WO 96/ 10256 ' PCT/ US95/ 12082 Sensi ng
state of a WeBeW25¢ varijabl ezgaf RV bﬂ?% ELD OF THEp¢MuSIshbegy The
present invention rel ateég geﬁ-‘érg{'ﬁg@o se Tig tﬁ staje of menory cells in
?hrrerr:)r%/ _ar][a?c/i : I\/tr)]re specggffdribtjo? :tﬁagedor,gsle@tﬁabézﬁgt_i pn 1 el ?lt e; to slen_si ng
e state o ash menor ] arlngy Dy 1 S per ce y applying
a vari abl e gate voltage t&bﬁeﬁ%’%ge’g ?f?j %{ tlo'%‘gecéﬂ"s and detecting the
gate vol tage that generat WS '(PG?‘?de'n'y_':etatP&Qeq oa-fixed reference
current. BACKGROUND OF THIEl AbsiENT| Giasar i Sustotpapers..of.. prior floating gate
menories are known, such - -only menory
("EPROM'), electrically- 15 erasabl e programabl e read-only nenory
("EEPROM'), and the flash electrically-erasable programmbl e read-only
menory ("flash EEPROM'). One prior flash menory technology is the ETOX[ err]
Il technol ogy of I|ng&hei rsﬁﬁeaé' 8 mémord Byvéridtie gatéholtagei a. FIG 1A
shows a prior ETOX[errﬁﬁ?I asil rrem)ro)%lcell 10 ofg I nt el E‘orporation. 20
Pri-or flash menory cell 10 has a top gate 12, a floating gate 14, a source

5  FIELD OF THE INVENTION
The .present invention relates generally to sensing the sfate of
memory cells in a memory array. More specifically, the present
invention relates to sensing the state of flash memory cells storing
multiple bits per cell by applying a variable gate voltage to the gates of

10 the cells and detecting the gate voltage that generates a cell current
equal to é fixed reference current. |
BACKGROUND OF.THE INVENTION

~ Various types of prior floating gate rﬁemories are known, such
as erasable programmable read-only memory ("EPROM"), electrically-

15 . erasable programmable read-only memory ("EEPROM"), and the flash
electrically-erasable programmable read-only memory ("flash
EEPROM"). . One prior flash memory technology is the ETOX™ II
fechhology of Intel Corporation of Santa Clara, California. FIG. 1A

- shows a prior ETOX™ II flash memory cell 10 of Intel Corporation.

20 Prior ﬂash_ memory cell 10 has a top gate 12, a floating gate 14, a source
16, and'é drain 18. Source 16 and drain 18 reside within a substrate 20.
Subétrate 20 is gfounded. Flash memory cell 10 is comprised of a

~ single transistor. FIG. 1B shows a syﬁlbolic representation of flash
) membry cell 10 that is used to represent flash memory cell 10 in circuit

25 - schematics.
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16, and a drain 18. Source 16 and drain 18 reside within a substrate 20 é

Substrat e 39 Elf@zggounded Flash menmory cell 10 is conpri se%&

transi stor. 1B shows a synbolic representation of fla eI | 10
that is used to represent flash nenory cell 10 in circuit 25 schematlcs.
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-2- Referring again to FIG 1A, floating gate 14 is used for charge
storage. The logic state of flash nenory cell 10 is determ ned by the
anount of charge stored on floating gate 14. Electrons are placed on
floating gate 14 during a progranm ng proess by a nmechanism5 known as
hot electron injection. Electrons are renoved fromfloating gate 14 during
an erase process by a nmechani sm known as tunneling. Source 16 conprises a
top n+ region and a Refdrnngragangtcnﬁl(ﬂ HiA, ﬂlwﬂtg1gated14e|attsed for eli@rgej uncti on
capable of wthstanding a hig
storage. The loglc state of flash memory cell 10 is determined by the
amount of charge stored on floating gate 14. Electrons are placed on
floating gate 14 during a programming process by a mechanism
5 known as hot electron injection. Electrons are removed from floating
gate 14 during an erase process by a mechanism known as tunneling.
Source 16 comprises a top n+ region and a bottom n region that ‘
together create a graded junction capable of withstanding a high
source voltage during erase.
10 FIG. 1C illustrates certain current and voltage characteristics of
flash memory cell 10. Curve 32 is an I-V characteristic of flash
memory cell 10 when floating gate 14 stores little or no charge, i.e. the
cell is in an erased state. In this state, flash memory cell 10 is said to
store a logic 1. Curve 34 is an I-V characteristic of flash memory cell 10
15 when floating gate 14 stores substantial charge. In this state, flash
memory cell 10 is said to store a logic 0. Curves 32 and 34 show that
charge stored on floating gate 14 shifts the I-V characteristic of
memory cell 10 to the right. In other words, charge stored on floating
gate 14 increases the threshold voltage of the flash memory cell 10.
20 The logic state of a memory cell is sensed (or detected) during
either a read or verify operation. A read operation reads the data
stored in the cell for delivery to another unit. A verify operation
reads the data stored in the cell after programming to verify that the
cell has been programmed to the proper state. Sensing is the process

