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Non-volatile semiconductor memory is a fundamental
building block for a typical computer system. One type of
non-volatile semiconductor memory device is the multi-level
electrically-erasable programmable read-only memory ("multi-
level EEPROM") .

Some memory cells store a signal representing one bit
of information. Such memory cells may be placed in either
of two states, each representing one of the binary elements
“1” or “0.”

In contrast, multi-level cells can store signals
representing more than one bit and may be placed into any
one of more than two states. Each state corresponds to a
pattern of bits and the different states of the cell are
distinguished by unique voltage threshold levels.

“Programming” means placing the multi-level memory cell
into one of the multi-level memory cell’s possible states.
Programming may be accomplished by pulsing the multi-level
memory cell with a pulse of predetermined voltage and
duration. A device that supplies the pulsed power is called

a “program pump,” and the number of cells that can be a
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duration. A device that supplies the pul sed power is called a "program
punp,” and the nunber of cells that can be a 1 WO 03/058637 PCT/ US02/ 41704
programeaioas/ossse’ tine is referred to as "programm ng bamrdmiusvti41708RI EF
DESCRI PTION OF DRAWNGS 5 FIG 1 illustrates a nenory device; FIGS. 2A-2C
gl!rﬁtrate alternative expressions for the states of a nenory device; FIG
illustrates a flowhart of a nmethod. of rogramm ng the nmenory device;
Redreet 5 o) .

and 10 FPESITAAMEE @Y ¢8& & 8€ a7 i O PSs ulRT Bt A HE “Dr ogr ammi ng
nmet hod of FIG 3. DETAILED DESCRI PTION As shown in FIG 1 nenory device 120
may be f &@enidedddd:- “15 on a singl e semiconductor substrate and include a
menory array 125, a row decoder 130, a columm decoder 135, sensing
circuitry 140, a reference array 145, a control engine 150, a voltage
switch 155 and a command interface 160. Menory device 120 receives address
signal s on address 20 | BreErloEsard PTEON V&S DRANIE]s data on
bliﬁlrectlonal data lines 170. Data is stored using non-vol atile nmenory
cells
5 FIG. 1 illustrates a memory device;
FIGS. 2A-2C illustrate alternative expressions for the
states of a memory device;
FIG. 3 illustrates a flowchart of a method of
programming the memory device; and

10 FIGS. 4A-4F illustrates an incremental result of the

programming method of FIG 3.

DETAILED DESCRIPTION

As shown in FIG. 1 memory device 120 may be fabricated
15 on a single semiconductor substrate and include a memory
array 125, a row decoder 130, a column decoder 135, sensing
circuitry 140, a reference array 145, a control engine 150,
a voltage switch 155 and a command interface 160.
Memory device 120 receives address signals on address
20 lines 165 and receives and sends data on bi-directional data
lines 170. Data is stored using non-volatile memory cells
within memory array 125. The memory array 125 may include
any type of memory cell with programmable threshold

voltages. Examples of such memory cells include cells with
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within menory array 125. The menory array 125 may include any type of
menory cell with programable threshold voltages. Exanples of such nmenory
cell's i ncwode/osssB? s with 2 WO 03/ 058637 PCT/ US02/ 41704  t Papfiisnzy41704
dielectrics or floating gates. As an exanple, sone nenory cells may have a
select gate, a floating gate, a source and a drain. Such nenory cells may
act as a field effect transistor_havin hresh | d_volta ge that Ccreases
5 as chaFﬁ@PPénad@éﬁlﬁﬁtFﬁésfPSaFFﬁ@téﬁgega 5t he ﬁeﬁﬁr? &eylcé f?@

non-vol atile, control engine 150 may include a wite buffer 152 |nclud|ng
Static RaedomyAcedds NBNDRRvVe( SRAR).SESr IeERporaltilPtifSr BRgSdafa with whi ch
to program nenory array 125. 10 The nmaxi num al | owabl e power consunption of
menory gdeuiee aR8 ksdaafiact oSuich detmery mieAdst heymasitmam RuiBelof menory
cells that may be programmed at any one tinme. A program punp 154 supplies

the currgrk.te progeas:bhe hBRABEY a ¢tBlrksholberellanee tthe tcadpabridases of
program punp 154 to 15 supply current is another factor affecting the

maxi mim o QUERELAAF 1eeLlkhal BBk BecRroGEATERd Al IENkieadkidTy: Wi le
buffer 18 P 6e selected to store at | east enough data to program an
Optlnunlgggggg ggocell%o%Lv%l%kq%e, control engine 150 may include a
write buffer 152 including Static Random Access Memory
(SRAM) for temporarily storing data with which to program
memory array 125.
10 The maximum allowable power consumption of memory
device 120 is a factor in determining the maximum number of
memory cells that may be programmed at any one time. A
program pump 154 supplies the current to program the memory
cells. Therefore, the capability of program pump 154 to
15  supply current is another factor affecting the maximum
number of cells that may be programmed at any one time.
Write buffer 152 should be selected to store at least enough
data to program an optimum number of cells at a time.
To read data stored in memory array 125, the row
20 decoder 130 and column decoder 135 select a number of memory
cells of the memory array 125 in response to a user-provided
address received on address lines 165. Row decoder 130
selects the appropriate row of memory array 125 and column

decoder 135 selects the appropriate column (or columns) of

25 memory array 125. Sensing circuitry 140 compares the states
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To read data stored in nenory array 125, the row 20 decoder 130 and col um
decoder 135 select a nunber of nmenory cells of the nmenory array 125 in
response wo 03/08858T - pr ovi ded address received on address PCRASILE504 Row
decoder 130 selects the appropriate row of nmenory array 125 and col umm
decoder 135 selects the appropriate colum (or colums) of 25 nmenory array

125. Sensing circuitry 140 conpar t he ate 3 WD _03/ 058637
PCT/USOZPﬁlgb@ S@ﬂeﬁﬁ§ds€PEPFggcﬁg r§oc§%FsS?8tFﬁeC§?§F $ToT Tef erence
cells in reference array 145. Sensing circuitry 140 can include

di f f er entiall sconpaedesencenharrpovite diS§IREANT GHEL WGPt d¢d 1S8Vel s in
response to the conparisons between nenory 5 cells and reference cells.

Ct her t e¢hnilqdes dfidif ccemparilngompelreages ahed caevdeuse@itud,o%ife anal og
states of the nenory cells can be expressed as digital data. The nunber of

bits stokedchyea 1Bwkllis lievelespemeiey teeldhe depgads samsl Joetthvesaqumsaromf
different analog states in which 10 the cell may be placed by programm ng

circuit r%gﬁﬂ% 2hdt he fupere fe1did f errMeranalcam ishate ¥ dhajongan: ey

deternm ne accurately by sensing circuitry. Because the operating voltage

(2192, OF JLHSGTRID L ALY 3, U <0 s | b b e el G5 11 oo,
memory cells can be expressed as digital data.

The number of bits stored by a multi-level memory cell
depends on 1) the number of different analog states in which

10 the cell may be placed by programming circuitry and 2) the
number of different analog states that can be determined
accurately by sensing circuitry. Because the operating
Voltage range of the memory array is limited, as the number
of states increases, the states become closer together and

15 must be placed more accurately to avoid confusion with other
states.

FIG. 2A illustrates the programming distribution of the
number of cells in a given state versus the threshold level
voltage of that state. Four states, state 0, state 1, state

20 2 and state 3 are defined within the programming window.

Although the state width and separation range width for
FIG. 2A are shown as being equal, state width and separation
range width may be defined somewhat more arbitrarily, and
other considerations may limit the manner in which states

25 may be defined. For example, for states closer to the edge
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15 nmust be placed nore accurately to avoid confusion wth other states.
FIG 2Aillustrates the programm ng distribution of the nunber of cells in
a given swetog/omsssus the threshold | evel voltage of that peratsez/4Four
states, state 0, state 1, state 20 2 and state 3 are defined within the
progranm ng wi ndow. Although the state wdth and separation range wi dth for
FIG 2A are shown as bei ng equal, state mﬁgth and_separatign Lange wi dt h
may be defi B8 BEREWARTLREr E1AFGHe r aFi I'GY ﬁddegﬁﬁgg EonSi §6PE76nE may
limt the manner in which states 25 nmay be defined. For exanple, for states
cl oser tbargereagete4wm@tb3/08@@3725cw%9892ﬁ2§?340 85t R&35Fogr &fni ng

w ndow, it may be desirable to provide a |arger state width. FIG 2B shows
state 0 andupyahe 8hasshotdupyiLhggehrespebdofolEa§eMidAdey ot s1500T)
mlli-volts (nv), as state 1 and state 2 each have a state width of only
500 5 MvggFLGat2Cishaws stheeequivahentvet at etdist witbuhi of oly BOG 2B in
ternms of the cell current Id. After the cells are progranmmed, the cells are

verifjedpy,as Pgbngzergaa@gwgﬁet@qh@eaqeheegtavglaagerﬁhbeahglqo&evel.

