬂieeg{ulrr_‘b‘# g%‘?@%?%%%ﬁ%%{;@&%' ﬁésgﬁ%%@%el region 314.
Hot carri efccqmplighed atdnast g weoriliac 213 timp-fhshevld pegppreriated thy FigurelAshavsa silgleough t he
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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 wh/oltage 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 WLy, 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 éxample, 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 0 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



el ectron that nmigrates onto the floati ng"gate 308-is represented by arrow

320. Figure 5B illustrates the nethod of soft progranm ng in accordance
w-th the present 20 invention. Figure 5B is the device 100 shown in Figure
I A. The soft oy @gm ng is acconpli ghed at | east a wordl i gergdoodosus Me. |t
shoul d be appreC| ated that Figure 1A Shows a single sector and that in

accordance with the present invention nultiple word |ines can be soft
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25 Vydistributionto a wxdth of less than 2 volts.

Soft programming uses the hot-carrier injection mechanism under Jow 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 V. 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
Van(Vb) of less than O volts applied to the substrate, a cell with a low initial Vy 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  Viydistribution after normal erase/APDE operations, the most erased cells will be soft programmed



15 programmi ng operation is conplete at 614, the erasure is conplete as

I ndi cated at 616. Because of the continued scaling of flash nenories for

| ow vol tage/ |l ow power applications has placed new demands on technol ogy .
and the dewgowmésif | ash nenori es tojzachi eve narrow eraseednigsesivayed vol t age
VT distributions, the inventors have discovered a nethod to achieve a
tight thresho d vol tage VT distribuytion for- | ow voltage/l ow power FLASH
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t han < 10 psescuireihg oparationrimapndrdanse withahe presentt iniveptiole r ange of <

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 ficld 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



100 A/cell using hot-carrier injection conditions of a ranped voltage Vas

|l ess than 3 volts applied to the control gates of the cells being soft
programmed, a voltage VDS |l ess than 5 volts applied to the drains of the
cells being gofdiaspgrammed, and a volstage Vu b < 0 vol ts amgalusesndssy t he
substrate. In this case, inplenmenting soft programmng with these
condition on a nultibit byte/word at a tine 15 would require.< 200 nsec in
addi tion to tvebagesefiovestrased Gslls while nor affecting the direshidld yqltages plehe leastqrpspd cefls. Ins (o
be appreci at edditifiAibakhdd @sfent ih R Se1R AbuNintiAGREmMAE], SHetely RERMBIRPoRd: ti mes and

vol tages that can be tiljzed d are giv for illustrative purposes only
Lo Char of neTeRT R g s fer Sepieniti e tkngld Vol Bl o DT R
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narr owi ng of ;Q&ﬁéﬁ% ge curve V7 versus nunber of 20 cells. The
solid cur v52 S%gg?o,pr esen?lgm%(eﬁléstl}?hr eshol d voltage distribution of cells

after an erase operation, the dashed goorti onf 5Q2 i ndicates how overerase
correction cor recti8efofgomgsiesoripinn ob ths em d“{‘,eé‘F?éhedﬁvamf°§lhﬁj°5f'tﬂTSF'§’edstFccessfuI
i N i ncreasi nputposes bffimashioh ahd\dedctiptipe. hriis dohiatendzd to te\eghaestiasado tieit ths inverition e
zero.  The dashed eteliflGontiisclold! H8%6 nlolficatBhd & 96iallbnd bl pBlblc Ak of TITO! Y
cells after the 20 . progranmng operation In accordance wth the present
i nventi on. 25beyedaaehings.Thejembagiment was chesgn addespeied sppraviderthe best iliustestion of the
menory cefd Iféiplebof the hventiowint its praciiglapplicitipn &phéretyiefdble oh)6f cidibbyCaRill i

grounded as indicated at. 1002,. a ranmped.val t ] | i 1o the control
gate, as indi'‘¢atd 'mg’tze @ﬁﬁﬁfng%ﬁ YHB A °3'&°?%§g§¥l%%5€%gpgﬁg?agg “Re"sUbSt rat e,
as i ndi cat ed to the parG@Br usk pontemplated a Al eueh modiffipatighs andh vaKRiogs are #ithip theaeopeef] | s,