25 of determining the logic state of, or data stored in, a memory cell.

».
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mayuke uged for sensing the state offlash memqryrceiir%rédﬁgwgl iso

drain current of the flash reference cell (corresponding to the I-V
charactéristic of flash memory cell 10 being to the left of reference
curve 36). A logic 0 is sensed if the current of flash memory cell 10 is
smaller than the current of the flash reference cell (corresponding to
the I-V _characteristié of flash _mémo_ry cell 10 being to the right of
reference curve 36). Typical prior commercial flash memory devices
have stored only two logic states, logic 0 and logic 1 (i.e., one bit per
cell), in each flash memory cell due in part to difficulties with

~ accurately programming and sensing intermediate amounts of charge

15

20

on floating gate 14. _ )

FIG. 1A shows one pri‘of configuration for sensing the logic
sfate of flash memory cell 10. For sensing, the drain voltage, Vp, is set
to about 1.0 volts, the soufce 16 is grounded, and the top gate voltage,
Vigrissettoa .fixed,voltage_on the order of 5.0 volts. (Typically the
supply vblt,age, Ve, is used as the fixed voltage.) The drain current is
sensed to determine whether flash memory cell 10 stores a logic 0 or a
logic 1. A high drain current (indicating little or no charge on floating
gate 14) indicates a logic 1 while a low drain current (indicating
substantial charge on floating gate 14) indicates a logic 0.

- FIG. 2A shows a prior sensing circuit 40 for sensing the logic

state of a flash memory cell 48. Flash memory cell 48 is one cell of an

array of flash memory cells. Sensing circuit 40 includes a first chain of

0. anot her unit.
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-3- Reference curve 36 is a |-V characterlstlc of a flash reference cel

that may (EOS&GURSE or sensing the state of flash menory cel |PQIUSIS/1RA8i ¢ 1
is sensed if the drain current of flash nmenory cell 10 is greater than the
drain current of the flash reference cell (corresponding to the |-V 5
characteristic of fllash menory cell 10 being to the left of reference curve
36). Alogic O is sensed if the current of flash nmenory cell 10 is smaller
than the current of the flash reference cell (corresponding to the |-V
characteristic of flash menory cell 10 beifig to the right of reference
~curve 36). Typical prior comercial flash nennry devi ces 10 have stored
only two | ogic states Iogic O and logic 1 (i.e., one bit per cell), in

ot ogr amm ng anc-Lagreoyiibred nigbt dieiltbls chpbiilhe d R GiAIIP 20 o 14
FIG 1A shows oggetdé &ranﬁi%&;l‘ 472 £ BoluMin SE18& Randibor'480! At the end of
the first transistor chain is flash memory cell 48 which has been
selected for serising by the appropriate column and row select lines of
5 = the flash memo"ry.a'rra'y. A drain bias circuit 47, including cascode

" transistor 44 and a feedback inverter 45, isolates load transistor 42 from.

selected flash memory cell 48 and establishes a constant drain bias ‘

voltage of abou_f 1.0 volts at the .drai.n of flash memory cell 48. A fixed
voltage V. of about 5.0 volts is applied to the top gate of flash

10  memory cell 48 causing a cuitrent I1 to flow in flash memory cell 48
and through the first transistor chain. The magnitude of current I1 is
é function of the logic staté_ of flash memory cell 48, (i.e., a function of
the amounf of charge stored on the floating gate of flash memory cell
48). The current I1 establishes a voltage at node SEN1 50 according to

15 the I-V characteristic of léa‘d transistor 42 shown in FIG. 2B.