Cells that ‘fall to verify are re-pulsed. States having a 10 | arge w dth,

such as atatesz0on,tig, fad8 Ot HENE R OQLIMILRI T,

After the cells are programmed, the cells are verified
as being programmed to the correct voltage threshold level.
Cells that fail to verify are re-pulsed. States having a

10 large width, such as states on the ends of the programming
band, can be programmed after fewer pulses than states in
the middle of the band which are more narrowly bounded.

As illustrated in FIG. 1, control engine 150 controls
the erasing and programming of cells in memory array 125.

15 In one implementation, control engine 150 includes a
processor that is controlled by microcode stored in on-chip
memory. Alternatively, control engine 150 may be
implemented as a state machine or by using combinational
logic. Control engine 150 also may be implemented as a

20 semiconductor device that externally controls the operation
of memory device 120.

Control engine 150 manages memory array 125 by
controlling row decoder 130, column decoder 135, sensing
circuitry 140, reference cell array 145, program pump 154

25 and voltage switch 155. Voltage switch 155 controls the
5



band, can be programed after fewer pulses than states in the mddle of
the band which are nore narrowy bounded. As illustrated in FIG 1, control
engi ne 1580m058681 s the erasing and progranm ng of cel | sPCA/UsBIwOK794 ar r ay
125. 15 In one inplementation, control engine 150 includes a processor
that is controlled by mcrocode stored in on-chip nenory. Aternatively,
control engine 150 may be inplenented as a st%ae machi ne or béausing

conbi nat THREPUS | ol e2dTohe YDl = cRRFRESABY BPsbChty BEOPHBIeRBAt 86758 a 20

sem conductor device that externally controls the gperation of nenory

devi ce 12611 €ont roémenyi aAerdB0l ABnageéscHerdryaBAfaficT25eB¢idont rol i ng row
decoder 130, colum decoder 135, sensing circuitry 140, reference cel

array 14éra@1ﬂgraﬂappﬂ@giéﬁmﬂﬁgaadevobmmgaisatedthSSOnV@pﬂagégéﬂﬁtch 155
controls the 5 WD 03/058637 PCT/US02/41704 various voltage |evels

necessarys§ O h £84gh P5 0gbamhAAdi gt @s€aceellbs . i nThenoeygradisayes25. User
commands for reading, erasing and progranm ng are conmuni cated to control

gng;pi béégT%%§82%§m§ gormendsi nhetf aa8whf0toThentsar Haseesadecommands on
) to command interface 160. The comrands are | atched
through %ﬁg 8ém%28dgog%éohagéﬂgd through use of the control pins
write enable (WEB) and chip enable (CEB).
Non-volatile multi-level cells use one logical path for

reading/verifying and another path for programming the

10 multi-level cell. This allows the paths to be Read While
Write (RWW) enabled and allows optimizations for
programming. A separate write path may enable programming,
for example, of 16, 32, 64 or more, cells in parallel. Such
paths may be designated as x16, x32, x64 and so on,

15 respectively.

The maximum number of cells that can be programmed in

parallel is limited by the program bandwidth. The more
cells that are programmed in parallel speeds the programming
process. However, the more cells that are programmed in

20 parallel places greater power demands on the program pump.
Consequently the speed advantage is counterbalanced and
limited by the cost and die size associated with a larger
program pump.‘ Because the physical size of program pump 152

increases with its current supply capability, program



wite enable (WEB) and chip enable (CEB). Non-volatile multi-level cells
use one logical path for reading/verifying and another path for
programiwg oslsse30 multi-level cell. This allows the pathecrasbz4Read Wil e
Wite (RWY enabled and allows optim zations for progranmng. A separate
wite path may enabl e progranm ng, for exanple, of 16, 32, 64 or nore,

cells in parallel. Such at hs may be desi_gnated x16, X32Z, SO
on, 15 r@éﬁ@@ﬂﬂ@@l??YTH§ ﬁ&ﬁgnﬁﬁmﬁuPEQFYoF%Eéksf %ﬁgiségﬁ %% Eﬁgéggﬁﬂed in
parallel is limted by the program bandw dth. The nore cells that are
progr ammedmpnlpadral | el speeds the programming process. However, the nore
cells that are programmed in 20 parallel places greater power demands on
the program plie. nuGbeseqiertlly st hbagpees adrarease (@ecdwerBal anced and
limted by the cost and die size associated with a |arger program punp.

Because pbheaphysi gakisize efripeogpamapeny Hh2raticredsesaliltdd its current
supply capability, program 6 WO 03/058637 PCT/ US02/ 41704 bandw dth may be
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addresses queried and determines how many accesses to the
data buffer are required to identify all the cells requiring
programming for a given level. For example, if a 512 bit
write buffer is utilized with a x64 hunk size, four accesses

10 to the data buffer are needed to identify all the cells that
require programming for a four-state multi-level memory
array. In a four-state array, each array cell represents two
bits. Therefore, 512 bits are equivalent to 256 cells.
Because each access has a hunk size of x64, 4 (= 256 / 64)

15 accesses are required.

With the assumption that the states (levels) are
randomly distributed, the hunk size is important to
maximizing usage of program pulsing at each level. Thus, as
an initial calculation, the program pump should be sized to

20 pulse at least 1/n cells of the hunk size, where n is the
number of possible states for a cell. Using the example of
a four-state memory array with a x64 hunk size, the
frequency distribution of an entire block filled with random
data has an average 25% of the cells in each state. The

25 states may be designated as L0, L1, L2 and L3 for level O
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parallel during a wite (progranm operation is called a 5 "hunk." The hunk
size limts the subset of data buffer addresses queried and determ nes how
many acceweas/ 0583t he data buffer are required to identifpcalusorigocel | s
requiring programmng for a given level. For exanple, if a 512 bit wite
buffer is utilized wwth a x64 hunk size, four accesses 10 to the data

buffer are needed to_identify all the cells_that require.p aomi ng for a
four-staFErﬁﬂgFil?¥9%I3neﬁﬁ?§echV§$Y'lnEQeFSUPygfaﬁg g??&yﬁgggcﬁggrray
cell represents two bits. Therefore, 512 bits are e uLvaI%nt to. 256 cells.
Because auehagecefsshaseanngrklsi ¥élof reguirg proggginigg) t015695 cesses are
required. Wth the assunption that the states (levels) are_ randomy
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pul sing at each level. Thus, as an initial calculation, the program punp

shoul d bgugirzedehe 2Qrpehsetat preastmlan debks thet kepRutiedsilfe coMiére n is
the nunber of possible states for a cell. Using the exanple of a

four-state pgprry array with a x64 hunk size, the frequency distribution
of an entire block filled with random data has an average 25% of the cells

in each stater Thg,3h;states 19y Ra1083bgRaedeaTckfarich, lkheand L3 for

|l evel O 7

program pump should be increased in size to account for
programming a few extra bits at levels Ll and/or L2. That
is, for a x64 hunk a typical distribution may be: 16 cells

10 at L0, 14 cells at L1, 18 cells at L2 and 16 cells at L3.
The program bandwidth would be x18. L3 is of less concern
because that level is more likely to verify quickly. The
re-pulse, re-verify operations are time-consuming
operations. Programming voltage at the highest level can be

15 get further away from adjoining level voltages than can
intermediate levels and, thus, is more likely to verify
after fewer pulses. Intermediate level voltages, bounded as
to over- and under-voltage, require more precise level
setting to verify to the correct level and, therefore, may

20 require more re-pulsing and re-verifying. In one
implementation, level L3 data typically uses one pulse in
contrast to the 10-14 pulses for levels Ll and L2.

