- @MM In a flash nmenory device i ncl udi ng %%Fe

fl ash eI ect ri 2 erasabl e programmabl e read-only nenor

cell having n bits 3 indicative of [err] states, each state correspondi ng
to a predet erm ned range of 4 cell charge levels, a nmethod for

determning a state of the flash EEPROM cell, 5 the nethod conprising the

steps of: 6 a) sensing a cell charge level of the flash EEPROM
cell; 7 b) comparing using a figgl conparator the cell charge |evel
of the flash 8 BEPRO\/I cell and a ref erence cell charge |evel of
a selected first 9 S . , HRPUL putting from

the first conparator a rest a
first one of the n bits in the fl\4d CBA ' d) supplying
the result of step b) to an input of a sel ector CII‘CUI'[ the 13
sel ector circui f ‘. econd reference ceII and a third 14
reference cel |, =wh 3 Sween the second and third 15

reference cells is d(’nhe pmsemsumeaaohaeﬂdtes satdllyofo detepmiifing the stetwoofl 16
reference cell t 7
EEPROM cel | is ngggfqﬁﬁ&&{th?%%gbggeﬁE]nh ﬁ%@ﬁ&guﬁse&e“?{“& Bogat

sel ected first flashmeemery eell thatstorgsemore than éfsemgiﬁchél' @éﬂﬁfabel ng sel ected

19 IBA@G@M@MHEWVWQNHash EEPROM cel | is greater
than the 20 LEnS rge evel, of the sel %ct ed first
reference cell: ' Nonvolati semxconducto emory devices are fundamental

building blocks in prior art computer system designs. The primary
mechanism by which data is stored in nonvolatile memory is the
memory cell. Typical prior memory technologies provide a maximum

- storage capacity of one bit, or two states, per cell. Semiconductor memory
cells having more than two possible states are known in the prior art, and
specific references are cited at the close of the Background of the
Invention.

-One type of prior nonvolatile semiconductor memory is the flash
electrically-erasable programmable read-only memory ("flash EEPROM").
Prior art flash EEPROMs typically allow for the simultaneous reading of
several flash cells. Further, typical prior flash EEPROMs have a storage

. capacity that is much greater than the amount of data that can be output
~ at any one time. Accordingly, each output of a flash EEPROM is typically
associated with an array of flash cells that is arranged into rows and
columns, where each flash cell in an array is uniquely addressable.
When a user provides an address, row and column decoding logic in the
. flash EEPROM selects the corresponding flash cell.

A typical prior flash mémory cell is comprised of a single field
effect transistor ("FET") including a select gate, a floating gate, a source, |
and a drain. Information is stored in the flash cell by altering the amount
of charge on the floating gate, which causes the threshold voltage Vi of
the flash cell to be varied. The typical prior art flash memory cell is in



21 e) conparing using a second conparator the cell charge |evel of

the 22 o flash EEPROM cell to the selected one of a reference cell
char ge | SN@95/34875 of the second reference cell amrtTAUM9®0BENCE
cell charge |evel of the 24 third reference cell; and 25

f) outputting fromthe second conparator a result of step e) indicative 26
of a second one of the:'n bits of the flash EEPROM cell wherein -the 2 28
first conparator continues to output the result of step b) while steps 29
d), e), and f) are perforned such that the first conparator outputs 30
the first one of the n bits and the seco®d conparator outputs the 31
second one of the n bits si mul t aneously to indicate the state of the 32
fl ash EEPROMreedf twd posdible statés; bebid)eithes "pirsgramined’ or @:&s@d 83 furt hfe;
conprising t : . r p :
ﬁlgg?é Tﬁgu%ﬁeg flash cell dxg ibitidt 3l %%?lcéﬁpaof vy a ?{1&:?

sel ecting one our And &
cel |, the fdlashideviter Assand seene tmgemed@me and the programméd state cel |

charge | eveleagh spBéfy | h&&h EE‘?W&@H esi Tha fﬁéékﬁéelh’@drﬂﬁte’éﬁén&ll . possess the
fifth reference cell t.he 6

f er ence
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el ect |f t he cell char eve
fl ash EEPRO@ ieaaraqeszdgnggggﬁcft@t(g @é eagh electron thay 1%6&‘3%’ |t9i§ ¢ aE@SI char ge -

| evel of t hegaté.aBradticRRDigpeakingahdwaever, prior flash cells typically have only
two possible states because of inconsistencies in flash cell structure,
charge loss over time, thermal considerations and inaccuracies in sensing
the charge on the floatmg gate that affect the ablhty to determine the data

stored in the flash cell. - ' . o "

To distinguish between the two possible states, the states are
- separated by a separation range. According to one prior method, when a
flash cell is read, the current conducted by the flash cell is.compared to a
current conducted by reference flash cell having a threshold voltage Vi
set to a predetermined reference voltage that is a voltage in the
separation range. A smgle comparator typically makes the comparison
and outputs the result. _ : '
When a flash cell is selected for readmg, a biasing voltage is _
applied to the select gate. Simultaneously, the same biasing voltage is
applied to the select gate of the reference cell. If the flash cell is
programmied, excess electrons are trapped on the floating. gate, and the
threshold voltage V¢ of flash cell has increased such that the selected
flash cell conducts less drain current than the reference flash cell. The
programmed state of the 'prior-ﬂash cell is typically indicated by a logic 0.
If the prior flash cell is erased, little or no excess electrons are on the
. floating gate, and the flash cell conducts more drain-source current than
the reference cell. The erased state of the prior flash cell is typically
indicated by a logic 1. ' 2 :
When a flash cell has three or more possible states, the prior art
sensing schemes and circuits similar to that described above are:
inadequate. First, as a general rule, there must be at least (n-1) references



8" wb8isfoesice cell charge level of the selected one yirniddgodasyrt h

and fifth 9 reference cells; and 10 1) outputting a
resul't of step h) indicative of an a third one of the n bits 11

in the flash EEPROM cel |l wherein the first and second conparators 12
continue to output the results of steps b) and f), respectively, while-13
steps g), h), and i) are perfornmed, such that the first conparator 14
outputs the first one of the n bits and thessecond conparator 15

outputs the second one of the n bits simultaneously with the third 16

one of the n bi b 4 qujoad ?ﬂﬁeclﬁrggﬁg?fﬁ%éﬁteﬁ% (L ARAEEREONAE hud, for
P

In a flash nmenory device incl east one fla ectricall

erasabl e progr atieBistates shernmushbesp refeenced TypicahBUPRGTseRsing 3

i ndicative of [ gtHdmed diseimifardbeinaled 1es sRIBPARA HrobiiccoRiyesitd ebltaged
range of 4 cel If char gﬁﬁlgeﬂ% a hoxgj\gaor det ermni n? a Istate of .t he
fl ash EEPROM ceflf'eT&ice 9fE0 &%?&RF 8y CPRPLFIGp 4N SYPicg! prior sensing
sensing a cel | sthenyes, vetidutomoreeisfriotstdegERROM cetrieve dataJrom a multi-  b)
conparing usi ngi&ef PXRARQ40r the cell charge Ievel of the flash 8

EEPROM cel | and a reference cell charge | eve] of a selected first 9
reference cell in a Heediatent No,A415992 describes a sensing scheme for sensing the

state of a memory cell capable of storing n states in which (n-1)
comparators and (n-1) voltage references are used in parallel to
determine the state of the memory cell. Each comparator compares a
corresponding one of the (n-1) voltage references to a voltage determined
by the drain-source current of the memory cell. Decoding logic is |
required to translate the outputs of the (n-1) comparators into (logan)
binary bits.

U.S. Patent No. 5, 163,021 describes a sensing scheme in which n
comparators are sequentially used to compare the state of a memory cell
capable of storing n states to a corresponding n references. Again,
decoding logic is required to translate the outputs of the (n-1)
comparators into (log2n) binary bits. ' :



10 - c) outputting fromthe conparator a result of step b) indicative "

-of a 11 first one of the n bits in the flash EEPROM cel | ; 12

d) suppl WP result of step b) to an input of the dec RETUSISIBEE30 , t he
decode circuit selecting one of a second reference ceII and a

th|rd 14 ’ reference cell in response to the result of step b),
the second 15 reference cell being selected if the cell charge

| evel of the flash 16 EEPROM cel |l is less than the reference
cell charge level of the 17 S%Bected first reference cell, and
the third reference cell being selected If the cell charge

| evel of the ROM cel 0 er than the 19 ref erence
cel | charge Peveitistlidg : gy Yel | ; 20 . e) '

conparing usi ng t‘nhex@@meabﬁbm’bédl&)fcﬁﬂ l@béxﬁlﬁldeﬁ’mh igftot provid@ah 21

EEPROM cel | e .of ce ce har ge Iev of 22
the second rﬁe&%ﬁéé’eggﬁ& Hg‘ the ?’%}éﬁg ré’h?f}lgﬁaw ) iﬁﬂe 23 -
third ref er efvé@ pessible siates24 f) out puttl ng fromthe conparator a

result of step:g) bits of
the flash EEPROM ‘églalméa&?)g‘?n&f e érrésent inyention g%% acéxréu{;ﬁ dg'nd the .

result of st@eETIRIRG thestate %f%?’t‘PBf Cﬁﬁg‘aﬁ’%&ﬁ‘ Eqssxble states, Wh
cell. 1 4. the dirduinabeson®cymparaioe perditidiorgddh the asémo gCémaSh

Ctores nbils i ﬁiéb%ﬂs&%?éﬂ?wﬁé% R W T Plehd T AvRg 4
cor r espondi rgPssible spatesiovhenei misigreaterethan 2 is desgribesh aFhe sensing sirculie f | ash
menory devi GacRRiErd Hirétlreference corresponding to a first threshold voltage level (

and a first comparator coupled to the memory cell and to the first -

reference. The first comparator compares a threshold voltage level of the

memory cell to the first reference. The first comparator outputs a first

result of the comparison. The sensing circuit further includes a second

reference 'cdrresponding to a second threshold voltage level and a third

reference corresponding to a third voltage level. A second comparator

has one of its inputs coupled to the memory cell and its second input is

selectively coupled to either the second reference or the third reference.

A selector circuit selects between the second and third references in

response to the first result. The selector circuit couples the second

reference to the second comparator if the threshold vbltage level of the

memory cell is less than the first threshold voltage level. The selector

circuit couples the third reference to the second comparator if the

threshold voltage level of the memory cell is greater than the first

voltage level. -

The above-mentioned objects and other ob]ects of the invention

are also provided for by sensing circuit that includes a single comparator.