Referring again to FIG. 2A, voltage Vg, at node SEN1 50 is
compared to a réferencé voltage Vg established by a second transistor
chain at node REF 60. The second chain of serially-connected n-type
transistors includes a load transistor 52, a cascode transistor 54, and a

20 reference select transistor 56, which respectively match thé
corresponding transistors of the first chain. Flash reference cell 58 is
coupled to the end of the second transistor chain and is typically
charged to have a reference characteristic similar to reference curve 36
of FIG. 1C. A drain bias circuit 57, including cascode transistor 54 and a

25 feedback inverter 55, isolates load transistor 52 from flash reference

4
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15 state of flash nenory cell 10. For sensing, the drain voltage,
Vierr], is seo9/maspout 1.0 volts, the source 16 is grounded, p@ftsdsigoga0P
gate voltage, V[err], is set to a fixed voltage on the order of 5.0 volts.
(Typically the supply voltage, V[err], is used as the fixed voltage.) The
drain current is sensed to determ ne whether flash nmenory cell 10 stores a
logic O or a 20 logic 1. A high drain current (indicating little or no
charge on floating gate 14) :indicates a logic 1 while a | ow drain current
(indicating substantial charge on floating gate 14) indicates a logic O..
FIG 2A shows a prior sensing circuit 40 ford>sensi ng the logic state of a

flash menory cell 48. Flash nenory cell 48 is one cell of an 25 array of
flash menory cells. _Sensing ci r%uit 40 incl uydes, a first cl"tjai n of WO
96/ 10256 - ‘cell 58 and establishes a constant drain bias voltage of about Ifovplioalg >

b SEL Y omnggl Sl R hARRRS SR 50 T P BB AR 7
58 is converted to the reference voltage Vg, at node REF 60.
Differential amplifier 62 compares Vg, t0 Vgg; to determine fhe state

5 of flash memory cell 48. Detecting Vg, greater than Vi, indicates
logic state 0. Detecting Vgp, less than Vg, indicates logic state 1.

Prior sensing circuit 40 is suitable for fast sensing of widely
separated states, but suffers from significant problems when sensing of
closely-spaced states is required. The voltage range of Vg, is typically

10 designed to be between about 1.5 and 3.0 volts. The low end voltage

| on node SEN1 50 is limité_d'by the practical concerns of keeping

differential amplifier 62 in_its. 'bperaﬁonal range and maintaining a
constant drain bias voltage on flash memory cell 48. The high end
voltage on node SEN1 50 1s lmuted by V., the V, drop of load

15 transistor 42, and t_he commori mode rejection 'of the differential
amplifier. FIG. 2B illustrates the vdltage Vs,;N, at node SEN1 50 as a
function of current I1. A typical two state (i.e., one bit) memory cell
defines logic states to cofrespond to the I1 and Vg, corresponding to
nﬁmbers 1 and 4 of the graph. For two. states, the diffé_rence between

20 the Ve volt§g$ correspdndin_g to numbers 1 and 4 is relatively large.
A four state (i.e., two bit) memory cell could define fou_r logic states |
(such as 11, 10, 01, and 00) to correspond to numbers 1-4. With four
states, the voltagé différences beﬁvem adjacent Vg, voltages is much

- smaller, making logic state sensing more difficult.



s .

the first transistor chain is flash menory cell 48 which has been sel ected
for sensing by the appropriate columm and row select lines of 5 t he
flash nemWQ910286/. A drain bias circuit 47, including casCRUSIsAZOBRSt Or
44 and a feedback inverter 45, isolates |load transistor 42 from sel ected
flash menory cell 48 and establishes a constant drain bias voltage of about
1.0 volts at the drain of flash nmenory cell 48. A fixed voltage V[err] of
about 5.0 volts is applied to the top gate of flash 10 menory cell 48
causing a current 11 to flowin flash menory cell 48 and through the first
transi stor chain. The magnitude of current .11 is a function of the logic
state of flash menory cell 48, (i.e., a function of the amount of charge
stored on the floating gate of flash nmenory cell 48) The current 1