. Increasing the hunk size results in diminishing returns



WD 03/ 058637 PCT/ USO02/ 41704 through |level 3, respectively. Therefore, in
each hunk an average of sixteen cells will require programm ng to each

| evel . Thwopsosgsam punp shoul d be capabl e of supplying sweCriasoznt7ocurrent
to program at |east the expected 16 cells 5 at once. To optim ze for

typi cal program performance, the program punp should be increased in size

to account for programm ng t bi t t s L1 d/ '
5, for lased HRrk-GETYDi CPOt LRI Bbt LB FAGoLR 1B°CBITED BEFO, 14

cells at LI, 18 cells at L2 and 16 cells at L3. The progran1bandmndth

woul d bebgansLBOiSmpacteEbec@h@eﬁhzebecause that level is nore likely to
verify quickly. The re-pulse, re-verify operations are time-consum ng
operations. Pregeanmbag vetbageyalst hephrghesiarespbléantben thaset further
away from adjoining |evel voltages than can internediate |evels and, thus,

is nmore %é}%&éya&x‘?ax‘{%@éyofaf;h@r FEQURT pPEbEasmi hgt pumBdiateqhevel wal t ages,

Poundedfas tohover- under vol tage, require nore precise level setting
0 veri to the corre Iev d, e r eq
{e pd?f:ﬁ@ afuobes EeY?? ngne &? Eﬁ%%e% ﬂ?%%nggve% %%fggége
ica uses one ulse in cont
L¥p grogram pergodlcally causégsg %8m5?§ %gréé e&ie%ofgg levels L1 and

programmed to level L3 as the program progresses. Hence,
the location of the cell programmed to level L3 is a measure
of which operations the software programmed has completed.

10 Level L3 programming, as described above, often can be
accomplished with one pulse. If a loss of power interrupts
the software program, the software may take appropriate
action after recovering power based upon the location of the
level L3 data in the memory array.

15 As illustrated in FIG. 3, during the operation of the
memory device 120 described before in FIG. 1, a multi-level
memory data is read 402. The data read is compared 404 to
customer data requirements. The control engine microcoding
sets 408 the gate voltage to a level corresponding with a

20 voltage threshold level 1.

At 412, the control engine microcoding determines the
location of multi-level memory cells in the data block that
require programming to a voltage threshold level 1. Cells

requiring level 1 programming are programmed 414.



I ncreasing the hunk size results in dimnishing returns 8 WO 03/ 058637
PCT/ US02/ 41704 based on program bandwi dth as the size of the program punp
begi ns t ovorepasss3t he die size. Power |o0ss recovery is a paRCTiusad/anro4
application that takes advantage of the fewer progranm ng pul ses required
at 5 the highest voltage level. In this application, a software program

periodically causes a nenpry arr cell to be rogranmmed _to | | . L.3 as
t he progran1p?%g?e%%%%%CF%ﬁEe}mpi%@e?gﬁﬁf?Bn BPgtﬁgOQEFP P@Brgéﬁégéto

| evel L3 is a neasure of which operations the software pr.ogranmed has
conpl et edizdd teverouBapragr aifhfA ?da§u@€§€rPSeGeéBSVEFngFgﬁgggﬁvﬁg
acconplished with one pulse. If a |oss of power interrupts the software
progr am 1tpeogphimang hayetgke appiwpriate Thusi oWPatPefiB&Eovering power
based upon the location of the Ilevel L3 data in the nenory array. 15 As

iIlustr a%@&’ddqar&i; Gna3, beUpirBgrhhmeaperat i omhef coheroierpgyngevi ce 120
descri bed before in FIG 1, a nulti-level nenory data is read 402. The

data g eaﬂi&?o&%&?ﬁée%é% bQckCHst amer rdalateequneerpat siextheuatiatr ol
engi ne mcrocoding~ sets 408 the gate voltage to a | evel corresponding with
a 20 VOg%ggEOEQE§gQOEg L%V%E %ight quadwords of un-programmed cells
requiring programming to voltage threshold level 1. This
process of programming cells by progressively programming a
smaller number of the cells until all cells are programmed
10 is referred to as “nibbling.”

“Nibbling” may be employed when the program pump lacks
the bandwidth to program all the cells that require
programming in the hunk. Cells are programmed up to the
bandwidth of the pump. If more cells in the hunk requiring

15 programming, another set of cells up to the bandwidth of the
pump are programmed. Programming proceeds in until all
cells in the hunk are programmed as required.

In a particular application of nibbling, the analysis
of the subset of addresses of the data block may result in a

20 determination that no cells in the subset require
programming. If so, no pulsing is required on the subset of
addresses and the control engine microcoding proceeds to
select another subset of addresses from the data buffer.

When all cells requiring level 1 programming have been

25 programmed, the control engine microcoding sets 416 the gate

10



At 412, the control engine mcrocoding determnes the |ocation of
multi-level nmenory cells in the data block that require progranmng to a
vol t age twoaghstied7 | evel 1. Cells requiring |level 1 progr@cmusg/ares
programed 414. 9 WD 03/ 058637 PCT/ US02/ 41704 1In a particular

i npl enentation, the program punp nmay be sized to program an expected nunber
of cells requiring level _1 prog rannlng u T up to

ei ght quadhegdstang BEVBLoGPARRERCRTA! 9Tﬁ8 gﬁ%?%ﬁ ﬁﬁl%@rgsnlcrocodlng

| oops back to 412 to determi ne the next nunber and |ocation of up to eight
quadwor dsewkluR-programmed cells requiring programming to voltage
threshold level 1. This process of programm ng cells by progressively
programm ng aatsaebl, echeurbetrofl ehgicel g copcodiakl desleraiaes $hegr ammed
10 is referred to as "nibbling." "N bbling" may be enpl oyed when the

program puypprhackss ke thandwedt het@rpr egllam dhl thiee degldl $Hlicdt theduire
progrannlng in the hunk Cells are progranmed up to the bandw dth of the

PUnTD. L in-the huek aguigel RerkanRnegnamaing,. anotdkansset of
ceIIs up gg ?ﬁ % Hﬁ g? t he pu?% are progranmmed. Progranmm ng proceeds

in until alhlrggglievel EepQ%%§a%ﬁﬁn%r%9%@%&%%!%%m&%ﬂ%2@3d Assuming,

the program pump 154 is sized to program an expected number
of cells requiring level 2 programming in eight quadwords,
up to eight quadwords are programmed 420. The control

10 engine microcoding loops back to 418 to determine the next
number and location of up to eight gquadwords of un-
programmed cells requiring programming to voltage threshold
level 2. When all cells requiring level 2 programming have
been programmed, the control engine microcoding sets 422 the

15 gate voltage to a level corresponding to threshold level 3.

At 424, the control engine microcoding determines the

location of multi-level memory cells in the data block that
require programming to voltage threshold level 3. Cells
requiring level 3 programming are programmed 426. Assuming

20 again that the program pump 154 is sized to program an
expected number of cells requiring level 3 programming in
eight quadwords, up to eight quadwords are programmed 426,
if required. The control engine microcoding loops back to
424 to determine the next number and location of up to eight

25 quadwords of un-programmed cells requiring programming to

11



In a particular application of nibbling, the analysis of the subset of
addresses of the data block may result in a 20 determnation that no cells
in the suWweaB/osssqUi re programming. |If so, no pul sing is reqmusen40m t he
subset of addresses and the control engine mcrocoding proceeds to select
anot her subset of addresses fromthe data buffer. Wen all ceIIs requiring
| evel 1 progrannln have been _25 pro the contral en

ra

m cr ocodVAgtagestaigshrédgaryclig - Tg§/gn§§§?gP€?F%§5fﬁf1yﬁ 1 voI age to a
| evel corresponding to voltage for threshold level 2. At 418, the contro
engi ne nieideodrAyidensr PrRETAIRENT| 5aVPeR2EF HENMEL- PelélVs #5%y cells in
the data block that 5 require programming to voltage threshold | evel 2.
Cel | s regubgragmedvel 2 programm ng are programed 420. Assum ng, the
program punp 154 is sized to program an expected nunber of cells requiring

| evel 2 progranashnglinceigbt cguadwendsre probraenghty teadwbeds ar e
progranned 420. The control 10 engi ne m crocodi ng | oops back to 418 to

detergm aggfa&%éﬁ Rurbebnard 1l eedtinennekrveodang gRiriguadvands tofe un-
progra I's requiring programm ng to voltage threshold |evel 2. Wen

al | Cellgfflgglrlgg k%%e$r%gg%9ﬂﬁﬁgnlngfh@$% verification of the

data in the multi-level cell block with the required
customer requirements is satisfactory, programming is
completed and the control engine microcoding exits at 430.

10 The cells are pulsed consecutively but verified
together. Each segment of the algorithm (L1 pulsing, L2
pulsing, L3 pulsing, verify) requires different gate and
drain voltages. To set up each voltage requires
microseconds of slew time. Therefore, grouping the level

15 pulsing and verify operations together can maximize usage of
the time cost of slewing.