A selector circuit selects between n-1 voltage references. At least two data

latches are provided for storing and outputting the result of comparisons

made between the cell voltage level and the voltage levels of selected

voltage references. -
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5° a)w89£/5:{o§§ conparator that perforns a first conparlm%g;m&s&ell
€

charge 6 | evel of the flash EEPROM cell and a first rence
cgll charge | evel AMENDED SHEET -4- 7 of a first reference
cell, wherein a result of the first conparison is 8. out put from
the first conparator to indicate a value of the n bit of 9 : the
flash EEPROM cel | ; 10 b) a selector circuit having an input for
recei ving the result of the first 11 -5- conparison, the selector
circuit selecting one of a second reference 12 - cell and a third

reference cell inr eﬁ%m ?bie‘&tst '?é‘at[x TndoidH}fi %%5; St tl'?é?’fﬁaseghmveml

conparison, the seco enée ce bein arg

level of the fl &¢H Peppeatensfromshe esgomnanyme F3Wings raé\riekeﬁb&hq:&

charge | evel, thRsétiptien wehiehgollewsdbdlowei ng sel ected if the charge 16

| evel of the flash EEPROM cell is greater than the first reference cell 17
charge level; and 18 c) a second conparator that perfornms a second
conpari son of the cell 19 charge | evel of the flash EEPROM cel
and the selected one of a 20 second reference cell charge |eve
of the second reference cell and a 21 third reference cell charge
| evel of the third reference cell, wherein a



22 - result of the second conparison is output fromthe second 23
corrparator toindicate the (n-1) bit of the flash EEPROM cell, 24

wher ei n wWio®sB#a7st conpar ator continues to output the resuPtTmSﬁIdGBoZS

first conparison while steps b) and c) are performed such that the 26

first conparator outputs the n bit and the second conparator 27

outputs the (n-1) bit sinultaneously to indicate the state of the flash 28
EEPROM cel | . 1 - 5. A flash nenory device conprising: 2 a flash

el ectrically-erasabl e programmabl e read-only nenory 3 (EEPROM) cel |
having n bits indicative of [ERR] statesb-each state corresponding 4 to a

predet er m ned range of ceII charge IeveI s, 5 a conparator coupled to

the flash EBBXEK N IN€Eihle circuit coupled to the

conparator and i gl ;ﬂﬂéggnﬂn]ve‘h?ifo 8 0sthard ewa%gsx%&ﬁé Snd'agr i n the

corrparat'or ?utputs N responsg conpari son of a
cell charge¥ n@\m%#nt e ¥8‘-H§ﬁ of theacremprnyinghdeawings, im whighdikef t he n-1

reference ceéﬁeréklr@ls%di@\t@Is&mmh%leehénttsh_anal1hSWh$¢lﬁnal is 10 indicative of
oneof & second SIGURE LG flafUFHF HibeBRpE S CAc br ¥hapld T2 °
| evel s in resporare flashtdeyidd.r st signal, wherein the conparator out puts a
FIGURE 2 is a block diagram of a computer system according to one
embodiment
FIGURE 3 illustrates a dlstnbunon of multi-level flash cells as a

function of VT wherein each flash cell has four possible states. {

FIGURE 4A shows a flow chart for performing a binary search of
reference cells for a flash cell having four possible states.

FIGURE 4B is a more conventional flow chart of the binary search -
method

FIGURE 5 illustrates a sensing circuit ﬁsing two comparators for
sensing the state of a flash cell having four possible states.

FIGURE 6 illustrates a distribution of multi-level flash cells as a
function of VT wherein each flash cell has eight possible states.

FIGURE 7 shows a flow chart for performing a binary search of
reference cells for a flash cell having eight possible states. :

FIGURE 8 shows a sensing circuit utilizing a single comparator to
determine the state of a flash cell having four possible states.

-



13“ second s%g&,ﬂ% response to a second conparison of the ce 1;%‘{69%0
e d

| evel of 14

ash EEPROM cell to the sel ected one of the seco

third reference 15 - cell charge levels, and wherein the second signal is

i ndicative of an n-1 bit of 16 the flash EEPROM cell. -6- BRI EF
DESCRI PTI ON OF THE DRAW NGS The present invention is illustrated by way of
exanpl e and not
which like references indicate simlar elenepts, and in which: FIGRE 1
illustrates flash cell distribution as a function of VT for a prior art

fl ash devi ce.
one enbodi nent

F

limtation in the figures of the acconpanying drawings, in

blLo6 jagram of a conputer system according to
St "Ieés&'a distribution of multi-Ilevel flash

cells as a function diluwavwereénbp@mms|Qa€sqhecmesemhmwe@monptaé%ﬂebﬂ0e st at es.
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cells for a flash. cell
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conventional fl oiﬁ?t@ﬁa‘ﬂ‘efﬁmtrhg Eeﬁ §Bé?”(9n %‘Ef‘-ﬁé&ng to one em Bboglme

comparator is provided for every two states stored in the memory cell. In
a second embodiment, a single comparator is used. Both embodiments

" implement a binary search method for selecting which of the (n-1)

references are compared to the state of the memory cell.
Figure 2 shows a computer system of one embodiment. The

‘computer system generally includes a bus 11, to which may be coupled a

processor 12, main memory 14, static memory 16, mass storage device 17,
and integrated circuit controller 18. Static memory 16 may include a flash
electrically eraseable programmable read only memory ("flash EEPROM")
or other nonvolatile memory device that stores multiple bits of data per
cell. Similarly, mass storage device 17 may be a solid state hard drive 17
using multiple bit per cell nonvolatile memory devices for storing data.
Integrated circuit cards 19 and 20 may be included in the computer

'system and are coupled to a Personal Computer Memory Card Industry

(PCMCIA) bus 26. PCMCIA bus 26 is coupled to bus 11 and to integrated
circuit (IC) controller 18 for providing communication information
between cards 19 and 20 and the remainder of the computer system. IC
controller 18 provides control and address information to IC cards 19 and

20 via PCMCIA bus 26 and is coupled to bus 11.°

The computer system may further include a display device 21, a
keyboard 22, a cursor control device 23, a hard copy device, and a sound

. sampling device 25. The specific components and configuration of the

computer system is determined by the particular applications for which
the computer system is to be used. For example, the computer system of
Figure 2 may be a personal digital assistant (PDA), a pen-based computer
system, a mainframe computer, or a personal computer. |



FIGURE 5 illustrates a sensing circuit using two conparators for sensing -
"the state of a flash cell having four possible states. FIGURE 6 illustrates
a distri WOPHOAF nulti-level flash cells as a function ofPCIUSHESBPN each
flash cell has eight possible states. FIGJRE 7 shows a flow chart. for
perform ng a binary search of reference cells for a flash cell having eight
possi bl e states. FIGJRE 8 shows a sensing circuit utilizing a single
conparator to determne the state of a flash cell having four possible

st at es. -7- DETAI LED DESCRI PTI ON |11 ggt_r ative enbodi nents of the present
I nvention relate to determning the staté of a sem conductor nmenory cell

bod ment . conioh A embOgiEeRtgach aftBoty el foi dahueslls AARR Cho
merory cel | . celhinathearoayl isscipabierefibeing ini orgd of foanmataié® states, andctheBot h
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(n-1) references are I gure 2

shows a conplistibugen é’ﬁ]fﬁﬂltb’@é’%ﬁilﬁéhlcﬁﬁﬁtas arfenasinmpaf mresbekdewlgager ally
includes a bg A3 cahbevdeeneathystate is Geparled by a separation range, and three

references, Ref1, Ref2 and Ref3, are provided, one each from the three
separation ranges. The references are provided to distinguish between
the analog states. State 1 encompasses the 'l_ov'v_e.st_ rahgé of Vi vdltages of

_ the_'four states and is indicated by both bits being logic 1's (both erased).
State 2 is indicated when the high order bit (Bit i) is a logic 1 and the
lower order bit (Bit 0) is a logic 0. State 3 is indicated by Bit 1 being a logic
0 and Bit 0 being a logic 1. State 4 is indicated by both bits being logic 0's
(both programmed). The number n of possible states. is not limited to
four. For example, the nqmber of states can be three, five, sixteen, etc.
Further, the mapping of binary bits to analog states may be varied. For
example, the lowest range of Vi voltages can be indicated by both bits
being logic 0's. '

It should be noted that nonvolatile memory dev1ces other than
flash EEPROM's and volatile memory devices such as Dynamic Random
Access Memories (DRAM) are capable of storing three or more analog
states. Further, it should be noted that the analog states ..__'o_f nonvolatile
devices having a floating gate may be expressed in terms other than the
threshold voltage Vi. For example, analog states may be expressed as
ranges of threshold voltages Vt as shown in Figure 3, as ranges of drain .
currents ID, or as ranges of charge stored on the ﬂoatmg gate. Volatile

. memory cells such as DRAM memory cells are typically compnsed of a
capacxtor and may similarly be expressed as.ranges of charge, currents or
voltages. '

A nonvolatile memory cell that has a floating gate behaves as a
field effect transistor having a threshold voltage Vi that increases as
charge is added to the floating gate. The memory cell drain current ID -



pr°ocessor 1 YRhfysEENOry 14, static menmory 16, mass storage giepy and
I nt egr at ed. g‘IN?CUI t 7(§:r§nt roller 18. Static nenmory 16 may include a #’aoiéo :
electrically eraseabl e programmabl-e read only nmenory ("flash EEPROM') or

ot her nonvol atile nenory device that stores nmultiple bits of data per cell.
Simlarly, mass storage device 17 may be a solid state hard drive 17 using
multiple bit per cell nonvolatile nmenory devices for storing data.
Integrated circuit cards 19 and 20 nay be i.rcl uded in the conputer system
and are coupled to a Personal Conputer Menory Card Industry (PCMCIA) bus

26. PCMCI A bus g@higjy r%u‘f' Recge&gaﬁgis]tgxeqwesth?ﬂa %?Qg@t\gtd?r?d &l 'cﬁax% Cﬂfgel

‘controller 18 for muni ca {
20 and the renalHdeaseof ﬁé’ﬂ%ﬁfiﬁﬁ H voiage Mt i§ Teiated 40 bhe meragry
control ‘and addtﬂ$dra1lﬁf@frmttllgjlbycehé@( ﬁésdfole and 20 via PCMCl A bus 26 and

I's coupled to bus 11 co e rther include a display
device 21, a keyboar 602’2& vti% ﬁgl %l yé 23, a hard copy devi ce,
and a sound sanpling devi Genz‘s thé‘hansmmdﬁctancmnf)d\tmmemm}dceibnf i guration
of the conmputer systemi svﬁggse{ H@ﬂ\(ﬂ'& E@Fgﬁ%r\ydl ear applications for

whi ch the conmputer system e use exarrp t he conputer system
of Figure 2 may be a per s¥mnis thegnemoryseellsdeain v 'a’adpen based conputer -

system a nmainframe conpuiglis tRé nferABfy QERItheayiRId %oltage.

Given this relationship, there are a number of different ways to
sense the amount of charge stored on of the floating gate of the memory
cell including: sensing the cell current of a memory cell when a constant
voltage is applied to the select gate of the memory cell; sensing the
amount of voltage required at the select gate to give rise to an expected
cell current for the memory cell; sensing a voltage drop across a load that
is coupled to the drain of the memory cell when a constant voltage is '
applied to the select gate of the memory cell, wherein the cell current
determines the amount of the voltage drop across the load; and sensing
the amount of voltage required at the select gate to give rise to an
expected voltage drop across.a load that is coupled to the drain of the
memory cell. To determine the analog state of the memory cell,
however, it is not necessary to quantify the precise amount of charge
stored on the floating gate. It is sufficient to compare a characterxstm of
the memory cell to a known reference.

One type of reference is a reference memory cell programmed to
have a known threshold voltage V¢ that is typically between defined

- . states. Sensing circuitry for the memory cell may be replicated for the
reference memory cell and the outputs of the sensing circuitry and
reference sensing circuitry may be compared using a differential
comparator. Because sensing the cell charge level of a memory cell
typically requires the comparison of either voltages or currents, the
reference may be prow)ided_ by using voltage supplies or current sources to



-8 - For each enbodi ment, each nmenory cell is a flash cell. Each flash cel
in the capabl e of being in one of four anal og st ' t he
state o?wpﬁés??gsh cell is indicated by two binary bits.. |guP%ﬁ§ ghoms a
distribution of. nulti-level flash cells as a function of threshold voltage
~Vt. As can be seen, each state I S separated by a separation range, and
three references, [ERR] - and [ERR], are provided, one each fromthe three
separation ranges. The references are provided to distinguish between the
anal og states. State 1 enconpasses the Jdguest range of Wt voltages of the
four states and is indicated by both bits being Iogic 1's (both erased).

State 2 ' e dth
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voltage Vt. For the purposes of simplifying the remaining dxscussmn

the references Ref1, Ref?, and Ref3 will expressed as threshold voltages

VR1, VR2 and VR3, respectively. : (
Figure 4A is a block diagram showmg a binary search method for

determxmng the state of a memory cell having more than two possible

states. In step 301, the cell charge level of the selected cell is sensed and

compared to a first reference flash cell havxng its V¢ equal to VR2.

Depending on the result of the initial comparison, the sensed cell charge

level of the selected cell is compared to a selected one of a second
reference flash cell having its Vi equal to VR1 and a third reference flash

cell having its Vi equal to VR3. If the sensed cell charge level of the
.selected flash is less than that of the first reference flash cell, the sensed
cell charge level is compared to the second reference flash cell at step 2,
and the selected flash cell is either in state 1 or state 302.. If the sensed cell
charge level of the selected flash is greater than that of the first reference
flash cell, the sensed cell charge level is compared to the third reference
flash cell at step 303, and the selected flash cell is ezther in state 3 or state
4. Sensxng of the cell charge level may be done accordmg to any of the

. methods prevxously discussed.