gﬁgfglslt ZPle:t ?cvgl‘ t agﬁh% ) degﬁsg{gmé& %r ﬁ'ﬁ-‘f%r’& % %%%%r g again to
7 ot RS b Son kg AR RSB G 2
chal 1 of S, bl SRR h ity BTG o g 5L
which res pect | v@bviceRbempiize millions of ﬂash memory cells in a memory array.
5 Due to non-ideal processmg condrtlons during manufacturmg,
mdlvrdual memory cells across the array have dlfferent characteristics.
Varymg cell characterrstrcs, ﬂuctuatrons in power supply voltages, ‘
variations in array sensrt1v1ty to temperature, and vanatrons in array
trahéconduetaﬁce; can each cause the Vg, voltage to vary from ideal.
10 To allow for such variations, a range of valtres is assrgned to each
sta‘te In oth'er Words, each state has a state w1dth to accourlt for
variations that affect sensmg The state width, in part determines
how many states a memory cell can store
~ One factor contributing to the state width is fluctuation in
5 power supply voltages Power supply voltages vary within a specified
tolerance over time. For example, a5.0+5% supply voltage may
.ﬂuctuate between 4 75 and 5.25 volts over time. If the supply voltage
durmg programmmg is dlfferent than during sensing of a memory
cell, the sensed state will be offs_et from its ideal value.
20 Another factor contributing to the state width is cell to cell
variations in temPerature sensitivity in a memory array. As
temperature increases electron mobility, ., decreases and threshold
yoltage, Vg, decreases. The impact of temperature changes on
individual flash r_rlemory cells can be understood by'examining

25 Equation 1.



c%rresponding transistors of the first chain. Flash reference cell 58 is

coupl ed to wWpoeivdseof the second transistor chain and is typimesnisesabsgpoed
to have a reference characteristic simlar to reference curve 36 of FIG

. 1C. A drain bias circuit 57, including cascode transistor 54 and a 25

f eedback inverter 55, isolates |oad transistor 52 fromflash reference

WD 96/ 10256 ' PCT/ US95/ 12082
-5- cell 58 and establishes a constant drain bias voltage of about 1.0
volts at the drain of flash reference cell 58. The current in flash
reference cell 58 is converted to the referé&fice voltage V[err] at node REF
60. Differential anplifier 62 conpares V[err] to V[err] to determne the
state 5 of flash menory cell 48. Detecting V[err] greater than V[err]

i ndicates logic state O. Detectlng V[err] Iess than Merr] indicates |ogic

state 1. Prior sensing circuit 40, f 0 st sensi ng del y
separated states, but suffers fro @E?‘f’ﬂg@gf pro ens when sg%té WQ

For a state very close to the power supply voltage (i.e., the floating gate
5 is charged to approximately the power supply voltage), (Vi - Vi) is
very small causing changes in Vi to dominate the temperature effect.
Therefore, in this case rising temperature causes Vg to decrease and I,
to increase. For a state far away from the power supply voltage,
temperature effects are dominated by p, since (Vi - Vi) is large.
10 Therefore, in this case rising temperature causes I, to decrease. In
| other words, rising temperature decreases drain current in cells
“having a high drain current during sensing but increases drain
current in cells having a small drain current during sensing. Thus, in
the prior sensing scheme, temperature affects arrays cells differently
15 depending on their programmed state. Also, even for cells
| programmed to the same state there are cell-to-cell variations in
sensitivity to temperature changes. So variations in temperature
affects also contributes to the state width.
Another factor contributing to the state width is variations in
20. cell transconductance across a memory arréy. Transconductance of a

field effect device such as a flash memory cell is defined in equation 2.

_ Zs ’
m = — E o2
g q"'Lev (EQ.2)



cl osel y-spaced states is required. The voltage range of V[err] is typically *
10 desi gned to be between about 1.5 and 3.0 volts. The | ow end vol t age
on node SW@96H0256s | i mited by the practical concerns of ke®gTnsosi2082
differential anmplifier 62 in its operational range and maintaining a
constant drain bias voltage on flash nenory cell 48. The high end voltage
on node SEN1 50 is I'inmted by Vcc, the V[err] drop of |oad 15 transi stor
42, -and the common node rejection of the differential anplifier. FIG 2B
illustrates the voltage V[err] at node SEN1 50 as a function of current |1.
A typical two state (i.e., one bit) nenory cell defines logic states to
correspond to the 11 and V[err] corresponding to nunbers 1 and 4 of the
graph. For two states, the difference between 20 the V[err] voltages

di t nh d 4 | a A f t .e.,
two bit) memoryOEerD If°3ﬁ+<§ea§3’1f?$ré5%$°f}%t}%s Bt actinCieing, theo, o1
Slngf g(r))enzzgscgre[ Weenrmgl.l a}]‘h LX{Q gg%gdif’%ﬁﬂaﬁzc%ﬁgrﬁéfﬁg\r/ "#'r&%‘gﬁﬁ | ogi c
state sensing @fﬁn@ﬁl‘cﬁ\bﬁi&'y array) vary. The resulting transconductance