If the verification 428 fails, the control engine
microcoding proceeds to 1) flag cells in the data buffer as
programmed correctly, and 2) ascertain which level (s) failed

20 +verification. Cells in the multi-level memory block
required to be at threshold voltage level 1 are ascertained
432. 1If there are cells programmed to voltage threshold
level 1 that fail verify, the level 1 gate voltage is
increased 434, and the failed cells are re-pulsed 436. In

25 a particular implementation, the failed cells in eight
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been programmed, the control engine mcrocoding sets 422 the 15 gate
voltage to a I evel corresponding to threshold level 3. At 424, the control
engi ne mMwp®sosHedTy determ nes the location of nulti-|evelPCrarsoryi7eel [ s in
the data block that require programming to voltage threshold level 3.
Cells requiring level 3 programm ng are progranmmed 426. Assuming 20 again

that the program punp 154 is si.zed to program an_expected. C

requi ri ngureverdas %F%gF%ﬁﬁPi@e?nlnegﬁﬂgpﬁ8883%PdEgeggapgwégéﬁngug ﬁo?ggs
are programmed 426, if required. The contraol engine mcrocqding |oops back
to 424 puvodeterpime vhbiherilnofbEReahdileeatrPohSof RuflfoSePlht 25
quadwords of un-programmed cells requiring programming to 11 WO 03/058637
PCT/ US02444304rd¥oktagect hndshdl. d TheeboBLrPheehagdpengicsPCoddss until al

cells requiring programmng to voltage | evel 3 have been programmed. Wen

al'l cell sohbahuk8qubbpipyoghasughgbhacksbesn, 54prognamisd, untid lceatlr ol
engi ne mcrocoding verifies 428 the efficacy of the programmng. If the

verifjcatiopyaf Lheg géhﬁi&@nbhg kil - hevalkegtbl dbketk avdlet Bricheer-equi r ed
custoner requirenents is satisfactory, programming is conpleted and the
control gﬂgggg_nicrocoding exits at 430.

Next, cells in the multi-level memory block required to
be at threshold voltage level 2 are ascertained 438. If
there are cells programmed to voltage threshold level 2 that

10 fail verify, the level 2 gate.voltage is increased 440, and
the failed cells are re-pulsed 442. In a particular
implementation, the failed cells in eight quadwords are re-
pulsed in groups up to the bandwidth of the program pump
until all of the failed cells in the eight quadwords are re-

15 pulsed. The control engine microcoding continues looping
through blocks 438, 440 and 442 until all of the cells
requiring a level 2 threshold voltage are re-pulsed.

Next, cells in the multi-level memory block required to
be at threshold voltage level 3 are ascertained 444. If

20 there are cells programmed to voltage threshold level 3 that
fail verify, the level 3 gate voltage is increased 446 and
the failed multi-level memory cells are re-pulsed 448. In
a particular implementation, the failed cells in eight
guadwords are re-pulsed in groups up to the bandwidth of the

25 program pump until all of the failed cells in the eight
13



10 The cells are pul sed consecutively but verified together. Each segnent
of the algorithm (L1 pulsing, L2 pulsing, L3 pulsing, verify) requires

di fferentwgas®ssst drain voltages. To set up each vol t ageCrao/#1584

m croseconds of slew tine. Therefore, grouping the |evel 15 pul sing and
verify operations together can nmaxi m ze usage of the tinme cost of slew ng.
If the verification 428 faiLs, t he contro# ﬁﬂgine. ni%noggggagngroceeds to
1) flag GerFEOTRS t HESJEEAPBLFREr aSlCprogFahmed eoPreltFy o 8hd™Y) ascertain
which level (s) failed 20 verification. Cells in the nulti-Ieve or'y

bl ock r@quti@ueﬁolgépaﬂgthhé@ﬁﬁhdb%@Fkégé4ﬁevéﬂ61a8§e4§§cBPFé'ngg 432. | f
there are cells programmed to voltage threshold level 1 that fail verify,
the | evebf ltigat eeVbbt agguisingner éaved 33nhrgrbotAeVPALPE§ E&F| &Sare

re-pul sed 436. In 25 a particular inplenentation, the failed cells in eight
12 WO 034Q58687 PCT/ US02/ 41704 quadwords are re-pulsed in groups up to the
bandwi dth of the program punp until all of the failed cells in the eight

quadwords arecfg- pyheed: Zhgisankkekoesging Ehenhotediegbaetntbnees | oopi ng
t hrough bl ocks 432, 434 and 436 until all 5 of the cells requiring a |evel
1 thrEShghgrgotﬁggﬁuﬁEg—ﬁgﬁel memory block is again verified. The
process of verifying, increasing the gate threshold voltage
at each level, re-pulsing cells at each threshold level and
verifying continues until the entire buffer is verified 428
10 and programming ends 430.
FIGS. 4A-4F illustrate an example of the incremental
regsults of the programming algorithm of FIG. 3. A portion
of customer desired programming data 502 is shown as a
series of data bits (FIG. 4A). 1In the illustrated example,
15 every two data bits can be represented by one of four
voltage threshold levels. Threshold level representations
504 each correspond to two bits of the customer specified
programming. In the example, threshold voltage level 3 (Vi3)
corresponds to data bits “00”. Similarly, threshold voltage
20 level 2 (Vi) corresponds to data bits “01”; threshold
voltage level 1 (Vi) to data bits “107; and threshold
voltage level 0 (V) to data bits “11”.

It is assumed that a multi-level memory array has a

pre-existing data 506 (FIG. 4B). Each threshold level

14



pul sed. Next, cells in the nulti-level nmenory block required to be at
threshold voltage |level 2 are ascertained 438. If there are cells
pr ogr amemots/058sBT age t hreshold | evel 2 that 10 fail veri PgI/uSas4i7eve

gate voltage is increased 440, and

a Faréicular i npl enentation, the failed cells in eight quadwords are
pul sed in groups up to the bandw dt h of th rogr.am until all o
failed c&EPEFeSSRIERE 161G RO &G SES 8%f§%6ﬂy$ﬁ% dontrol eng
m crocodi ng continues | ooping through blocks 438, 440 and 442 unti l
t he cel | sxis¢duior ipmggaamevigld .2 t hreshol d vol tage are re-pul sed. Next,
inthe nulti-level nmenory block required to be at threshold voltage

3 are ascert aimmed pAé4 exifstZthd hermyadateelils qumupraded ttés ¢l Q%&ﬁ?
threshold level 3 that fail verify, the level 3 gate voltage is incr

446 and

g g ied .nultd -diey elxaigimer Vi ldeldisraaresl r exqmed S8 W8 .bitE &

particul ar inplenentation, the failed cells in eight quadwords are

re-puks
of the

10

15

20

25

ed 9 t t hey ,
fmlegagﬂs |ntheEiayl%gj‘:Eﬁﬁ.ﬁwdjmﬂmat & A P ograraplingheirt i |

| 2

the failed cells are re-pul sed 442. In

re-

f the
i ne
all of
cells
| evel

eased

al |

t 13 WO 03/058637 PCT/ US02/ 41704 quadwor ds
are re- puI Se%here ocroen,trooI r?é%r{:eo M LeadidGu1ti-1evel cell block

of data. As a result of the comparison, the control engine
microcoding determines that two multi-level cell array
locations 510 (FIG. 4C) do not require programming because
their voltage thresholds match the levels 512 (FIG. 4A)
desired by the customer. The cells not requiring further
programming are shaded in FIG. 4C.