Figure 4B is a convennonal flow chart showmg the binary search
method of the present embodiment. At step 311, the cell charge level of
the memory cell is sensed At step 312, it'is determmed whether the cell
charge of the memory cell is less than the cell charge level of the
reference Ref2. If the cell charge level of the memory cell is less than the



stat es. Fur tyy@yossihdzsshoul d be noted that the anal og states ofpgpiselogise! €
devices having a floating gate nay be expressed in terns other than the

t hreshold voltage Vt. For exanple, anal og states may be expressed as ranges
of threshold voltages Vt as shown in Figure 3, as ranges of drain currents
I D, or as ranges of charge stored on the floating gate. Volatile nenory
cells such as DRAM nenory cells are typically conprised of a capacitor and
may simlarly be expressed as ranges of charldge, currents or voltages. A
nonvol atile nmenory cell that has a floating gate behaves as a field effect

transistor havi rtﬁll&htahgr@ﬁém Of (Ré réfeferide REP| the EHresheld voltagravgef tike added
to the floati ngé.gate.

. |, dyai t ID -9- (! I
current") decr edSeSOR% Chﬁégfﬁr}??%éﬁﬁﬁhabgf ?38@95}5&2&‘8“&%% cell, ?B&gfiyél
i ncrease. The nmequelta¥R2. t Simddrty,dhe cellayerent Ipsof theamethany delleisrgraatey
cel| drain curreph It%]@lltcﬂ?re?l’fﬁg?ﬁ' Pefetdhcd r{‘tﬁx'hrol" gl t{a‘%ﬁﬂﬁ% a[féilr&ul‘r?ntt he
t ransconduct ance ? the mempry cerl; lerr] . 1s the mg.mgr)( ce %ate vol t age;
[err] is the ma,ﬁﬁ&;izcéf thqu}[ ghargetlgyel; offhg memory cell is less than the cell

charge level of reference Ref2, Ref] is selected at step'313. At step 314, it is
determined whether the cell charge of the memory cell is less than the
cell charge level of the reference Ref1. If the cell charge level of the
memory cell is less than the cell charge level of the reference Ref], the
memory cell is indicated as being in state 1 at step 315. If the cell charge
level of the memory cell is greater than the cell charge level of the
reference Ref], the memory cell is indicated as being in state 2 at step 316.
If the cell charge level of the memory cell is less than the cell
charge level of reference Refs, Refs is selected at step 317. At step 318, itis
determined whether the cell charge of the memory cell is less than the
cell charge level of the reference Ref3. If the cell charge level of the
memory cell is less than the cell charge level of the reference Ref3, the
memory cell is indicated as being in state 3 at step 319. If the cell charge
level of the memory cell is greater than the cell charge level of the
‘reference Ref3, the memory cell is indicated as being in state 4 at step 320.
Figure 5 shows a sensing circuit for determining the state of a
memory cell having more than two possible states. This circuit
implements the method of Figures 4A-4B. The circuit uses a constant-
gate-voltage/variable-cell-current sensing scheme wherein a constant
biasing voltage VS is applied to the select gates of a selected flash cell 401
. and reference flash cells 486, 487 and 488. The state of the selected flash
cell 401, as a function of the level of charge on floating gate 142 of the
flash cell 141, is determined by comparing the cell current of the selected
flash cell 401 to the reference cell currents of a reference flash cell 486 and
a selected one of the reference flash cells 487 and 488. To sense the
respective cell currents, a load is coupled to the drains of the respective



[err] is the nenory cell threshold voltage. Gven this relationship, there
are a nu f different ways to sense the anmount of char ‘?g on of

t he flan(ﬁéf/%gsg of the menory cell including: sensing tﬂ’?@%g?’ﬁ $rent of .
a nenory cell -when a constant voltage is applied to the select gate of the
menory cell; sensing the anmount of voltage required at the select gate to
give rise to an expected cell current for the nmenory cell; sensing a

vol tage drop across a load that is coupled to the drain of the nenory cell -

when a constant voltage is applied to t_hpz_sel ect gate of the nmenory cell,
~wherein the cell current determ nes the ampbunt of the voltage drop across

the load; a ensd t.he amount of vol,tage.reguired at the select gate to
give rise tg?a@fz\-%ajiﬁre}gt%&e\fggﬁggaevﬁlrtw dee 'sgnzﬂ’lso‘é’ﬁn{‘ﬂafﬂ? §eli8h?ﬂg§d to the
drai n of thdewelnof thecselécted flasktcellris senserbandaised totdeterminet the anabog y cel |,
however, it du r&tthg%&%wna%]pcayant.i fy the preci'se anount of charge
stored on the fel oat 1 ng %ate.' t 1Ts sufficient to conpare_a characteristic
of the nemory celThe gultirieyehtlagh celd 404 ofghe prasenhembodiment énglydegs
ref erence nmensglyctgrite, :«pﬂﬁ_ﬁtﬁ?gtﬂfé 402, Aatrairmalid Qdburbe.cThokalerRUifgh Vt that
S
fr&

Y oo R el st S e e s o'
sensi ng ci r doitrix ofinows ehdr enlgmnse riEhe selecteduflashycelled0lbis selerted achemsi ng a
ggr r erent i al cohafRAddoder 436 @AHSDW BREOAH 431Psei&dt/thé Baledied! MasH celf 401 TETTOI Y
in response to a user-provided address. When the selected flash cell 401
is selected, a biasing voltage Vs is applied to the select gate of flash cell (
401 and the drain of flash cell 401 is coupled to the drain bias circuit 440
via column decoder 420. It will be understood that several flash cells of
the array 410 can be concurrently selected in a similar manner such that
multiple bits of data may be read simultaneously. Accordingly, each
‘selected cell would be coupled to sensing circuitry similar to that shown
in Figure 5. . | o
The cell charge level on the floating gate 402 of the selected flash
cell 401 determines the amount of cell curfént that flows through selected
flash cell 401 when the biasing voltage Vg is applied to the select gate of
selected flash cell 401 by defining the cell threshold voltage V. When the
_ selected flash cell 401 is conducting current, a corresponding current is
produced across the column load 445, resulting_. in a voltage drop from i
- VCC to the node 450. The voltage at node 450 is sensed by the differential -
‘comparators 460 and 470 used to determine the state of the ﬂ_ésh cell 401.
- In Figure 5, the column load 445 is shown as an n-channel FET 446
. coupled as a resistor having its source coupléd to node 450, its drain
coupled to VCC and its gate coupled to a constant voltage VCL. The.
constant voltage VCL is preferably such that the FET 446 operates in the
saturated region. Alternatively, the column. load may. be a resistor. A
drain bias circuit 440 is also coupled between the array 410 and node 450.
The function of the drain bias circuit 440 is to isolate the column load 445



typ| cal ly reggidsBp7she conpari son of either voltages or Cur r epdFusdsiig2so
reference may be prOV|ded by using vol tage supplies or current sources to

-10- supply voltages or currents that correspond to reference nenory cells
having a cell charge | evel between defined anal og states. For this reason
"the references [err] and [err] are not specified as being threshold
vol tages, cell currents, or levels of charge stored on a floating gate.
Instead, it is to be understood t hat the refigrences shown in Figure 3
correspond to the characteristics of the nenory cell as defined by the

rel ationship betsannetdaif BP&g%é@&g& fﬂa%ﬁ' éeucwlf%he'd?asxﬁg%& Rirehee éile

voltage Vt. For the purpaoses_of_ sinplifying the remalning di SCUSSI on

references [errSelestrd Bash coll AP1.o hedrainy bias qirpuit slydesan Roychannel FF and
[err], respecti vl havihg itsirdth téu ealt@q{bdial 480, 363 sphPYé mxplealta&hy search

IR ot T T i“?ﬁgl At R 8ol 20 R e cBRBALR | |

sensed and conpdhe@®utputiof aninversére44hvihi¢h heh avanpub geupled tOSthi!t saaxroabft o

Lerr]. ~Dependi NEEnadfic Al@IMIdvelly, id%h-tRadndl FIEP IR Be ob SEEtafie! |

charge level of the selected ce I's conpared to cted o e o a second
gate cascode. _ _

The voltage at node 450 is a function of the drain-source current of
the selected flash cell 401. In turn, the cell current of the selected flash

- cell 401 is a function of the amount of charge on the floating gate 402. As
V¢t increases, the cell current decreases. Similarly, the cell current
increases as Vt decreases. Thus, if the selected flash cell 401 is in state 1,
the voltage at node 450 is less than if the selected flash cell 401 is in state
2.

In this circuit, comparators 460 and 470 determine the state of the
selected flash cell 401 by comparing the voltége at node 450 to the voltages
at reference nodes 465 and 475, respectively. In this embodiment, the
voltage at reference node 465 is determined by a reference flash cell 486
that has a Vi set to at VR2. Thus, the voltage at reference node 465 is
greater than the voltage at node 450 if the selected flash cell 401 is
prdgrammed to state 1 or state 2. The voltage at node 465 is less than the
voltage at node 450 if the selected flash cell 401 is programmed to state 3
or state 4. The reference flash cell 486 has its source coupled to ground, its
gate coupled to the biasing voltage VS, and its drain coupled to a
reference drain bias circuit 467, which is preferably identical to the drain

. bias circuit 440. The drain bias circuit 467 is coupled to a reference
column load circuit 466, which is preferably identical to column load 445.
For the comparator 470, the voltage at reference node 475 is determined
by a selected one of reference flash cells 487 and 488 having Vis equal to
VR1 and VR3, respectively. Reference node 475 is similarly coupled to a

reference column load 466 and a reference drain bias 467. .



reference flash cell havi ng its Vit equal to [err] and a third reference
flash cej AY¥d780 its [err] equal to [err]. If the sensed e%ggsﬁgﬁoge | evel
of the sevlbeglgtedgflash is less than that of the first reference flash cell, .
the sensed cell charge level is conpared to the second reference flash ceII

at step 2, and the selected flash cell is either in state 1 or state 302.
If the sensed cell charge level of the selected flash is greater than that
of the first reference flash cell, the sensed ceII charge level is conpared

. to the third reference flash cell at st&$-303, and the selected flash cell
Is either in state 3 or state 4. Sensrng of the cell charge level may.be

done according t%é@aﬂah%thfeQéﬁVm%'wr tSHEESEd refdréivdee 4B 1S a
conventlonalV {Iaow cgart fttli!\g gedl a“arc tréod of. the present
enbodi nent . VRI2&] &) %"ff t(?ec? hs§e§ fa L exampt

sensed. At sthem@ifto pt'ovxsieohtrcereﬁerad:ewtaﬂsrieavmge:hffei'éntcmaesjmlabf the menory
ccell 1s | eSSolthadh VRSyiiR|theit Uratts bASlkd Wbgbiter! o6 38ERHERBIuih Lhe cell

charge. | evel e menory ce char ge
| evel of t hbarderlerterfc@rem@k@ e naﬁaléelrrel thevdsrinsgef the tavo referensasellscel | is

| ess than t hetheOfeférenb Hoas CASRITAT % aekt lthbayiovaltade E%ﬁdhédotc[ e ]
Simlarly, se}]gctcgegtles o Eﬂeexr'gfe:[ence cells, tthe vorIFage at t?telrleferencgtar &ls

equivalent to a single reference cell having a cell current equal to the

average of the cell currents of the two reference cells'mnltiplied by the

- resistance of a single column load circuit. Also, the voltage reference ‘

may be generated using a smgle reference cell with its gate driven to one

of (n-1) different values by a digital-to-analog converter. For a further

discussion of one reference circuit, see U.S. Patent No. 5,289,412, of Frary

. et al, and commonly assigned to Intel Corporation of Santa Clara,

California. :

~ Additionally, the current across the reference column load 466 may
be produced by circuits other than reference flash cells. For example, a
constant current source or current mirror may be used The use of
current mirror circuits in conjunction with an array of reference flash
cells provides the needed reference currents for sensing multxple ﬂash _
cells simultaneously without having to reproduce the array of reference
flash cells for each output of the memory device.