variations cause individual cells in the array to have different I-V

5 characteristics.
In summary, power supply variations, temperature effects,
temperature effect variations, and transconductancé variations each ‘
contribute to the state width.  Because these factors i'equire a relatively
large state width and the prior sensing circuit 40 has a relatively
10 narrow sensing range of 1.5 to 3.0 volts on the sensing node SEN1 50,
it is difficult to use prior circuit 40 for sensing of multi-bit memory

cells.
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-6- In an aw@‘;,lg menory cells, other problens increase the gffddoSiidey Of

sensing states wth prior sensing circuit 40 when multiple bits are stored
in the menory cells. Typical commercial flash nenory devices conprise
mllions of flash nenory cells in a nenory array. 5 Due to non-i deal

processi ng condi ti ons during manufacturing, individual nenory cells across
the array have different characteristics. Varying cell characteristics,
fluctuations in power supply voltages, variations in array sensitivity to
tenperature, and variations in array transcefrductance, can each cause the
V[err] voltage to vary fromideal. 10  To allow for such variations, a
range of values is asslgned to each state In other words, each state has a
state width to acSl AND § 193 OF THE BN FIONg. The state width,
in part, determ nes how man states a rrermry ceII can store. One factor
contributing to the st&ne of therobjects of dhe presentiinvention iptoprovde v

vol t ages. Power supp]y voltages vary within specifje
J %F%hgd and ap?paratus for sensing the state of Hoatxng gate memory

cell by applying a variable gate voltage to the memory cell and sensing
5 the state of the memory cell when th_e cell current is substantially
equal to a fixed reference current.

Another of the objects of the present invention is to sense the
state of individual memory cells in an array of memory cells at
substantially the same cell condition, i.e. to sense individual memory

10 cells at substantially the same cell current and effective gate voltage
(effective Vg-V).

Another of the objects of the present invention is to reduce the
sensitivity of memory cell state sensing to temperature, power supply,
and trahsconductance variations. |

15 Another of the objects of the present invention is to sense the
states of multi-bit memory cells.

An apparatus for determining a state of a memory cell that is
programmed to one of a plurality of states is described. The apparatus
includes a circuit for applying a variable voltage to the memory cell.

20 The memory cell generates a cell current that is proportional to the
variable voltage. Another circuit generates a fixed reference current.
The cell current and the fixed reference current are input to a circuit
that detects when the cell current is substantially equal to the fixed

reference current. Another circuit determines the state of the memory
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tol erance over tine. For exanple, a 5.0 5% supply voltage may fluctuate
between 4.75 and 5.25 volts over tine. If the supply voltage during
program MOP¥1IYS6 f erent than during sensing of a nmenory celCT/US9542088nsed
state will be offset fromits ideal value. 20 ' Anot her factor
contributing to the state width is cell to cell variations in tenperature
sensitivity in a nenbry array. As tenperature increases electron nmobility,
[err] decreases and threshold voltage, V[err], decreases. The inpact of

t enperature changes on individual flash nenory cells can be understood by

exam ni ng 25 Equati on 1. WD 96/ 10254;.
PCT/ US95/ 12082 -7- [err] For a state very close to the power supply voltage
(i.e., the floating gate 5 is charged to approximtely the power supply

vol tage), (M ergdiffaccoflifrig to a 'vilue of the variable gate voltage when the cell
current is subs'tahtiall’y equal to the fixed reference current.
Other objects, features, and advantages of the present invention
will be apparent from the accompanying drawings and from the

5 detailed description that follows below.



very small causing changes in V[err] to domnate the tenperature effect.
Therefore, iwobbiees¢ase rising tenperature causes V[err] to dpcresssaedrd
I[err], to increase. For a state far away fromthe power supply voltage,
tenperature effects are dom nated by [err] since (V[err] - V[err]) is

| arge. 10 Therefore, in this case rising tenperature causes l[err] to
decrease. In other words, rising tenperature decreases drain current in
cells having a high drain current during sensing but increases drain
current in cells having a small drain current, during sensing. Thus, in the
prior sensing schene, tenperature affects arPays cells differently 15
dependi ng on their programed state. Also even for cells programred to the
smmsﬂﬂethmeaﬂecmlwocml ensitivity to tenperature
changes. So var i atBisks DEotsy #2contributes to the state

el | i ransconduct ance 2@1%3”””“%‘;%@\&'“ B %tg%%%yi?éa“at AP
CEG Ch) 4V ©¢ S Nirfiflafloh i the HgiRed of the acéoﬂswﬁ% Afbg8 th Which BRL"]

references indicate similar elements.