The control engine microcoding sets the gate voltage to
the level 1 voltage (Vi) corresponding with bit pattern
w]0.” The control engine microcoding programs array data
cells 516 (FIG. 4D) to the level 1 voltage to match the
required customer cell programming 518 (FIG. 4A) resulting
in array data 514 (FIG. 4D). The nibbling technique
described above may be used to program the cells to level 1.
It is possible that the number of cells requiring
programming may exceed the capacity of the program pump to
accomplish all at once. 1In such a case, the system programs
up to the maximum number of cells that can be supported by
the program pump 154. The control engine microcoding

continues nibbling through the successive cells requiring

15



i s looping through bl ocks 444, 446 and 448 until all of the cells
?ggh:p?ﬁg a Igve? 3 thrgshold vol tage are re- pulsed. 5 The control eEg!ne
m crocodiWwQ Blsse3t oops back to 428 where the nult!-leveIPEEanymbHOE lhs
again verified. The process of verifying, increasing the gate thresho
voltage at each level, re-pulsing cells at each threshold | evel and

i fyi i uphiht ent-i r ks LfLed. 428 0.and
brogr A g ande 430, B b, ik AF P Tont ot 8 as EkbnbPe 67 otn T Hcr ement a
results o@oﬁﬁge@éggrannihg algorithmof FIG 3. A po;thoP gftgu?éfg?r4A)
[ ' data 502 is shown as a series o ata bi .
Tosl heli [T g e e two_data bits can be represented by

In the iIIustrﬁ$ d_ex %e 15 ever .
one of four  vh a%%n€%$ S %$ﬁn?emé¥§90qﬂ+%gh%$ﬁ§|Eb@lgaégrégbhﬁg@Ib?s tﬁ04
each corres d to two bits of the custoner specified prograﬂﬂkng-wogn e
exanpl e i LR VoY ReRIP eVéz) 30PVESFPOBIE RES ponbls tt padatanbivog . *00" .
Sinilariy t hreshol d voltage 20 level 2 (Vt2) coyresgonds to data bits
"01" - 5t hrieh IRt Kol tigfEl nevel cdo¢ading toromtamdi dsrat 0at anget hs eshol d
voltége level O (Mto) to data bits "11". It is assumed that a multi-|eve
merory ar(EBE haek)a tpriewesd st ingl weda EHend G t B refache d Hgshghd. | eve
cell programming 524 (FIG. 4A) resulting in array data 520
(FIG. 4E). Succesgsive nibbling may be necessary as
described above. The system continues nibbling through the
10 successive cells requiring programming until the programming
of cells to level 2 is completed.
The control engine microcoding sets the gate voltage to
the level 3 voltage (Vis) corresponding to bit pattern “00.~
The system programs array data cells 526 (FIG. 4F) to level
5 3 voltage to match the required customer cell programming
528 (FIG. 4A) resulting in array data 530 (FIG. 4F).
Successive nibbling may be necessary as described above.
The system continues nibbling through the successive cells
requiring programming until the programming of cells to
20 level 3 is completed.
Subsequently, a comparison of programmed array data

cells 532 (FIG. 4F) with customer required programming 504

(FIG. 4A) may be made to verify that the array is programmed

correctly.

16



14 WD 03/ 058637 PCT/ US02/ 41704 representation 508 corresponds to two bits
of the pre- existing programm ng. The pre-existing array data is conpared
to the de®proawssepr ogramming. In the exanple illustrated, momasot/4t7he bits
5 are desired to be programmed froma "0" to a "1" and there is, therefore,
no need to erﬁse t he nrlti-level cell block of data. As a result of the
conparison, the control engine crocodln dete m nes-th mul ti-Ieve
cell array IEéatﬁbﬁ§e§1@aYFV€¥l£¥3taﬁtnBF quﬁ & 6F§&Fa%%9ngn€ECause 10
their voltage thresholds match the levels 512 (FIG 4A) desire %y t he
cust omer cuFhemee| bpenof irdqRirPEHGTMERENERS BPE réﬁﬁFﬁgtgﬁeséﬁﬁdg& °n FI G
4C. The control engine mcrocoding sets the gate voltage to the level 1
vol tage A¥tdpsepibedpandicngjwnthibint wpaht EXF-18," Lhe" SYRE SBoREYol-Sengi ne

m crocodi ng prograns array data cells 516 (FIG 4D) to the level 1 voltage

to matchyphhge aQu-Ledeguskoner agebh phograseingabts voRIGgedntrdsul ting
in array data 514 (FIG 4D). The nibbling technique described above may be

used to pregragythe cellbsitteclievel 1. 20 It is possible that the nunmber of
cells requiring progranm ng nmay exceed the capacity of the program punp to

Various features of the system can be embodied in the
form of computer-implemented processes and apparatuses for
practicing those processes. Some OI all of the features of
the system can also be embodied in the form of computer

10 program code containing instructions embodied in tangible
media, such as floppy diskettes, CD-ROMs, hard drives, or
any other computer-readable storage medium, wherein, when
the computer program code is loaded into and executed by a
computer, the computer becomes an apparatus for practicing

15 the invention. The various features can also be embodied in
the form of computer program code, for example, whether
stored in a storage medium, loaded into and/or executed by a
computer, or transmitted over some transmission medium, such
as over electrical wiring or cabling, through fiber optics,

20 or via electromagnetic radiation, wherein, when the computer
program code is loaded into and executed by a computer, the
computer becomes an apparatus for practicing the invention.
When implemented on a general-purpose microprocessor, the
computer program code segments configure the microprocessor

25 to create specific logic circuits.

17



acconplish all at once. In such a case, the systemprograns up to the
maxi mum nunber of cells that can be supported by the program punp 154. The
control ewgionesssBTr ocodi ng 25 continues ni bbling through Prhe/tGsareEssi ve
cells requiring 15 WD 03/058637 PCT/ US02/ 41704 programm ng until the
programm ng of cells to level 1 is conpleted The control engine

m crocodi ng sets the gate voltage to gﬁvel voltageéfwgg
correspondlngOFbeﬁlﬁmE&?P€Pﬁat6?ns aﬁeTWét Rt FBF ERGPRe Of ¢FScodi ng
prograns array data cells 522 (FIG 4E) to level 2 voltage to nmatch the
requi redfolispwieg céelimsprogranm ng 524 (FIG 4A) resulting in array data
520 (FIG 4E). Successive nibbling may be necessary as described above.
The system continues nibbling through the 10 successive cells requiring
programm ng until the programming of cells to level 2 is conpleted. The
control engine mcrocoding sets the gate voltage to the level 3 voltage
(Vt3) corresponding to bit pattern "00." The system prograns array data
cells 526 (FIG 4F) to level 15 3 voltage to natch the required custoner
cell programming 528 (FIG 4A) resulting in array data 530 (FIG 4F).
Successi ve ni bbling may be necessary as descri bed above.

18



The system continues ni bbling through the successive cells requiring
programm ng until the progranm ng of cells to 20 level 3 is conpleted.
Subsequerwby3/osseapnpar i son of programed array data cell ®CFABL/HTG 4F)

Wi th customer required programmng 504 (FIG 4A) nay be nade to verify
that the array is programred correctly. 16 WO 03/058637 PCT/ US02/ 41704

The system.may verify that array data cells 530 and custoner specified
programm Lof 5ot & dree t he sane data.  As described in conjunction with
FIG 3, the systemmay re- pulse unverified cells at an increased gate

vol tage until %5 B@YhQR| ¢ RErEeSRFified. Various features of the system can
be enbodied in the formof conputer-inplenmented processes and apparatuses
for practicingatosty mpoaddesssSona v la d@uﬁig@fff@@fu‘?‘é@rbiﬁg #he system
can al so be enbodied in the formof conputer 10 program code contai ni ng

i nst r uct g ierdicdt eshé o f aanghbleal edi @f Sucdslasl d | opbyagke skevre ks,

CD- ROVB, hard drives, or any other conputer-readabl e storage nmedi um

wher eign, shen of he GNP eFe Progs R Eose 4 SuhDasledod it Orandf exeguéed; by a
conputer, the conputer beconmes an apparatus for practicing
pulsing array memory cells associated with the
identified addresses to program the array memory cells to
the particular threshold voltage level;
repeating the identifying and pulsing for each of the
10 threshold voltages levels; and
subsequently verifying whether each array memory cell
is programmed with a threshold voltage level that correctly

represents the corresponding pattern of signals for that

cell.

15 2. The method of claim 1 wherein identifying addresses
comprises:
defining a subset of addresses in the data buffer;
determining an éxpected number of cells in each state
in the subset of addresses in the data buffer; and
20 supplying sufficient current to pulse the expected

number of cells.
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15 the invention. The various features can also be enbodied in the form of
conput er program code, for exanple, whether stored in a storage nedium

| oaded i nwo oans¥6edT executed by a conmputer, or transm ttedCoNSn2/s00E
transm ssi on nmedium such as over electrical wiring or cabling, through
fiber optics, 20 or via electromagnetic radiation, wherein, when the
conputer program code is |oaded into and executed hy a c uter, the
conput er 3beco HRtEpFardt fLagr prastisting J&H\%’fﬂi LR Rdh

i npl enented on a general - purpose m croprocessor, the conputer program code
segnent scoopfiigase the nicroprocessor 25 to create specific logic circuits.
17 WO 03/ 058637 PCT/ US02/ 41704 O her inplenmentations are within the scope
of the foll odiengreliaiimg. 118 CAD1G3/05863 71 rRCT/SUSER4 PI04£dANEFEESS 1L Al VED
I'S: 1. A nethod conprising: identifying addresses in a data buffer for
storing anePakiiaC Wi cane cfuideplptica)rdmniok ;t kireshol d vol tage | evel s, 5
each of which is represented by a unique pattern of signals; pulsing array

mermory cells agseehated Wty tthe st subset of addresses do not
require programming, then proceeding to evaluate whether
cells in another subset of addresses in the data buffer
require programming, without pulsing the first subset of

addresses.
10 4. The method of claim 3 including skipping verifying of
cells in subsets of addresses that do not require

programming.