The negative terminals of comparators 460 and 470 are both
‘coupled to node 450 for sensing the voltage resulnng from applying the
biasing voltage VS to the select gate of the selected flash cell 401.

. Comparator 460 has its posmve termmal coupled to reference node 465.

- The positive terminal of comparator 470 is coupled to reference node 475.
The selection between the reference flash cells 487 and 488 is made in
response to the output of comparator 460. A selector circuit 480 is
coupled between the output signal line 491 of the comparator 460 and the
first and second reference cells.



than the cell current 1R2 of a reference nmenory cell having a rrent
of [err]. | VOR3P | charge level of the nenory cell is Iess"[gﬁJésf?s'ﬁ Ocel |
charge level of reference [err] is Selected at “step 313. At step 314, it is
determ ned whether the cell charge of the nenory cell is less than the cel

charge level of the reference [err]. If the cell charge |evel of the nenory
cell is less than the cell charge level .of the reference [err], the nenory
cell is indicated as being in state 1 at stqg_315. If the cell charge |evel
of the nenory cell is greater than the cell "Charge Ieve1 of the reference

err the nenory cel |s I ndi cate 2. a 316. the
E:el I b charge | eveIy ?f‘gﬁénﬁgé@gs ?[}éﬁl a@é‘leﬁ F@h:&decqua;
reference [err] h’esween dun dr,hlatbxas cipciiit 467 Andstheprefirénce flaghs calb 487, mndeal
whet her the cell -@tq%@r t

| evel of the rePerenceetlsQElgEhFF %#’?éd Rbﬁﬂéﬁfé}/&e{i’?ﬂ? H*ﬁse&r?r%d%g@?ﬁﬂ?l IS
| ess than the cdhe refﬁmf@ flashegell#88. The signad dine 430, avhichds mrepspttté; |theg

i ndi cated as beicoghparatiraée, i3 @u é@m@ﬂ@ adefoﬂmrqsil Aﬁhm@etelrmhs of the

the memory cei | 8B %P%@f%&“?@%@ agf 5 arl el s thE e e
shows a sensi ng4&7+ duthe dutpud of éherfxnstr@mpa’mm&ﬂ isfa logie hoindicaging thati ng

nore than two peRSsBketed! MdsdScelll Jtmshss aqaw@r WMIthGARAE Yefdin M-S 486,
Fi gures 4A-4B. Tge circuit uses a con

gat e- vol t age/ var ] r4815 &F mﬁsh%% ﬁ§r ﬂgd 4he EREONGh EQTBPATAIOR 472 isserupled
bi asi ng vol t age tp ¢he }eféﬁex&aMashobenlmmh elf 3Ré oUtp@ebdethedirse comipacited 460 &s8

cell 401 logic 0, the inverter inverts the output to switch the FET 482 on, coupling
the second comparator 470 to the reference flash cell 488. The second
comparator 470 outputs the result of the second comparison via output
signal line 491. For this embodiment, the output signal line 490 outputs
the high order bit Bit 1 and the output signal line 491 outputs the low
order bit Bit 0. In this manner, no decoding logic is necessary as the
outputs of the comparators 460 and 470 correspond directly to the state of
the selected flash cell 401. Output signal lines 490 and 491 may thus be
mapped directly to the outputs of a memory device such that both bits of
athe selected flash cell 401 are read out in a parallel fashion.
The sensing circuit of this embodiment is especially useful when
“the number n of possible states is a power of two, i.e. when (log2 n) is an
integer, because the circuit is configured to perform a binary search.
When n is equal to 4 the threshold voltage V¢ of the first reference cell is
preferably in the separation range between the (n/2) state and the (n/2 +
. 1) state. If the threshold voltage Vi voltage of the first reference cell is
greater than the threshold voltage V¢ of the selected flash cell, the
threshold voltage Vi of the second reference cell is preferably in the
separation range between the (n/4) state and the (n/4 + 1) state. If the
threshold voltage V¢ of the first reference cell is less than the threshold
voltage Vi of the selected flash cell, the threshold voltage V¢ of the



and reference flash cells 486, 487 and 488. The state of the selected flash
cel | 401y nction of the | evel of charge on floatln of the
~flash ceIY&%ﬁﬁ -Hle determ ned by conparing the cell currenthﬁi P’#e&g%el ected
flash cell 401 to the reference cell currents of a reference flash cell 486
and a selected one of the reference flash cells 487 and 488. 'To sense the .
respective cell currents, a load is coupled to the drains of the respective .
-12- flash cells to- give rise to.a voltage drop. In this manner, the cell

charge level of the selected flash cell_{g. sensed and used to determ ne the
~analog state of the selected flash cell. The mul ti-level flash cell 401 of

b o cour s S0Rd  BRREndd At 3P 8BlP i okl S8R Boliplan g2, 2 1
nul ti -l evel ﬁnééhstétq msd the Uanéd +d))=state: rFor echragiditianal b;obﬁsmsed The

sel ected fl ap‘é?déﬁ' b sftle icomyRAr 2T 36 prérerati (! dddeddaiP ies sé%é’&oﬁeﬁcﬁ@‘é& decoder
430 sel ect theflffe cted flash cell 401 in Tesponse to a-user-provided

addr ess. el ected flash cell 401 is selected, a biasing voltage
[err] is applied Whenhhreissejued tto$atlé, 32, dtt.asihe sdetnékﬂbf defdrdrive @llgi n of

flash cell 4@hintieCGH Sttt FRnEF ¥ RRSREI Shitds Bdfhe VhiRe&2l iHkdecoder

420. It wll
the states of all bits stored in the flash cell are determined. Figure 6 is a

dlstnbunon of flash cells versus Vi for a flash device capable of having

eight states. Figure 7 shows a flow chart for a bmary search when the ,
‘number of states is equal to 8. According to anure 7, the bmary search of (
the eight reference cells begins at step 711 with the initial comparison of
mMHRMQQWdMﬂwwMMdmummumhm%ﬂwddaMa
reference cell having a Vt equal to VR4. If the sensed cell charge level is
less than that of the first reference cell, the search continues in steps 712,
713 and 714 as described in steps 301, 302 and 303 of Flgure 4A. Ifthe
sensed cell charge level is greater than that of the first reference cell, the
search continues as shown in steps 722, 723 and 724. Each state is
represented by three binary bits. .

Figure 8 illustrates a sensing circuit utilizing a single comparator to
determine the state of a flash cell having four possnble states. Unlike the
first embodiment, this embodiment is a synchronous circuit. Like the
first embodiment, the negative terminal of comparator 460 is coupled to
node 450, and the positive terminal of comparator 460 is coupled to
reference node 465. A decode circuit 563 determmes which one of the

three reference flash cells 486, 487, and 488 is to be coupled to the _

. reference draxn bias.circuit 467. When the number of states is equal to

. four, the counter 566 starts with a count of 0 and has a max1mum count
of one. The maximum count is mcreased by one for each additional bit of
data stored in a flash cell. For a three bit cell, ‘the maxxmum count would
be two. The clock generator 567 pro_wdes._a clock 51gnal to the counter 566,
which increases its count by one, each clock cycle. The frequency of the



t he array 410 can be concurrently selected in a simlar manner hat
mul tiple biﬂgoﬁﬁmﬁﬁfa may be read simultaneously. Accordingl??ﬁﬁgﬁ%ﬁzﬁi

sel ected cell would be coupled to sensing circuitry simlar to that shown
in Figure 5. The cell charge level on the floating gate 402 of the selected
flash cell 401 determ nes the anount of cell current that flows through
selected flash cell 401 when the biasing voltage [err] is applied to the
sel ect gate of selected flash cell 401 by defining the cell threshold

vol tage Vt. When the selected flash cell 401 is conducting current, a

Vol t hge i op. LesE Henkaf Rl B0 ARG ERRN GHSH, bR srd kB’ 100 L

by the di fferentheaﬁrtconpar ators 460 and 470 used to determine the state of
the flash cell 401. fTReldeddd& circuit/¥83RIsURR dutpdt 6f thd SowlieyB66andithe
n-channel FET 446 Cogﬁltﬁd fag&fj regwtot having ' its squrce ﬁguagahe? t Q node
450, its drain PR 8 figgiclatehy o89 as inputse iR e3gMplary THHY fahie ortheage
VCL. The const adéecod# dieqet 563 isi iHupirafedr intiTable @c ITHeBETS 6 1), BET, 6R0Garap 623t es
in the saturate lan. Al | % t fas: A L8] or.
A drain bias ci ?18 &%t?wggot}fs&g%%ggc%@p 'é% éggt mﬁgéﬁ%x{ee%g[ ay 4%‘%8&?‘3&2
450. The functi&rwhichisa binary searsh simnilenite thatoshoyvn én Figires4A48. col um
‘| oad 445

Table 2

COUNT | FIRST RESULT VREF

0 X VR2
1 1 VR1
1 0 1 VR3

During a read operation, the counter is initialized to 0 such that
the drain bias 467 is coupled to reference flash cell 486. The reference
flash cell 486 has a threshold voltage Vi equal to VR2. The result of the
first comparison is stored in latch 580. The first result is output by the
latch 580 via signal line 590, which is fed back to the decoding circuit 563.
If the first result is a logic 1, the reference flash cell 487, which has a
threshold voltage Vi equal to VR1, is selected, and the voltage at node 555
is compared to the voltage at node 550. If the first result is a logic 0, the
reference flash cell 488 having a threshold voltage V¢ equal to VR3 is

- selected. The second result is output by the comparator 560 and stored in
the latch 585. The second result is output by the latch 585 via signal line
591. Output signal line 590 outputs the high order bit Bit 1, and output
signal line 591 outputs the low order bit Bit 0. .

In the foregoing 'speci'fication the invention has been described
with reference to specific exemplary embodiments thereof. It will,



-13- fromthe drain of the selected flash cell 401 while biasing the drain
of the selected flash cell 401. The drain bias circuit includes an

n- channeVERBA1 having its drain coupled to node 450, i tRETEE96RE30upl ed
to the selected flash cell 401 via the colunmm decode 420, and its gate
coupled to the out put of an inverter 442 which has an input coupled to the
source of FET 441. Alternatively; the n-channel FET 441 may be coupl ed as a
static gate cascode. The voltage at node 450 is-a function of the

drai n-source current of the selected flaié] cell 401. In turn, the cell
current of the selected flash cell 401 1S a function of the anount of
charge on the floating te 402. As Vt ingreases, the cell current
decreases. ShAVEXEl pe ?‘ngﬂbmatc‘(ﬂfri%‘iﬁ m%&% and whapges mayeBe Thus, if

the sel ect edmfauashefablwﬁﬂaut departitigafrem thd bﬁoadalrtswet %d%@dpeéE%éS | ess

compar at or s TBTARE AR taRrE e"ﬁééo%mé&gﬂt% b, Anehdalide 8 Lot 1 4o

by conpari ngdravangs|areqeccardingle todme tegamedmlanayastratweeaémenhm nodes 465
and 475, respawitiied ¥Yendd) this enbodiment, the voltage at reference node
465 is determ ne dtby a reference fl ash ceII 486 that has a Vt set to at
VR2. Thus, the voltage at reference node 465 is greater than the voltage at
node 450 if the selected flash cell 401 is programred to state 1 or state
2. -The vol tage at node 465 is less than the

§



vol tage at NRBSIETS if the selected flash cell 401 is prografEFse#063ht e 3
or state 4. TWeII 486 has its source coupled to ground,

i t.s gate coup lasing voltage [ERR], and its drain coupled to a
reference drain bi my which is preferably identical to the
drain bias cir ﬁg m\(“ n bias circuit 467 is '
reference col u Cl mcust 266, which is, pref _ gHt@em\BcEﬁENt col um
| oad 445. For the corrpar ator 470, the vol tabqg aty| retengaaotdde 4 S
deternined by a_selected one of reference flash ‘tells-482=aRt 488 havi ng
Vts equal to [c&RAIME VR3, respectively. Reference node 475 is simlarly

coupled to a referen%aqqg Y[Bimedald; 466 and a reference drain bias 467.