5 FIG. 1A is a cross-sectional illustration of a prior art flash
memory cell being sensed. |
FIG. 1B is a circuit symbol for floating gate memory cells, such
as the flash memory cell of FIG. 1A.
FIG. 1C illustrates certain current and voltage characteristics of
10 the flash memory cell of FIG. 1A. '
FIG. 2A is an electrical circuit schematic of a prior art sensing
circuit.
FIG.2Bis a graph of the voltage at node SEN1 50 as a function
of the current I1 of the circuit of FIG. 2A.
15 FIG. 3A illustrates some factors that can contribute to the state
width. | | _
FIG. 3B is a plot illustrating allocation of the I-V characteristics
of a floating gate memory cell into four étates: state0, statel, state2, and
state3.
20 ' FIG. 4A is an electrical circuit schematic of a circuit for sensing
the state of memory cells by applying a variable gate voltage.
| FIG. 4B is a graph of the voltage at node SEN2 82 as a function
of the current 12, both of the sensing circuit 88 of FIG. 4A.
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PCT/ US95/ 12082 -8- Due to non-ideal processing conditions during

manuf act u? 9 192%e wi dth and length (Zeff and Leff) of indiPETAIS12083 | s ( of
the mllions in a typical nenory array) vary. The resulting

transconduct ance variati ons cause individual cells in the array to have
different 1-V 5 ‘characteristics. In summary, power supply variations,
tenperature effects, tenperature effect variations, and transconductance
vari ations each contribute to the state wi dth. Because these factors
require a relatively large state width ang.the prior sensing circuit 40 has
arelatively 10 narrow.sensing range of 1.5 to 3.0 volts on the sensing
node SEN1 50, it is difficult to use prior circuit 40 for sensing of

mul ti-bit menory celpi§: 5A is a block diagram of a sensing circuit that utilizes a
digital-to-analog (D/A) converter to generate a variable gate voltage
(VGV). | | | o
FIG. 5B is a plot illustrating a stepped voltage prodﬁced by a

5  D/A converter.

FIG. 6 is an electrical circuit schematic of 'anot:hef circuit for

L

sensing the state of memory cells by applying a variaéble gate voltage. (

FIG. 7A is a block diagram of a sensing circuit that utilizes a
ramp voltage and an analog-to-digital (A/D) converter.
10 FIG. 7B is a plot illustfating a typical ramp vol?tage.
| FIG. 8 is a circuit schematic of an A/D converter that may be
used as part sensing circuit 180 of FIG. 7A. '
FIG. 9 is a flowchart of a method for sensing the state of a
floating gate memory cell by applying a variable g'ate: voltage.
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SUMVARY ANDwW@#Bg67(0266 OF THE | NVENTI ON One of the objects of thecwusssans2
ipvention is to provide a nmethod and apparatus for sensing the state of a
floating gate nenory cell by applying a variable gate voltage to the nenory
cell and sensing 5 the state of the nmenory cell when the cell current is
substantial |l y equal to a fixed reference current. Another of the obj ects of
the present invention is to sense the state of individual nmenory cells in
an array of nenory cells at substantially the same cell condition, i.e. to
sense individual nmenory 10 cel s at substiintiall y the sane cel | current
and effective gate voltage (effective V[err]-V[err]). Another of the

obj ects of the present inv | 0 reduce the sensitivity of nmenory
cell state sensi M@Mﬁ%r suppl y, .and transconduct ance

vari atlons. Anot her ofotngevob e:%c?‘egemg tgragg(aqens] nv?rﬁoa%nggsatteo sense t he

volatile memory devices (such as flash memory devices) is by storing
multiple bits ina single memory cell. Because the ﬂoating gate can
5 store a wide range of charge values (quantized by the charge of a single
._ electren), different_ amounts of charge can be used to represent
different states in a memory cell. These different states can then be
-equated to bit patterns to produce a multi-bit storage element. For
example, 16 states (16 unique charge values on the floating gate) could
10  beused to represent four bits of binary data. Such a device would be a
four bit memory cell.
Practical considerations hnut how many states can reliably be
~ programmed and sensed in floating gate memory cells. Each state is
assigned a range of values, i.e. a state width, to account for various
15 non-ideal factors. FIG. 3A illustrates some factors that can contribute
to the state wxdth of a sensing scheme The state width of FIG. 3A
mcludes factors of state placement width, disturb mechanisms, power
supply and g, variations, temperature effects, reference trim errors,
and sensing errors. | State placement width refers to errors that occur
20 in programming a state due to noise, supply voltage variation, etc.
Disturb mechanisms refer to errors due to leakage of electrons to or
from the ﬂoatmg gates of either array cells or reference cells. Power
supply and g, variations refer to supply voltage and cell-to-cell
transconductance variations that cause sensing errors. Temperature