5. The method of claim 4 including skipping a pattern

representing a lowest threshold voltage level.

20



identified addresses to programthe array nmenory cells to the particular
threshol d voltage | evel; repeating the identifying and pul sing for each of
the 10 twoaglstied’ vol t ages | evel s; and subsequently veri fycagSeniet/ner each
array nmenory cell is programred with a threshold voltage | evel that
correctly represents the corresponding pattern of signals for that cell.
15 2. The nethod of claim1 wherein identifying addresses conprises:
defi ni ngéa subbet meEhaddPésseésimn lt fETEREE HOMPELSId6t er mi ni ng an expect ed
nunber of cells in each state in the subset of addresses in the data

buf fer; and 20nsuppbyinggtdef theiesholduvpdfedeo Lgiiede the expected number
of cells. 19 WO 03/058637 PCT/US02/ 41704 3. The method of claim2 wherein
i dentifyi ng addresiedngcanppirsestlgepeogiramngd fepeirys dalls Miltdt thebset of
addresses in the data buffer require programming; and 5 if cells in the
first subset-gfcaddress®s1d0vaQt agkeequived ;programing, then proceeding to

eval uat e whet her
5 repeating the increasing and re-pulsing on incorrectly
programmed memory cells at each threshold voltage level; and
subsequently re-verifying whether each memory cell is

programmed with a threshold voltage level that correctly

represents the corresponding unique pattern of signals.

10 7. The method of claim 6 further comprising iteratively
repeating said increasing, said re-pulsing, said repeating
and said subsequently re-verifying until each memory cell is
programmed with a threshold voltage level that correctly
represents the corresponding pattern of signals for that

15 cell.
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cells in another subset of addresses in the data buffer require
programm ng, W thout pulsing the first subset of addresses. 10 4. The
met hod ofwoloaiosse37 i ncl udi ng ski ppi ng verifying of cells PaTASbY€L784 oOf
addresses that do not require programmng. 5. The nethod of claim4

i ncluding skipping a pattern representing a | owest threshold vol tage

| evel . 20 WD 03/ 058637 PCT/ US02/ 41704 6., Th Lde of claim1 further
conprisi Bg: i ABPeHSERGS RE Fﬂﬁéghglﬂhﬁgﬁﬁggé%ﬁggélyﬁﬂgwﬁﬁiéﬁifﬁﬁuxnrectly
programmed nmenory cells with the increased threshold voltage |level; 5
repeat i ngotperisgereasi ng and re-pulsing on incorrectly prograned nmenory
cells at each threshold voltage |evel; and subsequently re-verifying

whet her each demeryicghlg i€ preddranmed iitdsta stfhsetheifd adslnesfed evel t hat
correctly represents the correspondi ng uni que pattern of signals. 10 7.
The met hed 0f1a¢Labmre furidagri reomtcsiangniiricgr alidvel y  repeating said

i ncreasing, said re-pulsing, said repeating and said subsequently

re-vegi fying yntid.18aCh JRARY ¥ iGld dubself ar AR Mdh @ tuteshol d vol tage

| evel that correctly
require programming, then proceeding to evaluate whether
cells in another subset of addresses in the data buffer

require programming, without pulsing the first subset of

addresses.

10 9. The method of claim 1 wherein identifying addresses
comprises:
determining if cells in a first subset of addresses in
the data buffer require programming; and
if cells in the first subset of addresses do not
15 require programming, then proceeding to evaluate whether
cells in another subset of addresses in the data buffer
require programming, without pulsing the first subset of

addresses.
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represents the corresponding pattern of signals for that 15 cell. 21 WO
03/ 058637 PCT/US02/ 41704 8. The nethod of claim7 wherein identifying
addr esseswomosmpisdtses: determining if cells in a first sub®et/ushzados esses
in the data buffer require programmng; and 5 if cells in the first subset
of addresses do not require progranm ng, then proceeding to evaluate
whet her cells in another subset of addresses in the data buffer require
progranmifig, Wi PRBRPApGPEPRGSERE first subset of addresses. 10 9. The
met hod of claim1 wherein identifying addresses _conpri ses: deternlnlng if
cells in a fiigensubgéngohddddrassesni a dehe EHfﬁeﬁuﬁP§rSF866P9e
programm ng; and if cells in the first subset of addresses do not 15
require paogtaniangonehen prpteedﬂmgytofthtaaheldhﬁpﬁéﬁgecé?V@lﬁn anot her
subset of addresses in the data buffer require progranm ng, wthout

pul sing thenfbesihsuhset ekpragddnesdepy 22unique pattern of signals;
5 determining if cells in a first subset of addresses in
the data buffer require programming; and
if cells in the first subset of addresses do not
require programming, then proceeding to evaluate whether
cells in another subset of addresses in the data buffer
10 require programming, without pulsing the first gubset of

addresses.

11. The method of claim 10 wherein determining comprises:
interpreting the signal pattern representing the
threshold voltage level of the buffer memory cell; and
15 comparing the array memory cell signal pattern to a

pattern stored at the associated address in the data buffer.
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WO 03/ 058637 PCT/ US02/41704 10. A nethod conprising: identifying addresses
in a data buffer for storing a particular one of a plurality of threshold
vol t age |woaB®s863rach of which is represented by a uni quePpatuser/s7of
signals; 5 determining if cells in a first subset of addresses in the data
buffer require programmng; and if cells in the first subset of addresses
do not require programm ng, _then RroceedLn to evaluate whether cells in
anot her 3@bsefhsf 1giHPEsSEsClAlPhé LdSPEPHIPEEF 10 require programm ng,

wi thout pulsing the first subset of addresses. 11. The nethod of claim 10
wher ei n det er pihBhggceimpay sBSIOrYnEel pFeBPRGCLRECE Yr&R F&Ct ern
representing the threshold voltage |evel of the buffer nenory cell; and 15
conpari ngdtheidtedy addmresgesekb prggabmpaheermrray acmpayt @ed 1st dced at t he
associ ated address in the data buffer. 23 WD 03/058637 PCT/ US02/ 41704 12.
The met hedeobaekabmmi: eamBehslagvopubsengearnay nenory cells associ ated

with the identified addresses to programthe array nenory cells to the
partigul ar th&§§€8E§n§0kEQQQdE%%%Eying, determining and pulsing for
each of the threshold voltage levels; and
subsequently verifying whether each array memory cell
is programmed with a threshold voltage level that correctly

represents the corresponding pattern of signals for that

10 cell.

13. The method of claim 12 further comprising:
increasing the threshold voltage level;
re-pulsing incorrectly programmed memory cells with the
increased threshold voltage level;
15 repeating the increasing and re-pulsing on incorrectly
programmed memory cells at each threshold voltage level; and
subsequently re—verifying whether each memory cell is
programmed with a threshold voltage level that correctly

represents the corresponding unique pattern of signals.
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5 repeating the identifying, determining and pulsing for each of the
threshol d voltage | evels; and subsequently verifying whet her each array
menory cewbD 03/0586pT ogr anmred with a threshol d vol tage | evel pChatSomornect |y
represents the corresponding pattern of signals for that 10 cell. 13. The
met hod of claim 12 further conprising: increasing the threshold voltage

| evel ; re-pul sing incorrectl gramred nmenory cells with the increased
threshol&‘VOIHﬁd%“#ﬁ%gﬁnmmﬁr¥%ﬁ%%tlng t he increasing and re-pul sing on

incorrectly progranmed nenory cells_at each threshold voltage |evel; and
subsequent | y rdebRIFMIMATE Athet e ClerR MWERF Ok A Tr3% %?%@?Ténﬁ%%l i ER a
threshold voltage level that correctly represents the corresponding uni que
pattern dfe gmgptame® 4G Q31 O58687y ROT/ USotalid4volidaga hevabd,
conprising: determ ning an expected nunber of array nenory cells to be
progr amreshdip &f piitret ity ofptdyasthed dowod tageghevedstereach ofgmhlsh is
represented by a unique pattern of signals; 5 sizing a program punp to
suppl y suffi cignti g4y e8todLam PEQES & theperpest £l Auaher cefreet | 8o
program the expected number of cells;
identifying addresses in a data buffer for storing a
particular one of the plurality of threshold voltage levels;
determining if cells in a first subset of addresses in
10 the data buffer require programming; and
if cells in the first subset of addresses do not
require programming, then proceeding to evaluate whether
cells in another subset of addresses in the data buffer