-14- There are er of differe for providing a re ence vol tage
Lo sense the otbit o of ¢ RS LeuERARig At 16580, Beprary slReRRE A | <

to provide two cedff ehargedevetithat iradicatgs dn_éfoérrepbssnbleeﬂh\mbdwhefelages Vt with
EBﬁHeSr?h”Ba?" Ef'eqfhgﬁ : 95 st coftEbdridng 184 Plhactinfiel b of " ©
ref erence node.€ saﬁevajs,tmmeth% femdstergliningeaistata b the anemory gellethect

gates of the r%@fm@oﬁ?rjsyn%mkes to';:ge at the reference node is
equivalent to a si ngle%s{ng the ce fecharge legc\elll oftHe r(1:1eé|rrltor§'ucrerllent equal to the
comparing the cell charge level of the memory cell to a first
reference; '
outputting a first result of comparing the cell charge level of the
memory cell to the first reference;
comparing the cell charge level of the memory cell to a selected
one of a second reference and a third reference, wherein
selection between the second and third references is done in
response to the first result; and
outputting a second result of comparing the cell charge level of the
memory cell to the selected one of the second and third
references. |
2. The method of claim 1, wherein the step of comparing the cell
charge level of the memory cell to the selected one of the second
reference and the third reference includes the further steps of:
comparing the cell charge level of the memory cell to the second
reference if the cell charge level of the memory cell is less than
the first reference as indicated by the first result; and
comparing the cell charge level of the memory cell to the third
reference if the cell charge level of the memory cell is greater
than the first reference as indicated by the first result.
3. The method of claim 2, wherein n is equal to four, the steps of
outputting the first and second results comprising the steps of:

i



average of the cell currents of the two reference cells nultiplied by the

resi st angg gg”@il ngle colum load circuit. Also, the vol m#%logkgnce may

be generatg g a single reference cell with its gate ne of

(n-1) different values by a digital-to-anal og converter. For rther
di scussion of _one reference circuit, see U'S Pat , 289, 412 of o
Frary et al. ’ T—ceraenky_assi'gned to Intel r por ﬁ Clara o
California. / ﬁ%@'ﬂ MAS rrent acr oss t ﬂ‘ﬂ\g\‘“ | oad 466

h : .

may be produced.b BGFtkm:gs ot hgr than yg(f)eren For exanpl e,
a constant current. rent mrror may ‘be Used. The use of current

mrror circuits ipn L unct — with an ray_ o fere fl s cells
‘provides the needBt't EJ &ﬁégp‘ﬁlﬁ??r@ﬁf}é Cgﬁrlsg%ﬁsffﬁg ?&S‘F 88ells
si mul t aneously wi t hdevelhzfvthagnemory:mehdsdsst ﬂhanabathytheffxrseandesacmdl ash

cells for each out pqﬁ% é&e menory devi ce. The negative terminals of
conparators 460 and are both coupl ed to node 450 for sensing the

vol tage resul ti ngiicaHng Hafithg memory £ell ig iny 3| sesgrd sateif the ealk sel ect
gate of the select ed:hﬁf@hav@!?bf tHO InerRBNp elhiPlesd GRam ake first Rferehte e

470") o coupl o to. ¢ aFE EieERRIRAR Be 3hand MEGRERE 11° cUmen t he rererance.
flash cells 487 aindicsing thatnbe memoey gelisein a third statepiftthefcell miprgent or
460, A selector cirqugd ogﬁﬂﬁ'xﬁe&w'csﬁ Drueep tasae tﬂélhmtre?é&aeé ahane 491
i ? ess than thn'd reference; and ' '
indicating that the memory cell is in a fourth state if the cell charge
level of the memory cell is greater than both the first and third

references. | _
4. The method of claim 2, wherein- the'memory cell is a nonvolatile
memory cell having a floating gate for storing charge.
5. The method of claim 4, wherein the first reference is a first

""referehce memory cell and the second reference is a second reference

memory cell, the first and second references memory cells having

floating gates for storing charge. ' '

6. The method of claim 5, wherein the first reference memory cell

has a first cell charge level’ corresponding to a level of charge between the

second and third states.

7. The method of claim 6, wherein the second reference memory cell

has a second cell charge level corresponchng to a level of charge between

the first and second states. R

8  The method of claim 7, wherein the step of sensing the cell charge
. level of the memory cell comprzses the. step of generatmg a'cell current

for the memory cell. -

9. The method of claim 8, wherein the step of comparing the cell

charge Ieyel of the memory cell to the first reference comprises the steps

of generating a reference cell current for the first reference memory cell,

and comparing the cell current to the reference cell current.
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first and  segpahag7af er ence cel | s. -15- The sel ector circuperASesdeds udes
a first n-channel FET 481 coupl ed between the drain bias circuit 467 and

the reference flash cell 487,. ..and a second n-channel FEET 482 coupl ed

bet ween the drain bi he reference flash cell 488 —The—

signal. |ine 490, whi chThS thecouhd wcaf lthe conpar atorJfﬁﬂmm,
the gate of FET 481. llAn | npgeiacEdS3 i s lcoupl ed bet wee m mfa
line 490 and the gaté;et'#;erseemf-ﬁff 47h14f the out put othh'e rs

conparator 460 is a logic 1, indicating that the sé€lected flash. ceII 401

has a | ower Vt f an Tlﬁ‘@n{eﬁgﬁ %’?Cc‘f‘axfx{ 9‘5%%8&1}1 t‘ﬁ%estepé RE sEhéﬁh the & ﬂ%a& e

swi tched on, the second conpa e re eren
flash cell 487 eV? ehtheomemarysell tq@prlﬁeﬁ tf&ﬁfﬁawfaena@@mgsa sell gyrieny, t he

i nverter invertfortthe merhpty céld, géﬂﬂertatiaﬁl:aﬂo&&%e of responRkitd ¢hé leell second
conparator 470 {Q &Ee reference flash cell 488 he second conparator 470

outputs the res ¥ the second conparison via output signal |ine 491. For
t hi s enbodi nent1l.t heTheimmthodiof reddim i1 Dewheteivuhputep theompaning tercdll t Bi t

1 and the out pLEha?%@'i’@Jel ldfRRe ﬁ?énsgtaea& %o tRE HroVtREdake lebﬁ@sfes%e Lfegshi s

manner, no decod logic i's necessary as t e outputs o conpara ors
460 and 470 cor‘?espond directly to the state of

generating a reference cell current for the first reference memory
cell;
generating a reference voltage in response to the reference cell
current; and _
comparing the voltage to the reference cell voltage.
12.  The method of claim 7, wherein the first reference is a first current

source for generating a current equal to a cell current of a memory cell
that stores a level of charge between the second and third states.
13. The method of claim 4, wherein the first reference is provided by
applying a first gate voltage to a first reference cell, the second reference is
provided by applying a second gate voltage to the first reference cell, and
the third reference is provided by applying a third gate voltage to the first
reference cell, the first reference cell having a floating gate for storing
charge.
14.. In a memory device including at least one memory cell having a
cell charge level that indicates one of three possible states, each state
corresponding to a predetermined range of charge levels, a method for
determining a state of the memory cell, the method comprising the steps
. of:
- sensing the cell charge level of the memory cell;
comparing the cell charge level of the memory cell to a first
reference; _
selecting a second reference if the cell charge level of the memory
cell is less than the first reference;
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the selected flash cell 401. Qutput signal lines 490 and 491 may thus be
mapped directly to the outputs of a nenory device such that both bits of
at he sel ewoeas/3078sh cell 401 are read out in a parall'el faperakesdéisy
sensing circuit of this enbodinent is especial[y useful when the nunber n
of possible states is a power of two, i.e. when (log2 n) is an integer,
because the cirg ]o performa bi nary search. Wien n is

oreteranly in tgﬂwifsmﬁﬁg‘é%ﬁfg! petween the- (v AN GREMREARIH - -

1) state. If th of 0 .voi tage Vt velXage of the first Mef &rehce cell
is greater than the threshold voltage Vt of the selected flash cell, the

threshol d vol tage Vtcsthp hixr:dg&ae%ﬁ élfé.fr & 3668 dfethb :hemtaf{? b%n%'the' n the

- -IHIDW—!-I-I-‘IE

+

separation range between t &; sta e and the (n/4 + 1) state. If the
threshol d vol tage WVt of®f fFHeEeNS€ef erence cel | is less than the threshold
vol tage Vt of the sellrmhtatmg theatfthe ehémotneell is &5 ikt gRlté d0e\dellof t he

-16- second reference %ﬁh% I%V%?sfﬁe%?;?ﬁé'r% g&g%gﬁepezé%%§ N range between

the (3n/4) state and.th ditional bit of
stored per cell, a sihaigatingthadthe snemery cell és itb\seqonid statadf theccelkel ect or

circuit is nodified. charge level is greater than the second reference; and
- indicating that the memory cell is in a third state if the cell charge |
level is greater than the first reference.
15.  The memory device of claim 14, wherein the memory cell is a
nonvolatile memory cell having a floating gate for storing charge.
16. The memory device of claim 15, wherem the first reference is a
first reference memory cell and the second reference is a second reference
memory cell, the first and second references memory cells havmg
floating gates for storing charge ' '
17.  The memory device of claim 16, wherein the first reference
‘memory cell has a first cell charge level correspondmg to a level of charge
between the second and third states.
18.  The memory device of claim 17, wherein the second reference
memory cell has a second cell charge level correspondmg to a level of
charge between the first and second states.
'19.  The memory device of claim 18, wherein the step of sensmg the
~ cell charge level of the memory cell compnses the step of generatmg a
cell current for the memory cell. '
20. The memory device of claim 19, wherein the step of comparing the
cell charge level of the memory cell to the first reference comprises the
. steps of generating a reference cell current for the first reference memory
cell, and comparing the cell current to the reference cell current.
21.  The memory device of claim 18, wherein the step of sensing the
cell charge level of the memory cell comprises the steps of generating a
cell current for the memory cell, and generating a voltage in response to
-the cell current. '
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Wen n is eqwelosbe78, 16, 32, etc., the selection of referencrcresisns23o
continues in a simlar manner, thej__ paining. states being bisected until
the states of all blts‘—s"ro‘r'”%—ﬁ:rn thegEIEﬂs cell are determned. Figure 6 is
a distribution of flas dE‘ r a flash dewvi pa e of

havi ng ei ght states. Fi —shows—a—f+ov A chart for a \n‘ Mn

the nunber of states is equal to 8 Accordlng to Figure
search of the eight reference cells begins-&3-step 711 e |M|ﬁ|aF
conparison of the cell charge |level of the selected cell to the cell charge

level ~of a firstaref exrr@%ne&lyl déve 6@ c?axh‘l 2P,QWﬂbrézﬁ tNE4tep bf Empaﬁ&geme
cell charge |evel es tha hat 0 fir Ere erence cel | hg search
continues in step %ﬁ % z?ﬁ 9ﬂexﬁgr¥l§§%rt?t5§ﬁ irt tefersnce §omprises the "303
of Figure 4A. | fstepSeofsgﬂwdtmgla reféerenge ceB\opfrrénd for dag érsttdeéerenteamemionyh
first reference &gl kenéﬁﬁn%e?féfgréiﬁﬁf’dggk%é 1ﬂ5re§€8ﬂ\§é id"th%t Fe?érg?xg% celf 23 and