25 effects refer to errors due to the temperature dependence of cell drain



states of nulti-bit nmenory cells. An apparatus for determning a state of a
menory cell that is programmed to one of a plurality of -states is-

descri bed. Wo96/183%6ar at us i ncl udes a circuit for applying a PaTUSHS/R0820! tage
to the menory cell. 20 . The nenory cell generates a cell current that is
proportional to the vari abI e voltage. Another circuit generates. a fixed
reference current. The cell current and the fixed reference current are
input to a circuit that detects when the cell current is substantially
equal to the fixed reference current. Another circuit determnes the state
of the menory WO 96/ 10256

PCT/ US95/ 12082 -10- cell according to a vajf ue of the variable gate voltage
when the cell current is substantially equal to the fixed reference

CUTTERL St BB SR S SRR Aol P o S

the values of the reference cells. Finally, sensing eifrnrs refer to errors

due to offsets and inaccuracies of the sensmg c1rcu1tr
For sensmg, multlple states must be allocated to ~“ned
5 regions. Window budget is the allocatlon of the state wi. W, the
difference between an erased state (no charge on the float:  gate) and
the highest programmmg state, to the mtervemng states The state ‘ _
w1dth required for accurate and reliable sensing and the width of the
state window determine in part how many states can be defined in a
10 ‘window budget Therefore, the state width and state window
determine in part how many bits can be reliably programmed and
sensed per memory cell.
FIG. 3B illustrates the allocation of the I-V characteristics of a
flash memory cell to four states (states 0-3) to 'pro\}id'e two bits of
15  storage per cell. Recall that the effect of storing electrons on the
floating gate of a flash memory cell is to shift the céll’s v
characteristic curve to a lower current (to the ﬁght) for a given gate
voltage. I-V characteristics 64, 66, and 68 are reference curves that are
representative of the characteristics of three flash réference cells used
20  insensing. Gray-shaded areas 69 define the state placement width for
each state. A gap 65 defines the minimum sep'aration between a
reference characteristic and the adjacent state placement width. Gap 65
corresponds to the above-dlscussed state width factors except state

" placement.



5 detail ed description that foll ows bel ow. WO 96/ 10256
PCT/ US95/ 1208 96716256 BRI EF DESCRI PTI:‘ON OF THE DRAW NGS The pr epemtusbsisesd i on

is illustrated by way of exanple and not limtation in the figures of the

acconpanyi ng drawings in which like references indicate simlar el enents.

FIG 1A is a cross-sectional

being sensed. FIG 1B is a circuit synbol for floating gate nenory cells,
such as the flash nenory cell of FIG 1A FIG 1C illustrates certain

current and vol tage characteristics of 10 the flash nenory cell of FI G

1A. FIG 2Ais an electrical circuit schemat?¥® of a prior art sensing

circuit.

10 .

15

20

During sensing, the characteristics of a flash memory cell being
sensed are compared to reference.characteristi'cs 64, 66, and 68 to
determine the state of the cell. One prior sensing scheme applies a
fixed gate voltage to the cell and senses the drain current to determine
the state of the flash memory cell. In contrast to this prior scheme, the
present sensing scheme applies a variable gate i'oltage (VGV) to the

‘cell and detects the gate voltage that generates a cell current equal to a

reference current, Igs,. The detected gate voltage indicates the state of
the sensed flash memory cell. The reference current at which sensing
occurs and the state significance of the detected gaté voltage are
illustrated in FIG. 3B by the horizontal Iz, current line 67 and the four
ranges of top gate voltages that correspond to states 0-3. Note that in
the present sensing scheme, all cells are sensed in the same condition -
-ie., at the same drain current and effective gate voltage (effective V-
V). - |

FIG. 4A is a circuit schematic of a sensing circuit 88 for sensing
the state of floating gate memory cells by applying a variable gate
voltage. Sensing circuit 88 includes a reference current generator
circuit 87 comprising a p-type transistor 70, a drain bias circuit 71, and a

flash cell 72. The source of p-type transistor 70 is coupled to supply

- voltage V. and its gate is coupled to its drain. The drain of p-type

transistor 70 is coupled to the_drain bias circuit 71. The drain bias
circuit 71 is coupled to the drain of flash cell 72. The gate of flash cell