for exanpl e, Rifvehtih APabterhindd by tieRBpenti cladmd %eﬁinﬁé?ﬁbt@ﬁﬂd&b@fd&[ce sipabrate, a
negative vol&Fgggcan, e a l%ﬁp tQ thg P<Mﬁlls" e source is 30 grounded
and a negati VE¥BM ﬂ&ﬁgﬁgif legallyrand equiably gpiileds o el | . This provides a
hi-gher horizontal electrical field for nore effective soft progranmng. In
summary, the present invention overcones the |imtations of the prior art
and tightens the threshold voltage distribution in a flash EEPROM after
erase by increasing the threshold WO 01/11631 14 PCT/ US00/ 19349 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 substantially

el imnated,'theeby reducing the power requirenents and resulting in a
further tightening of the threshold voltage distribution. Furthernore the
power required for soft programmng is reduced thereby allow ng nore cells
to be 5 soft programmed simultaneously. The foregoing description of the
enbodi nent of the invention has been presented for purposes of
illustration and description. It is not intended to be exhaustive or to
limt the invention to the precise formdisclosed. Oovious nodifications
or variations are possible in [ight of the




above teachings. The enbodi nent was chosen and described to provide the
best illustration of the 10 principles of the invention and its practical
application to thereby enable one of ordinary skill in the art to utilize:
t he i nvent ivemoirmestar i ous enbodi nentg and with vari ous nodedrinmsesioaps as are
suited to the particular use contenplated. Al such nodifications and
variations are within the scope of the invention as determ ned by the
appended cl ai nrs when interpreted in ac dance with the breadth to which
they are fairly, legally, and equi ta@%ti tled. WD 01111631 15
PCT/ USO0/ 19840is clairellils \Wiat is claimed is: 1. A nmethod to tighten the
hreshol d vol t ant dhakdt Bithdn ¥k fibkif e iR col B £fcm ed of

ce

mul ti pl e nmenory eac avi ng Souf rain ga e and
control gat@mposed of fryltiple We't‘%"ﬁrﬂ‘é%‘i‘ 9‘“@5@ payiregdeai, flgating Z%F%ia'id ﬁO'rﬂ@l/@wan d col ums

with the r ongeiak ﬂﬂn&l@&?ﬂshﬂ%ﬁgaﬁ&d il 0Rs @alwm vb@ltﬁhg'?]@é %ﬁ@%ﬁmn&m et hodd
conprising t i voltages to the drains, sources an
cont rol fhgga‘g?%égﬁ%%@gﬁg aa T%‘%‘ & wherein the soft programm ng
vol tages are aapﬂmhtmommmhgwggedteﬂrsdtaharwlﬁces@hd@ntarbgdtéseﬂsetemd he drains

of the sel ﬁe&&gmmwmﬁeshﬁpm %/941& s‘mhmﬁo&shan 0.volts applied to the
substrate of the sel ected nenory a ranped voltage |less than 3

vol ts applied tayofase WPN‘WP@Q'%F%%@@%‘F&‘H eEABHS cel 1s. 2. The
met hod 10f Cl ai navbhaghkssahan Otvioles appifet tcpha)gbmﬁterbnge selectbdigi@sorpéedls;amd ected to

utilize a 15 - DodiBf )f, Caim?2
wherein the |np?%?3féa%]{a?glegsma?%ﬂ8 arrpe g%lrﬁolr%l‘e g{'}?‘e voFcﬁgcd'g 1s |less
than the tffeshold voltage of a |least erased cell. 20 4. The method of