724. Each state 1s FPepreseft I nary 'ustrates a
sensi ng circuit WETENtzARG C&“ﬁ?*ﬂ'@ﬂ&“&)ﬁﬁkﬁ&?&? tlﬁ%"@f@f%ﬁ?@ YOlEag® at e of a

flash cell havimg, fourhdomm&yed@&xaé@s cldil 18.ewhbfeihithé firshRgeierestis at hi s
embodi nent is aésrggchron:)us Ci r.cuit

erbodi rent 15 2 ¥ SILAPUR ELSH ko kS 4 RS LhY Sb STROILIP et S o

posi tive terni nghemorycalahat storescq level of wbhrge betwesherhenseeond dadaddrd A
decode circuit @a?t geterm nes which one of the three reference flash cells
486, 487, and 488 1s _to be coupled to the reference drain bias circuit 467.
When the nunber 24f st eeg\eitlgmg@gglaqxbl:, wherein the first reference is provided by

applying a first gate voltage to a first reference cell and the second
reference is provided by applying a second gate voltage to the first
reference cell, the f1rst reference cell having a floating gate for storing
charge.
25. In a memory device including at least one memory cell having a
cell charge level that indicates one of four possible states, each state
corresponding to a predetermined range of charge levels, a method for
determining a state of the memory cell, the method comprising the steps
of: o | |
- sensing the cell charge level of the memory cell;
comparing the cell charge level of the memory cell to a first
reference; _
selecting a second reference if the cell charge level of the memory
cell is less than the first reference;
comparing the cell charge level of the memory cell to the
second reference;
indicating that the memory cell is in a first state if the cell
charge level is less than the second reference;
indicating that the memory cell is in a second state if the cell
charge level is greater than the second reference; and

...a
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four, the counter 566 starts with a count of 0 and has a maxi nrum count of
one. Thewgegay® count is increased by one for each addi tb&t‘ﬁissé?dézsd)f data
stored in a flash cell. For a three bit cell, the nmaxi mum count woul d be
two. The cl ock‘gencen:ater B67Lsprovi des a cl ock sighal to the counter 566,

whi ch mcrease}b t‘t%o!dEEﬁHAByBEEBE each cl ock cycte—Thefrequeney—of the
-17- cl ock gengr at of# M}CIF& deten 'm ned by net hod own I n
the art. The décodeé ¢iFcuirt=563=Has t he out put ofsl "m ,mgmﬁﬁﬂ ﬁ and the
output of the first latch 580 as inputs-24n exerrplery; for the

decode circuit 563 is illustrated in Table 2. The FETs 610, 615, 620 and
625, along with téwedtmgeatma refé‘ieeéwtfﬁt&@ cetlnataegmévéﬂtﬁthé%&n le of

Table 2, which is a nar ear.ch o that shown in Fi gure - 4A-4B.
Tabl e 2 COUNT - %{l 2 jan ¢ et eﬁfgfﬁlc"- . X
[err] 1 companng the cell fleargl lével of the memory0cell to the third [err]

During a read operatl%fellengecounter is initialli zed to O such that

mdxcatmg that the xnemory cell i isina thtrd state if the cell
~ charge level i is less than the second reference; and
mdlcatmg that the memory cell is in a fourth state if the cell
charge level is greater than the second reference; and
26. The memory device of claim 25, wherein the memory cell is a
nonvolatile memofy cell having a floating gate for storing charge.
27.  The memory device of claim 26, wherein the first reference is a
first reference memory cell and the second reference is a second reference
memory cell, the first and second references memory cells having
floating gates for storing charge.
28. The memory device of claim 27, wherem the fzrst reference
memory cell has a first cell charge level corresponding to a level of charge
between the second and third states. _
29. The memory device of claim 28, wherein the second reference
memory cell has a second cell charge level corresponding to a level of
charge between the first and second states. |
30. The memory device of claim 29, wherein the thxrd reference
memory cell has a third cell charge level correspondmg to a level of
charge between the third and fourth states.
31.  The memory device of claim 30, wherein the step of sensing the
cell charge level of the memory cell comprises the step of generating a
. cell current for the memory cell. ' '

32. The memory device of claim 31, wherem the step of comparing the
cell charge level of the memory cell to the ftrst reference comprises the
'steps of generating a reference cell current for the first reference memory
cell, and comparing the cell current to the reference cell current.
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the drain b S coupled to reference flash cell 486. T e
flash cell ﬁ”ﬁ%ﬂa threshol-4- mﬁﬁé A equal to VR2. The 3@?@5{,@9 he
fi,rst conparison is storecL pasfatiéh 580" \The first result is out put by the
| atch 580 via signal line 590;°hifch is fied back to t- i i i
563. If the first result is a logic T, the reference’ fIa |ch
has a threshold voltage Wt equal to VRl, is selected, ‘ ﬂi‘ H
node 555 is conpared to the voltage at nodegHs0. If th
logic O, the reference flash cell 488 having a threshol d vol t age Vt equal
to [err] is selgcte T Y, G 60 and
stored in the I%tcchdgé%%eﬁigﬁpggwﬁg%?eciﬂm 3? % 8 th% %iﬁ@@%ﬁ%ﬁgggg via
si gnal |ine 591cellghasge level nfithe imemsgy ceuu&pmwxsehdhh|sgepsmtcgenebatungat 1,
and out put si gnail édr?éhﬁ%% tAb iRethdry 811! ANy eﬁ@fat g B‘dta%e ih Redgbihse to
f oregoi ng speci &I CaLll on the invention has b en described Wwth reference to
specific exenpl BRFE n%&?%nt s thereof. It will, -18- however, be
evi dent that v ousThmdte&n dGWSewi(tmhaBg,eWHMntlhermqeof leermgianing tHeout
departing from the | t ty forth
in the appendecf'ten C}B%ggq’%fﬂs& tE‘Et”f'1 gﬁ%@ﬁ%&ﬁg fﬁ@t Lr‘l‘m&eéza}t‘re "g'% §e§ thél y, to
be regarded in siePs of ggmergtmgea refemcetqqarcurrent for the first reference memory
cell, generating a reference voltage in response to the reference cell
current, and comparing the voltage to the reference cell voltage.
35. The memory device of claim 25, wherein 'the_first reference is a
~ first current source for generating a current equal to a cell current of a
memory cell that stores a level of charge between the second and third
states. |
36. In a memory device including at least one memory cell having a
threshold voltage level that indicates one of n possible states, wherein n
is greater than 2, each state corresponding to a predetermined range of
threshold voltage levels, a method for determining a state of the memory
cell, the method comprising the steps of:
providing m references, where m is equal to at least n-1, each of
the m references corresponding to a threshold voltage level
between two states;
sensing the threshold voltage level of the memory cell;
comparing the threshold voltage level of the memory cell to a first
reference; _
outputting a first resuit of comparing the thres_hold voltage level
of the memory cell to the first reference; |
comparing the threshold voltage level of the memory cell to a
selected one of a second reference and a third reference in
response to the first result; and
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restrictive sense. -19- CLAIMS What is clained is: 1. In'a menory

devi ce |rw at least one menory cell "having a cell c 5o b t hat -
i ndi cat es ohe of n possible states, wherein n is greater than ,- each state |
corresponding te a predeterm ned range of charge levels, a nethod for

determning a oL cell, the net hOd—e-&H%H—S—I—H-g-—t—hE_SLEDS of :
| THER &Y

sensing thece he nmenory cel | ; the cell charge
| evel of the mor y el AGk? aLflr t reference; out @ﬂmm’ﬁl H“ ,esult of
conparing the cell charge [evel "of the Mgory cell erence,;

conparing the cell charge level of the nenory cell to a sel ect ed one of a

second ref erence A0 Buhlly ShoREeIRIfSr MISEELIBLARLIANPTISER (e

second and third eren n res nse
out putti ng a second e‘@émfttheﬁnermpmcallgc)tthe setected: pae o the\setomi the

~ reference and the third reference.
37. The method of claim 36, wherein the step of comparmg the
threshold voltage level of the memory cell to the selected one of the
“second reference and the third reference mcludes the further steps of:
if the threshold voltage level of the memory cell is less than the
first reference as indicated by the first result, , comparing the
~ threshold voltage level of the memory cell to the second
voltage reference; and
if the threshold voltage level of the memorv cell is greater than the
first reference as indicated by the first result, comparing the
threshold voltage level of the memory cell to the third
reference. _ |
38. The method of clarm 37 wherein the ftrst reference corresponds to
a threshold voltage level between an/2 2 state and a (n/2 + 1) state.
39.  The method of claim 38, wherein the second reference corresponds
to a threshold voltage level between a (n/4) state and a (n/4 +1) state.
40. The method of claim 39, wherein the thxrd reference corresponds
to a threshold voltage level between a (3n/ 4) state and a (3n/4 + 1) state.
4l.  The method of claim 37, wherein the fu'st and second results are
each expressed using a single bmary bit. '
' 42, The method of claim 37, wherein (log2n) is equal to an integer.
43.  The method of claim 37, wherein n is equal to four.
44. The method of claim 37, wherein n is equal to eight.

. 45. In a memory device including at least one memory cell having a
threshold voltage level that indicates one of n possrble states, where n is
greater than 2, each state correspondmg to a predetermmed range of
threshold voltage levels, a sensing circuit for determining a state of the
memory cell, the sensing circuit comprising:

a first reference corresponding to a first threshold voltage level;

and
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nDry cel | €l ected one of the second and third refer
The et hod o%%smm 1, wherein the step of conparing the cel Isgﬁar gséogfsgvel
of, the menory cell #o,the sel ected one of the second reference and the
t hi rd reference inclu w:f:mrt—hep— -steps of: conparing the cell charge
level of the menory cell ro’ Ehé second, ffef erence if .t : vel
of the nenory cell i ie_ss__l_’h"éﬂtifh‘.e firgt reference a?ﬂllm"“uamm"mmﬂe .
t ' rgeopevel of the femory céll *to the

first result; and conparing the- . .
third reference if the cell charge |l evel of the nenory cell is greater t han

the first reference C fir u hod of

claim2, wherein n i gsfgaﬂ "@5?%88¥° ﬁag tﬁé}f m%%‘ JXtcﬁaﬁt}% rst and

second results conpr i sune@erenee,stherfmtomparator;‘or comghacing th; tharashqlde _

menory cell is inafiriugedefel bf fﬂégm%ﬁidrvcé@lr Q)etl{eeféf‘s]t r8feréNi@, BRATLY ce!|
references

is | ess than boththeflrst and secon |cat|ngthat he
menmory cell is in a secHHBULHRE @ finst resulke) |

a second reference correspondmg to a second threshold voltage
level; : '
a third reference corresponding to a third threshold voltage level;
a second comparator coupled to the memory cell and a selected one
of the second reference and the third reference, the second
comparator for comparing the threshold voltage level of the
memory cell to the selected one of the second reference and the
third reference, and for outputting a second result; and
a selector circuit coupled for receiving the first result, the selector
circuit for selectively coupling the one of the second reference
and the third reference to the second comparator in response to
the first result.
46.  The sensing circuit of claim 45, wherein the selector circuit couples
the second reference to the second comparator if the threshold voltage
level of the memory cell is less than the first reference.
47.  The sensing circuit of claim 46, wherein the selector circuit couples
the third reference to the second comparator if the threshold voltage
level of the memory cell is greater than the first reference.
48.  The sensing circuit of claim 47, wherein the first threshold voltage
level is between a n/2 state and a (n/2 + 1) state.
49.  The sensing circuit of claim 48, wherein the third threshold
- voltage level is between a 3n/4 state and a (3n/4 + 1) state.
50.  The sensing circuit of claim 49, wherein the second threshold
voltage level is between a n/4 state and a (n/4 +1) state.
51.  The sensing circuit of claim 50, wherein n is equal to four.
52. The sensing circuit of claim 50, wherein n is equal to eight.
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charge level of the nenory cell is less than the first reference and
greater { &% second reference; indicating that the ne &I%f@#ﬂis in a
third stateI't the cell charge |level of the nenory cell 5%3 i han the
first reference-and | ess than third reference; andelndlcatlnq t hat the
~menory cell is in aff e~hj the cell charge | evel of the nenory

of claim 2, wher i i %”Hm’@?léswjatELLSO{SI?HHTIﬁﬂIJ LT e

of claim 2, wherei _
-pkhe met hod of ¢l & m"4, swherein the

floating gate for storing - !
first reference is a first reference nenory cell and the second ref erence

is a second efe nce meno the and .second reference menory
cell's having ro Snitf éﬁ%g‘&"b& of i, § cl‘n" gin the sensg}gecxﬁgpﬁgartggrd ai m