require programming, without pulsing the first subset of

15 addresses.
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identifying addresses in a data buffer for storing a particular one of the
plurality of threshold voltage |levels; determning if cells in a first
subset ofweddossses in 10 the data buffer require programairnggp2/axtos i f
cells in the first subset of addresses do not require programm ng, then
proceeding to evaluate whether cells in another subset of addresses in the
data buffer require progranm ng, W thout pulsing the first subset of 15
addresses¥525'WQ?0@?@%%%37fE%%?%%O§?4ﬁ9ﬁﬁrfﬁ%QgThe net hod of claim 14
conprising: pulsing array nenory cells associated with the identified
addresses to [PwgeHMg t HECAY rEGNAENOFESL el 385902t Ad Barti tBfar threshol d
vol tage level; 5 repeating the identifying and pulsing for each of the

t hr eshol di deht Affeed evddisesansd sobseouean| Yhe erFE§Y ngeWAEY heelédckharr ay
menory cell is progranmed with a threshold voltage | evel that correctly

r epr esent gnd hea £01 €BpoNEhngspal dlevol ohgsi haaes; for that 10 cell. 16. The

met hod of claim 15 further conprising: increasing the threshold voltage
level i repeating the identifying and pulsing for each of the
threshold voltage levels; and
subsequently verifying whether each array memory cell
is programmed with a threshold voltage level that correctly

represents the corresponding pattern of signals for that

10 cell.

16. The method of claim 15 further comprising:
increasing the threshold voltage level;
re-pulsing incorrectly programmed memory cells with the
increased threshold voltage level;
15 repeating the increasing and re-pulsing on incorrectly
programmed memory cells at each threshold voltage level; and
subsequently rg—verifying whether each memory cell is
programmed with a threshold voltage level that correctly

represents the corresponding unigque pattern of gsignals.
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re-pul sing incorrectly progranmed nenory cells with the increased
threshol d voltage |l evel; 15 repeating the increasing and re-pul sing on

i ncorrectwy o3jpsssgT armed nmenory cells at each threshol d volpragsoteveld ; and
subsequently re-verifying whether each nmenory cell is programmed with a
threshold voltage level that correctly represents the correspondi ng uni que
pattern of _sigpals., .26 WO 03/058637_PCT/ USD2/ 4 . An.article
conprisin%7a cgﬂp%¥5%9$8a88EP£lﬁé8?u%108?8F|%5 %%%éﬁ?é%-gfgéﬁ abl e
instructions for causing a conEuter sxsten1to: identify addresses in a
dat a buf f 8FCF BRI sEBWPHECE - S*BaFt PRUPal PBREUGFL31FI GPEI F?&}S&th Rr eshol d

vol tage |l evels, each of which is represented by a uni que pattern of

si gnal s; cpubgeesnr pAFLABNDEPY cel | s associated with the identified

addresses to programthe array nmenory cells to the particular threshold
vol t age | evel ; idéntkppabdtimessdentinf gi dgtandupbesi figrf stowach ef the
threshol d voltage | evels; and subsequently verify whether each array nenory
cell is papgienned vhthod thpesheldryobraghrkekel dt kallteoger detkys,

represents the corresponding pattern of signals for that
each of which is represented by a unique pattern of signals;
pulse array memory cells associated with the identified
addresses to program the array memory cells to the
particular threshold voltage level;
10 repeat the identifying and pulsing for each of the
threshold voltage levels; and
subsequently verify whether each array memory cell is
programmed with a threshold voltage level that correctly

represents the corresponding pattern of signals for that

15 cell.
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15 cell. -27 WD 03/058637 PCT/US02/ 41704 18. The article of claim 17

i ncluding instructions for causing the conputer systemto: increase the

t hr eshol dwoeBs8g87 | evel ; re-pul se incorrectly progranmed ®emarsy2/eebds with
the 5 increased threshold voltage |evel; repeat the increasing and

re-pul sing on incorrectly progranmmed nenory cells at each threshold
vol t age | eyel ; d quen [ e=xven] h r ell is

pr ogr amme gmjtﬁﬁg Fﬁ?gg;gl %V%P¥ééelye&g%xPﬁgﬁbbg%fggﬁp§q2%%;%%%}esents t he

correspondi n .unigﬂe attern of signals. -28 WO 03/058637 PCT/ US02/ 41704
19. The aFFP%Fng 8IEPWPféanEVﬁ%gWgtPnstructions for causing the
conputer systemto: determne if_a_first array nenory cell associated with
a first data biPFER28RIEESs thEgahPes pPé§REmmicYSldnd 5 if the first nemory
cell does not require programmng, then proceed to eval uate whet her
anot her menor yreebhlsgsdocparedtwt hragoemeeddaeaoryt el ladaridds thequi res
programm ng wi thout pulsing the first array nenory cell.

5 1increased threshold wvoltage level;

repeat the increasing and re-pulsing on incorrectly
programmed memory cells at each threshold voltage level; and

subsequently re-verify whether each memory cell is
programmed with a threshold voltage level that correctly

10 represents the corresponding unigque pattern of signals.
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determine if cells in a first subset of addresses in 10 the data buffer
require programming; and if cells in the first subset of addresses do not
requi re pwogsassssng, then proceed to eval uate whet her cel PET/USn2/aaT0t her
subset of addresses in the data buffer require progranm ng, wthout

pul sing the first subset of addresses. -29 WD 03/058637 PCT/US02/41704 20.

An articl g, COMpLLSLng,; 8 CORPULEL 1 f eRdabhe: IRELYM n3LALERGons for |
conput er -'execu ABl 8" ThSTTuCti ons T or causing a- conputer systemto:
identify addresses in a data buffer for storing a 5 particular one of a

pl ural i t yCRS1RY SR8 TOVBTEEHeSY BRSNS  each of which is represented by a
uni que pattern of signals; determne if cells in a first subset of
addresses in t@etgardneuifer FogebrerprBgRaNAtHgecahdaFFOEerFedi Withe fir st
subset of addresses do not 10 require programm ng, then proceed to evaluate
whet her cal £ srstndabat bef fsubsétretsaddgesses pnoghemuang;befifler require
programm ng, w thout pulsing the first subset of addresses. 21. The
article of claim 2Rei petudi mgmbhgt cetli @nssf oot cagsing phegrenpuhegr, system
to: 15 interpret the signal pattern representing the threshold
then proceed to evaluate whether another memory cell
associated with another data buffer address requires
programming without pulsing the first array memory cell.
determine if cells in a first subset of addresses in
10 the data buffer require programming; and
if cells in the first subset of addresses do not
require programming, then proceed to evaluate whether cells

in another subset of addresses in the data buffer require

programming, without pulsing the first subset of addresses.
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voltage | evel of the buffer nenory cell; and conpare the array nenory cel
signal pattern to a pattern stored at the associated address in the data
buf fer. wBM®3MB68B/ 058637 PCT/ US02/ 41704 22. The arti cl e pofi/usozsrmL0
including instructions for causing the conputer systemto: pulse array
menory cells associated with the identified addresses to programthe array
menory cells-to the 5 particul ar, threshold volta del' &ﬁ&ﬁat t he

0

e.l
i denti fyiqfy, d¥t &Iy %ﬂﬁpwg?%gaf%?mp%%%%_%éa?%% THPRShold vol t age
| evel s; and subsequently verify whether each array nennrg cell is
progr anet o 1 £ EEHot SRS AYES | BRI TR Rt O%Br FREt F3US 4089 r@present s the
correspondi ng pattern of signals for that «cell. 23. The article of claim
22 i ncl udtorgoutrst rectienstdor  causi ng the conmputer systemto: increase the
threshold voltage level; 15 re-pul se incorrectly programed nmenmory cells
with the incriased fyreshotcseol iage devel bufepeator hetonereasi ng and
re-pul sing on incorrectly progranmed nenory cells at each threshold
vol tage leyelic@h one of a plurality of threshold voltage levels,
each of which is represented by a unique pattern of signals;
determine if cells in a first subset of addresses in
the data buffer require programming; and
if cells in the first subset of addresses do not
10 Vrequire programming, then proceed to evaluate whether cells

in another subset of addresses in the data buffer require

programming, without pulsing the first subset of addresses.