Claim 3 wherein the soft programﬂ ng voltages are applied to the nenory

cells being soft r r a.t perrod l.ess than 10
its. 5. The met hocfmg{“%l %l m Whresn nsot eeE6 vom am"r’fe te‘{cl)%l"?%gs appl i ed
t 0 t he 1T el hotcartigsinjegtionafechapismgr anmed reduces a maX| mum wi dt h of the

t hreshol d voltage distribution to | ess than 25 2 volts. 6. The nethod of

Claim| further, conprisi verifying that all he. menory
devi ce have beé;h%eerrgeﬁlg’ °E§'P8}%W%%°m‘8?'ﬂ'aﬁtvﬂ‘§a Wéﬁj‘r ?ﬁ????&‘ﬁ?%ﬂfﬁges 30 .
7. The mnetlesthanthe Gresliold Witigsof Nleast goedxellsi ng verifying that all nenory cel I's

in the nenory device have been corrected for overerasure before applying
t he sof t progr arrm

The n%ethod of Claim 3 wherein the soft programming voltages are applied to the

memory cells being soft programmed for a time penod in the range of less than 10 ps.
5. 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

25 2volts.

6. The method of Claim 1 further comprising verifying that all memory cells in the
memory device have been erased before applying the soft programming voltages.

30 7. The method of Claim 6 further comprising verifying that all memory cells in the
memory device have been corrected for overerasure before applying the soft programming

voltages.

8. A flash Electrically-Erasable Programmable Read-Only Memory (EEPROM),

A

Sheet Has Been Replaced

T e



voltages. 8. A flash Electrically-Erasable Programabl e Read-Only Menory
(EEPROV), 35 conprising: 1111111121121127121112112111111111 Thi s Sheet Has
Been Replaced | TI1T1I1T 1111 WO 01/11631 16 PCT/US00/ 19349 a plurality of
menory cel | gyench having a source, drgin, floating gate, cppfp8longsbe and
substrate; a power source for applying voltages to the drains, sources,
substrates and control gates of selected nenory cells; and 5 a controller
for controlling tiprglite memom cells each havingl aysousesh trainy pgtinggaiemgnyd Baedds to t he
drains, sourgggmesubstrates and control gates of the selected nenory cells,
wherein the power source applies a soft programm n%bvol tage of |ess_than 5

volts to the draidRevgsourssdorapniyipg yalages ipdhe drainsetopces, Sibstrates and conirol gafrs A
vol t age of |Rr&edhamdrteellbids t 0 the substrates of the selected nenory

cells, and a ranped vol tage |ess than 3 volt ; of the
sel ect ed henory éé?'}trgﬁeriﬁg@.m&ﬁ%m ot §°U6F$L°d%g&?ﬁ’fg§}g§ n ﬁ# g‘gta%gteoqg%nt rol | er
control s t hedrguswenrcesoswbamtes md gpsiol/gates bf the soleciedt memamerlis othergigdhe powerut i | i ze a
hot - carrier s‘oﬁHc%Plée@?sMWﬂ% vollge of 126 (HBRBRGNs 16 the Glafts BF de selebted¥ibradiy t he

controller contro he power source to g\gpl a, 15 rr;[al eg voltage to the

control gat e€hasAfpEPSEmming yoftage of lsysithap @ v t‘?%‘%?"’f‘ﬁ?ﬁ HeslrPLBmI¥ vol t age

of a | east cligamd rasget volthde less Eian Breshd rothodonidl gates of he s¢lertedimemorytbits.

controll ﬁ¥ controls the power source to apply the soft progranm ng

voltages for atime period in the range of less than 10 s. 20 [11111] huh
LITLELELETT L] 9CTh memorygfElaln 8cip wtai&gthsé@ﬁolll@mnaeléebew‘f'qflswrcelt‘r aopiseft | ||

11
L1 programming voltages to utilize a hot-carrier injection mechanism.

10. The memory of Claim 9, in which the controller controls the power source to apply a
15 ramped voltage to the control gates having an initial voltage of less than the threshold voltage of a

least erased cell.

11. The memory of Claim 10, in which the controller controls the power source to apply

the soft programming voltages for a time period in the range of less than 10 ps.
20

* [ L M S *

This Sheet Has Been Replaced