5, wherein chmprisesta htst eefeme:errmhlohqzvmgld sdlect @té andta fleating gategior! evel
correspondi e tes. 7.
cor me'?hod g%rgﬂ%?lﬁéx?é \I%é’l’lrft n@gkéﬂ‘?g& EFer en ?ﬁie ﬁpﬂ rteﬁalr%c%lr?
second cel | TeSPANGE tPA £irst &ate. 8@56&% feg providing\the 561301!91@# geensetineen t he
first and Seespiﬁ\settataeﬁacoﬁd ate %@tagei and ref séﬁumg theiir@ 'rélfelrélfte'ihep of

;22:; Q?i ;ge 5&537&11,%2 thw;cf gate voltage, the Em ty secceolnd angptinr%l gate voltsétggg of

being applied to the select gate of the first reference cell.
54. In a memory device including at. least. one memory cell having a
threshold voltage level that indicates one of n possible states, where n is
greater than 2, each state ccorresponding to a predetermined range of ' (
voltage levels, a sensing circuit for determining a state of the memory
cell, the sensing circuit comprising: o
a number m references, where m is equal to n-1, ‘each of them
references corresponding to a threshold voltage level between
two states; -
a comparator coupled to the memory cell and a selected one of the
m references, the second comparator for comparmg the
threshold voltage level of the memory cell to a first reference,
for outputting a first result, for comparing the cell_ voltage level
- to a one of a second and third reference, and for outputting a
second result; and
a selector circuit coupled for recewmg the first result the selector
circuit for initially coupling the f1rst_re_fe_rence to the
comparator, and for selectively coupling the one of the second
reference and the third reference to the comparator in response
_ to the first result, :
55. The sensing circuit of claim 54, wherem the selector circuit couples
the second reference to the second comparator if the thres_hold voltage
level of the memory cell is less than the first reference.
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f'or the merwoywsced7s. 9. The nethod of claim8, wherein tHRCEUSS06230
conparing the cell charge level of the nenory cell tO_th_LLLglrLgigLiggi
conprises the steps eneratlng a reference cell . current for

reference nmenory ce |,r_;x§1 FAg—the cel | current tl ce cell
&7, wherein the st ’# M '

current. 10. The
cell charge |evel Ot onpri ses the steps of gene

cell current for_ the rrermry ceII gener22t-| ng a voltage in response to
the cell current. 11. The net hod of- claim 10, wherein the step of
conparing the .| CFee gensirgy eircuit of lebaitre 65y whesdih the seleetdri disduit edeplesice

compr i ses 't he ShERRA refRRBL R U0 sAdrel ELABSRNEP I uRULENOAYolllE T T ot

ref erence nenDry : a are response®o the
ref erence cell GYﬁlr@n‘the I&ﬁ@%‘ﬁrﬁﬁ rif iggeatre than tflagélrﬁto"efﬁénﬁ%f erence cel |

;/_ol tage. 12.  sphe nn¥é1§>éhsm g €rahiof . cwi/ﬁessl Whtemn}‘thésnrsf ebﬁf\g@@@eu §s @ ;
n;ns;'; ycgrelr. Fnt ST aortr/zgs%gteeraz%{[d DA ST ?argt equa t o a cell current of a
58.  The sensing circuit of claim 57, wherein the third voltage level is
between a 3n/4 state and a (3n/4 + 1) state. _
59.  The sensing circuit of claim 58, wherein the second voltage level is
between a n/4 state and a (n/4 + 1) state.
60.  The sensing circuit of claim 54, wherein n is equal to four.
61.  The sensing circuit of claim 54, wherein n is equal to eight.
62.  The sensing circuit of claim 54, wherein the sensing circuit further
comprises a first reference cell having a select gate and a floating gate for
storing charge, the first reference cell for providing the first reference in
response to a first gate voltage, for providing the second reference in
response to a second gate voltage, and for providing the third reference in
response to a third gate voltage, the first, second, and third gate voltages
being apphed to the select gate of the first reference cell.
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t'’hat stor eSw 95,?‘}@5 of charge between .the second and- third Sciwmsockdo

The net hod o aim4, wherein the first reference is provided by applying
g first gate voltage to a first reference cell, the second reference is
provi ded by applying a second gate voltage to the first reference cell, and
the third reference is provided by applyigng a third gate voltage to the
first reference cell, the first reference cell having a floating gate for
storing charge. 14. In a nmenory device including at | east one nenory cel
having a cell charge |evel that indicates one of three possible states,
each state corresponding to a predeterm ned range of charge levels, a

met hod for determning a state of the nmenory cell, the nethod conprising
the steps of: sensing the cell charge | evel of the nenory cell; conparing
the cell charge level of the nmenory cell to a first reference; selecting a
second reference if the cell charge level of the nmenory cell is less than
the first reference; conparing the cell charge |evel of the nenory cel
to the second reference;
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i hdi cati ng %#Jﬂ%}rrermry cell isinafirst state if the Cpirushadeasn -
| evel is les a he second reference; ‘indicating that the nenory cell is

in a second state if the cell charge level is greater than the second
reference; and indicating that the men@rfGell is in a third state if the

cell charge level is greater than the first reference. 15. The menory
device of claim 14, wherein the nenory cell is a nonvolatile nenory cel
having a floating gate for storing charge. 16. The nenory device of claim

15, wherein the first reference is a first reference nenory cell and the
second referenceﬁﬂfiﬁggﬁamgﬁgeferenc menory cell, the first and second
references nenory ce€ fToati gates for storing charge. 17. The
menory device of claim 16, wherein the first reference nenory cell has a
first cell charge level corresponding to a | evel of charge between the
second and third states. 18. The nmenory device ofclaim 17  wherein the
second reference nmenory cell has a second cell chafgeMael g¢orrespondi ng
to a | evel of charge between the first and second The nenory
device of claim 18, wherein the step of sensing th ge | evel of
the nenory cell conprises the step of generating a int for the
menory cell. 20. The nmenory device of claim 19, wher the step of
conparing the :
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cell charge WowsaB4035 the nenory cell to the first reference ooMUgses3s he
steps of generating a reference cell current for the first reference nenory
call, and conparing the cell current to the reference cell current. 21.

The nenory device of claim 18, wherein the step of sensing the cell charge
| evel of the nenmory cell conprises the gegs of generating a cell current
for the nenory cell, and generating a voltage in response to the cell
current. 22. The nenory device. of claim 21, whgreit the step of
rconparing the cell charge level of the nmenory cell to e first reference
conprises the steps of generating a reference cell qurrent for the first
reference nenory cell, generating a reference voltage in response to the
reference cell current, and conparing the voltage the reference cel
vol t age. 23. The menory device of claim 18, ereiln the first reference
is afirst current source for generating a qual to a cell current
of a menory cell that stores a level of charggyBetwen the second and third
states. 24. The nethod of claim 15, wherein@fe¥iirst reference is

rst reference cell and the
g£te voltage to the first

01
STATE
3

|
Ref,
FIG. 3

r
Ref 1

-
&
(=]
537
% . HpE O ,
RECTIFIED SHEET (RULE 91)



reference cNQ9S/MPW first reference cell havi ng a floating gBEWUSWO6TW0O0ri ng
charge. 25. In a nmenory device including at | east one nenory cell having
a,cell charge level that indicates one of four possible states, each state
. corresponding to a predeterm ned range of charge |levels, a nethod for

~determning a state of the menory cel l4/ Bhe method conprising the steps of:

- sensing the cell charge |evel of the nenory cell; conparing the cel
charge level of the nmenory cell to a first reference; selecting a second
reference if the cell charge level of the nenory cell is less than the
first reference; conparing the cell .charge |evel of the nmenory cell to the
second reference; indicating that the nenory cell is in a first state if
the cell charge level is less than the second reference; indicating that
the nenory cell is in a second state if the cell charge level is greater

than the second reference; and selecting a third reference if the cel
charge | evel of the nenory : _
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cell is gr eéﬁv@rgskh@g the first reference; conparing the cell mhrgsenésyel
of the nmenory cell.to the third reference; indicating that the nenory cel

i'gin athird state if the cell charge level is |less than the second
reference; and indicating that the nmenory cell is in a fourth state if the
cell charge level is greater than the spgand reference; and 26. The -
menory device of claim25, wherein the nenory cell is a nonvolatile nenory
cell having a floating gate for storing charge. 27. The menory device of
claim 26, wherein the first reference is a first reference nenory cell and

the second r 4 E 2 seoqnd éfaerence menory cell, the first and
second refer nc§§@%rs§%%l @{g g floating gates for storing charge.
28. The ne LBYEl| I'm27, wherein the first reference nmenory

cell has a first cell|charge | evel corresponding to a | evel of charge

bet ween the second ang third states. 29. The nmenory devi ce of claim 28,
wherein the second reference nenory cell has a second cell charge | eve
corresponding to a | eyel of charge between the first and second states. 30.
The nmenory devi ce of aim29, wherein the third reference nenory cell has
athird cell charg corresponding to a | evel of charge between the
third and fourth
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31. The my@ésdiaqgmyvi ce of claim 30, wherein the step of sen®PCIWSINS230e] |
charge level of the nenory cell conprises the step of generating a cel
current for the nenory cell. 32. The nenory device of claim 31, wherein
the step of conparing the cell charge level of the menmory cell to the first
reference conprises the steps of genergt/igg a reference cell current for

the first reference nenory cell, and conparing the cell current to the
reference cel, current. - 25 - 33. The nmenory device of claim 30,
wherein the s&ep of sensing the cell charge |evel of the nenory cel

conpri ses thessgeps of generating a cell & ent for the menory cell, and
generating a age in response to the ¢ current. 34. The nenory
devi ce of cla , Wherein the step of ¢ ng the cell charge |evel of

t he menory ce the first reference co | @ps the steps of generating a
reference ceIE"é'Lgrent for the first refeg(&a nmenory cEk , generating a

reference volfyage in response to the ref epyagce cell cur 1it, and conpari ng

the voltage t¢,Lhe reference cell voltage.| 5. The menyy device of claim
25, wherein th@&first reference is a firstl @urrent sour€D for generating a
current equal |to a cell current of a N [I:
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rré\rmry cel |l wWoas3#7sres a | evel of charge between the second POTASSS062d0
states. 36. In a nenory device including at | east one nenory cell having
asthreshold voltage | evel that indicates one of n possible states, wherein
nis greater than 2, each state corresponding to a predeterm ned range of
threshold voltage levels, a nmethod for BéQernining a state of the nenory
cell, the nethod conprising the steps of: providing,m/[peferences, where m
is equal to at least n-1, each of the mreferences forresponding to a

t hreshol d voltage | evel between two states; sensj the threshol d vol tage
| evel of the nmenory cell; conparing the thresh | tage | evel of the

menory cell to a first reference; outputting a result of conparing
the threshold voltage | evel of the nmenory cell e first reference;
conparing the threshold voltage | evel of the nenoryjceN to a selected one
of a second reference and a third reference in respdns¥ to the first
result; and - 26 -
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out putting awspspaersr esult of conparing the threshol d vol t agepdussneizpt he
menory cell to the selected one of the second reference and the third

-ref erence. 37. The net hod of claim 36, wherein the step of conparing the
t hreshol d vol tage | evel of the menory cell to the selected one of the
second reference and the third referengesgncludes the further steps of: if
the threshold voltage | evel of the nenory cell is |less than the first
reference as indicated by the first result, conpan ng the thifeggnond vol tage
| evel of the nenory cell to the second voltage r rence. | T ot/he
threshol d voltage |level of the nenory cell is gr et r8t han t hetsf 1 rist
reference as indicated by the first result, cop } >t hrestrot*d vol t age
| evel of the nermory cell to the third reference. 38. The net hod of claim
37, wherein the first reference corresponds toja &hresholdgoltage |evel
between a n/2 state and a (n/2 + 1)r-state—30- Igﬁt hofN of cl ai m 38,
wherein the second reference cor&sponds to a thrg d q: tage | evel
between a (n/4) state and a (n/#+})astate. 40 OThe method of claim 39,

wherein the third reference corrasgoRds to a thwesheld—vwbdl tage |evel
between a (3n/4) state and a ( st at e. 41& dhe rretrog off claim
37, wherein the first and secanduresul t g (e eachPe STy |a single
bi nary bit. | - % N v v
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42. The nmetYBFRH™%1 ai m 37, wherein [err] is equal to an i nPCHESISIE230
The method of claim 37, wherein n is equal to four. 44. The met hod of
claim37, wherein nis equal to eight. 45 l/ a nenory device including at
| east one menory cell having a threshold 904tg;ge | evel that indicates one
of n possible states, where n is greater than 2, each state correspondi ng
to a predeterm ned range of threshold voltage levels, a sensing circuit for
determining a state of the nenory cell, the sensing circuit conprising: a
first reference corresponding to a first threshold voltage |evel; -27 -
a first conparator coypled to the nory cell and to the first reference,
the first corrparator(?ﬁc#-_cbrrpﬂaq the threshold voltage | evel of the
menory cell to the firs-}g ef erlen¥a 3 and for outputting a first result; a
second reference corge dinq t®8& second threshold voltage level; a third
reference correspor@ling to altlhird threshold voltage l'evel ; a second

conpar ator coupled ty the nemgry cell and a sel ected one of the second
reference and the third referslnce, t he second '
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corrpar at or for corrparl ng Tﬁe*ﬁﬁf—eshol d vo] tage T evel oftherrer\r‘mry‘ cel

“the: sel ect ed. 3m" reference and the third ref gFence, _ar 'ﬁ’f(}m
outputting.a m”,” ZHE a selector circuit coupl ed [f BFPreEE!VI NG
the first resul't, ‘the se CI rcuit for selectively couﬁl | ng t@e Ga‘ﬁe ‘

..............