21. The article of claim 20 including instructions for
causing the computer system to:
15 interpret the signal pattern representing the threshold
voltage level of the buffer memory cell; and
compare the array memory cell signal pattern to a

pattern stored at the associated address in the data buffer.
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subsequently re-verify whether each nenory cell is 20 progranmmed with a
threshol d voltage |level that correctly represents the correspondi ng uni que
pattern ovoIB@maBs. -31 WO 03/058637 PCT/ US02/ 41704 24. PAR/USpPan7ed us
conprising: a data buffer; an array of nmenory cells; a program punp coupl ed
to the array of nmenory cells; 5 and a processor coupled to the data

buffer, the arr of .menory cells, .and _the program punp,. and configured
to: identffy gg%r§§§égﬁﬁno%h§%§thZ@uﬂF€ uF&P9298FFﬁ§E%ﬁ%¥%iﬁ§ﬁ ar one of
a plurality of threshold voltage 10 |evels, each of which is represented
by a uni qGauspast Ekf PTHVGRE $YSE&TsECthe program punp to pul se array
menory cells associated with the identified addresses to programthe
array menory celllset ertrhy pemoryulcsd lishesskolidted wigd tis |lideaitifigseat
the identifying and pulsing for each of the threshold voltage |evels; and
subsequenthyreeseky tohetrberaaathearrapymerooyycekllls .to the
5 particular threshold voltage level;
repeat the identifying, determining and pulsing for
each of the threshold voltage levels; and
subsequently verify whether each array memory cell is
programmed with a threshold voltage level that correctly

10 represents the corresponding pattern of signals for that

cell.

23. The article of claim 22 including instructions for
cauging the computer system to:
increase the threshold veoltage level;
15 re-pulse incorrectly programmed memory cells with the
increaged threshold voltage level;
repeat the increasing and re-pulsing on incorrectly
programmed memory cells at each threshold voltage level; and
subsequently re-verify whether each memory cell is
20 programmed with a threshold voltage level ﬁhat correctly

represents the corresponding unique pattern of signals.
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is progranmed with a threshold voltage |level that 20 correctly represents

the corresponding pattern of signals for that cell. -32 WO 03/058637

PCT/ USO2/vw003458626. The apparatus of claim 24 wherein thePprasSeys$0n4 i s

configured to: increase the threshold voltage |evel; cause the program punp

to re-pulse incorrectly 5 progranmed nenory cells with the increased

t hreshol d vol't%,algi;e{fl | eve] ; cause the repeat of the increasing and re-pul sing
p

on incorféctl Poranhed nBWBFyStBPfs at each threshold voltage |evel:

and 10 subsequentléare-verify whet her each menory cell is programed wth
a threshol d vort@gyea| evéfethat correctly represents the correspondi ng
uni que pattern of signals. 26. The apparatus of claim25 wherein the
processor is e@onditpayedftwoemeBydeeétmine if cells in a first subset of
addresses in the data buffer require progranmng; and if cells in the
first subset o0& pddyessesunp anotipledquor ehpr agragnbfigmetrbey peddeed to
eval uate whether cells
5 and
a processor coupled to the data buffer, the array of
memory cells, and the program pump, and configured to:
identify addresses in the data buffer for storing
a particular one of a plurality of threshold voltage
10 levels, each of which is represented by a unique
pattern of signals;
cause the program pump to pulse array memory cells
associated with the identified addresses to program the
array memory cells to the particular threshold voltage
15 level;
repeat the identifying and pulsing for each of the
threshold voltage levels; and
subsequently verify whether each array memory cell
is programmed with a threshold voltage level that

20 correctly represents the corresponding pattern of

signals for that cell.
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i n anot her subset of addresses in the data buffer require 20 progranmm ng,

W t hout pulsing the first subset of addresses. -33 WO 03/058637

PCT/ USO2/w003458627. An apparatus conprising: a data buffercTarsozsrey of
menory cells; a program punp coupled to the array of nenory cells; 5 and a
processor coupled to the data buffer, the array of nenory cells, and the

program p , d configqured to: . i.dentify addresses_in the data buffer for
storing agggrtggﬁlﬁppgﬁ%%Bﬁ prF&?&Figﬁ g%eFﬁﬁgéﬁﬁﬁdpﬁﬁQ%iﬁ?r 10 | evel s,
each of which is represented by a unique pattern of signals; determne if
cell's in §opfiguredhéét of addresses in the data buffer require
programming; and if cells in the first subset of addresses do not 15
require prografnchngasehsheptbrestiold evaltagee Lafvetthier cells in another
subset of addresses in the data buffer require progranm ng, wthout

pul sing the fiestssubhdet probraddpespeso ¥@pulse incorrectly

5 programmed memory cells with the increased threshold voltage
level;
cause the repeat of the increasing and re-pulsing on
incorrectly programmed memory cells at each threshold
voltage level; and
10 subsequently re-verify whether each memory cell is
programmed with a threshold voltage level that correctly

represents the corresponding unique pattern of signals.

26. The apparatus of claim 25 wherein the processor is
configured to:
15 determine if cells in a first subset of addresses in
the data buffer require programming; and
if cells in the first subset of addresses do not
require programming, then proceed to evaluate whether cells
in another subset of addresses in the data buffer require

20 programming, without pulsing the first subset of addresses.
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WO 03/ 058637 PCT/ US02/ 41704 28. The apparatus of claim 27 wherein the
processor is configured to: interpret the signal pattern representing the
t hr eshol dwowdlssage | evel of the buffer menory cell; and 5S5pcongsarei7vhe array
menory cell signal pattern to the pattern stored at the associ ated address
in the data buffer. 29. The apparatus of claim 28 wherein the processor is
configured.to: ,cause _the program.punp to pulse array nenory cells 10
associ at e 7%&tﬁntﬁgpfﬁgnpﬁﬂéé@pgégﬁggées to programthe array nenory cells
to the particular, threshold voltage |evel; repeat the identifying,.

det er mi ni ng and P@r& RYEEE each of the threshold voltage |evels; and 15

subsequently verify whether each array nenory cell is programmed with a
t hreshol d vol t agealr&ed] offhaemesir €6ty represents the correspondi ng
pattern of signals for that «cell. -35 WD 03/058637 PCT/US02/ 41704 30. The

appar atus of clkraipmo2®awheueipn coplpdotes s$die iegrayoni gemedyt gells;
5 and
a processor coupled to the data buffer, the array of
memory cells, and the program pump, and configured to:
identify addresses in the data buffer for storing
a particular one of a plurality of threshold voltage
10 levels, each of which is represented by a unigue
pattern of signals;
determine if cells in a first subset of addresses
in the data buffer require programming; and
if cells in the first subset of addresses do not
15 require programming, then proceed to evaluate whether
cells in another subset of addresses in the data buffer
"require programming, without pulsing the first subset

of addresses.

-34-



I ncrease the threshold voltage | evel; cause the program punp to re-pul se

I ncorrectly 5 programmed nenory cells with the increased threshold voltage
| evel ; cawioa@3nk8s3T epeat of the increasing and re-pul sing eaT/USawornect |y
programmed nenory cells at each threshold voltage |evel; and 10
subsequently re-verify whether each nenory cell is progranmmed with a

threshol doyoltage Lepelthal c20hedl! %7 (ARLRIHN thd MU RRPANI NG uni que

pattern of signals.

configured to:
interpret the signal pattern representing the threshold
voltage level of the buffer memory cell; and
5 compare the array memory cell signal pattern to the

pattern stored at the associated address in the data buffer.

29. The apparatus of claim 28 wherein the processor is
configured to:
cause the program pump to pulse array memory cells
10 associated with the identified addresses to program the
array memory cells to the particular threshold voltage
level;
repeat the identifying, determining and pulsing for
each of the threshold voltage levels; and
15 subsequently verify whether each array memory cell is
programmed with a threshold voltage level that correctly
represents the corresponding pattern of signals for that

cell.
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30. The apparatus of claim 29 wherein the processor is
configured to:

increase the threshold voltage level;

cause the program pump to re-pulse incorrectly
programmed memory cells with the increased threshold voltage
level;

cause the repeat of the increasing and re-pulsing on
incorrectly programmed memory cells at each threshold
voltage level; and

subsequently re-verify whether each memory cell is
programmed with a threshold voltage level that correctly

represents the corresponding unique pattern of signals.
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