PR ——

response to the first result. 46. The sensing circuit of CI al m45
wherein theClgimgtor circuit couples the second reference to the second
conparator if the threshold voltage Ievel of the nmenory cell is Iess than
the first reference. 47. The sensing circuit of claim46, wherein the
sel ect orl ci leui t In auffasbsmeneonyhdevice indudingeat lsasthene fash electrigallyat or | f

?E?eﬁ ELlﬁi“°L3as¥x°'éﬁ%%%%éﬁ%@%&é&mﬂ}empgfkﬁ iM«ié‘@fha%%%‘pf i

' 2 2 +, 1
%hézieﬁé’ oindifire SEE* slademnensh Sie cBrEsIRLTR P P f%r%?;ﬁofl evel
of clain 49&%@1 RbRe Sdndndo? ey ?asg,%%oef REREROMLGIE
state angl P{ ?fefﬁo&?ggﬁﬁ'ﬁﬁgﬁe ste l;'ygf.senm ng circuit of cI a| m 50, wherein

n is equal sensi'ng circuit of claim50, wherein nis
equal tggeight. a) gensing a cell charge level of the flash EEPROM cell;

7 b) comparing using a first comparator the cell charge level of the flash
8 EEPROM cell and a reference cell charge level of a selected first
9 reference cell;
10 ¢} outputting from the first comparator a result of step b) indicative of
11 a first one of the n bits in the flash EEPROM cell;
12 d) supplying the result of step b) to an input of a selector circuit, the
13 ~ selector circuit selecting one of a second reference cell and a third
. 14 reference cell, whetein selection between the second and third
15 reference cells is done in response to the result of step b), the second
16 reference cell being selected if the cell charge level of the flash
17 EEPROM cell is less than the reference cell charge level of the -
18 selected first reference cell, and the third reference cell being selected
19 if the cell charge level of the flash EEPROM cell is greater than the
20 reference cell charge level of the selected first reference cell;
21 e) comparing using a second comparator the cell charge level of the
22 flash EEPROM cell to the seleéted one of a reference cell charge level
23 of the second reference cell and a reference cell charge level of the
24 third reference cell; and ]
25 f) outputting from the second comparator a result of step e) indicative

26 of a second one of the n bits of the flash EEPROM cell wherein the

—_—r
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_28- 53. The sensi\ngcm of claim45, wherein the SGI’]S%‘H (c]_i,\rzfq._y\kgm aLEET ]l
FAY O s itiaay 1) I
|

furt her comu'm j”,ﬂ,wr af erence cell having a sel ect gat
-floating gat'd Mm,”m rge, the first reference cell fgr_pro ﬁimﬂ]mg'[
‘the first referénck ih response to a fi rst gate voltage, for U_Qrf@’_&?j;éi‘_ g _The ...
-second reference in response to a second gate voltage, and for "providing

t he thi r ef er encegj ﬁgﬁﬂﬁ It hetheot f IR &%;sond,
and thi rﬁg gate vol tggsggbb ing%péﬁhi%ék?o&ﬁ'igﬁsel ectésggfbe %tfgﬁtak}ewﬁl?sst
referenge cell. 54.d), ) arkd fpdR perfirmet sucle tudithe fiast tomnparatoe otegpatsy cel |
having a threshol d voltage |level that indicates one of n possible states,
where n30s greater thedirs? oneasfithetrabits andribepecoiid gompasa for exigpeatsitired

range of voltage levels, a sensing circuit for determ ning a state of the
nenory 3kl 1, the sesesond one efithe ubitssimultpnequslyrtodndigate the state of theere m
is equal to n-1, each _of the mreferences corresponding to a threshold

vol tage32evel bet weldash BEP: il. a2 conparator coupled to the nenory cell

and a selected one of the mreferences, the second conparator for comparing

e o, P AR Bl B4 b Ref oI 5 of

2 g} in response to a result of step f), selecting one of a fourth reference

3 cell and a fifth reference cell, the fourth reference cell being selected

4 if the cell charge level of the flash EEPROM cell is a first value and

5 the fifth reference cell being selected if the cell charge level of the

6 flash EEPROM cell is a second value;

7 h) comparing the cell charge level of the flash EEPROM cell and a

8 reference cell charge level of the selected one of the fourth and fifth

9 reference cells; and "
10 i) outputting a result of step h) indicative of an a third one of the n bits
11 in the flash EEPROM cell wherein the first and second comparators
12 continue to output the results of steps b) and f), respectively, while
13 steps g), h), and i) are performed, such that the first comparator
14 outputs the first one of the n bits and the second comparator.
15 outputs the second one of the n bits simultaneously with the third
16 one of the n bits to indicate the state of the flash EEPROM cell.

1 3. In a flash memory device including at least one flash electrically-

2  erasable programmable read-only memory (EEPROM) cell having n bits

3 indicative of 2" states, each state corresponding to a predetermined range of

4 cell charge levels, a method for determining a state of the flash EEPROM cell,

5 the method comprising the steps of:

6 a) sensing a cell charge level of the flash EEPROM cell;
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to a one of a second and third reference; and for 3 “setond
result; and a selector circuit coupled for recéeiving the firstTesult; the

sel ector circui H‘MImumlulmlel oupling the first referencésto the -7 el
conparator, and A coupling the one of the second {4 f NOYNi987

and the third refertnce to the conparator in response to -t h?é_“’_’fﬁfjjj‘;r_j_____tj;;-j_r;_g;gg_{-_-t_-_;;_;__-;z
55. The sensing circuit of claim54, whergi-n the selector circuit couple€s
the second reference to the second conparator if the threshold voltage

level of the nehprcpnqs@ﬁn%&sh%ﬁﬁ cofiparaive the cell chafg® RReEof the fiish The
sensing circuit of claimb55, erein the selector circuit couples the third
refererce to the HERROM celpandtaoreferentd eell chagedevelvafl 4 selectedviddst of t he
menory cell is greater than the first reference. 57. The sensing circuit
of clai%m 56, wher deferemee ¢all it a derodgeirtuifiel is between a n/2 state and a

(n/2 +:1) state. 58. The_ sensing circuit of ¢claim57, wherein the third
vol tagd 1 evel |9 QBtRWEingfrony the¢omparater a resylt of step)b)dngicativeoof a The

sensi circuit of, claim -Wherein,t voltage level is between a
Plg.t e and a (mt qng_?? g{le[ﬁg)_l{smther}fasﬁeéﬁ;igowceli ]
12

nf4 s
d) supplying the result of step b) to an input of the decode circuit, the

13 decode circuit selecting one of a second reference cell and a third

14 reference cell in response to the result of step b), the second

15 reference cell being selected if the cell charge level of the flash

16 EEPROM cell is less than the reference cell charge level of the

17 selected first reference cell, and the third reference cell being selected
18 if the cell charge level of the flash EEPROM cell is greater than the
19 reference cell charge level of the selected first reference cell;

20 €) comparing using the comparator the cell charge level of the flash

21  EEPROM cell to the selected one of a reference cell charge level of
22 the second reference cell and a reference cell charge level of the

23 third reference cell; and

24 f) outputting from the coﬁlparator a result of step g) indicative of a

25 second one of the n bits of the flash EEPROM cell wherein the result
26 of step b) and the result of step €) indicate the state of the flash

27 EEPROM cell.

4. A flash memory device including at least one flash electrically-erasable
programmable read-only memory (EEPROM) cell that stores n bits that
indicate one of 20 states, each state corresporniding to a predetermined range of
cell charge levels, the flash memory device comprising:

a) a first comparator that performs a first comparison of a cell chafge

level of the flash EEPROM cell and a first reference cell charge level

A o W N e
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60.  The sensi g circuit of claimb54, whereinnis equal 10 F O ERGINT SHEET i!
The sensing ci L‘m\m\m wherein n is equal to ei ght . 6213 HPheiggy U
sensi ng circui “m““““ erein the sensing circuit fwt‘ﬁer ‘COMprt+-ses- "
a first reference eelt Havi’ng a select gate and a floating gate for STOFTHE
charge, the first reference cell for prgw ding the first reference in

respopse 1o a fi gl i3k feferér@URll, Wer@ﬁpé('réédlgofﬂﬁeﬁﬁ‘é%e ”#ﬁflé?ir??sge in

response to a second gate vol tage, and for providing th rd reference in

respogse to a thoutpwpfrony the & cobljparhtdrsio indleeee @ valae of the & Bitic?
vol tages being applied to the select gate of the first reference cell.

.._.J

9 the flash EEPROM cell;
10 b) a selector circuit having an input for receiving the result of the first
11 comparison, the selector circuit selecting one of a second reference
12 cell and a third reference cell in response to the result of the first
13 comparison, the second reférence cell being selected if the charge
14 level of the flash EEPROM cell is less than the first reference cell
15 charge level, the third reference cell being selected if the charge
16 level of the flash EEPROM cell is greater than the first reference cell
17 charge level; and |
18 ¢) a second comparator that performs a second comparison of the cell
19 charge level of the flash EEPROM cell and the selected one of a
20 second reference cell charge level of the second reference cell and a
21 " third reference cell charge level of the third reference cell, wherein a -
22 result of the second comparison is output from the second |
23 comparator to indicate the (n-i) bit of the flash EEPROM cell,
24 wherein the first comparator continues to output the result of the
25 first comparison while steps b) and ¢) are performed such that the
26 first comparator outputs the n bit and the second comparator
27 outputs the {n-1) bit simultaneously to indicate the state of the flash
28 EEPROM cell.

1 & A flash memory device comprising:

2 a flash electrically-erasable programmable read-only memory

3  (EEPROM) cell having n bits indicative of 211 states, each state corresponding
4 to a predetermined range of cell charge levels;
5 a comparator coupled to the flash EEPROM cell; and
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-5 -
a decode circuit coupled to the comparator and including n-1 reference
cell charge levels, wherein the comparator outputs a first signal in response to
a first comparison of a cell charge level of the flash EEPROM cell with a first
one of the n-1 reference cell charge levels, wherein the first signal is
indicative of an n bit in the flash EEPROM cell, wherein the riecode circuit
selects one of a second one and a third one of the n-1 reference cell charge
levels in response to the first signal, wherein the comparator outputs a
second signal in response to a second comparison of the cell charge level of
the flash EEPROM cell to the selected one of the second and third reference
cell charge levels, and wherein the second signal is indicative of an n-1 bit of

the flash EEPROM cell.
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