~ 72 is coupled to a fixed reference voltage, Vg, and its source is

coupled to ground. Coupled in this manner, the reference current

illustration of a prior art flash nenory cell

5



FIG 2B is a graph of the voltage at node SEN1 50 as a function of the

current

|1 of the circuit of FIG 2A. FIG 3A illustrates sone factors that
can cont r MO R6H0256

the state width. FIG 3B is a plot illusPCRUSH12082

all ocation of the I-V characteristics of a floating gate nenory cell

four states:

el ectrical-
cells by applying a variable gate voltage. FIG 4B is a graph of the
vol tage at node SEN2 82 as a function of the current 12, both of the
sensing circuit 88 of FIG 4A WO 96/ 1{(256

PCT/ US95/ 12082 -12- FIG 5A is a block diagramof a sensing ci rcwt t hat
utilizes a digital-to-anal og (D/A) converter to generate a variable gate

vol t age

10

15

- generator generates a fixed reference current, Lzr- The charge stored

on the floating gate of flash cell 72 may be adjusted in order to trim the
Iges current to a partlcular value. '

Sensing circuit 88 also includes four serially-connected
wansistors: p-type load transistor 74, an n-type cascode transistor 76,
an n-type column select transistor 78, and a flash membry cell 80 that
has been selected for sensing. The source of load transistor 74 is
coupled to supply voltage V. and the source of flash memory cell 80
is grounded. The 'gate of load transistor 74 is couplea to reference
current generator circuit 87 at the drain of transistor 70. The drain of
load transistor 74 is coupled to a node SEN2 82. For one embodiment,
transistors 70 and 74 and flash cells 72 and 80 are respectlvely designed
to have matching characteristics.

A drain bias circuit 77, induding cascode transistor 76 and a
feedback inverter 75, isolates load tr_ansister 74 from selected flash
memory cell 80 and establishes a constant drain bias voltage of about

1.0 volts at the drain of flash memory cell 80. The géte of transistor 78

 is coupled to a column select signal that selects a patticular column of

the flash memory array for sensing. A row select device (not shown)
selects a particular flash memory cell on the selected column.

A variable gate voltage (VGV) is applied to the gate of flash
memory cell 80 generating a current I2 in flash memory cell 80. For
one embodiment, a variable gate voltege'_iI\Creasing from zero volts is
used. For other etﬁbodiﬁienté,’otl‘ter types of variable gate voltages are

used. The currént I2 also flows through load transistor 74 which

into

state0O, statel, state2, and state3. 20 FIG 4A is an
circuit schematic of a circuit for sensing the state of nmenory



('i/GV). FIG 5Bis aplot illustrating a stepped voltage produced by a 5
D/ A convert ewpobtg2s6 6 i s an electrical circuit schematic of apotiasss/Rbgacui t
for sensing the state of menory cells by applying a variable gate voltage.
FIG 7A is a block diagramof a sensing circuit that utilizes a ranp
vol tage and an anal og-to-digital (A/D) converter. 10 FIG 7B is a
plot illustrating a typical ranp voltage. FIG 8 is a circuit schematic of
an A/D converter that may be used as part sensing circuit 180 of FIG 7A
FIG 9 is a flowhart of a nmethod for sensing the state of a floating gate
-menory cell by applying a variabl e . gate vol T"dge. WO 96/ 10256
PCT/ US95/ 12082 . - 13- DETAI LED DESCRI PTI ON
generates a voltage Vgg, at node SEN2 82 according to the I-V
characteristic of FIG. 4B. As shown in FIG. 4B, when the variable gate
voltage is such that current 12 is substantially equal to the reference
. current Ipge, a sharp voltage transition occurs at node SEN2 82.
5 Referring again to FIG. 4A, node SEN2 82 is coupled to the
input of an inverter 84 whose output is coupled to the enable input of
a latch 86. The data input of latch 86 is coupled to receive the digital
value of the variable gate voltage. Latch 86 latches the digital value of
the variable gate voltage in response to the voltage transition on node
10 SEN2 82 that occurs when the cell current 12 is substantially the same
as the reference current Ig.. The latched digital value represents the
sensed state of memory cell 80.
In summary, the operation of sensing circuit 88 is as follows.
Fixed reference current Iy, is generated. The variable gate voltage is
15 applied to the gate of flash memory cell 80 establishing current I2 in
cell 80. Current I2 flows through load transistor 74 which establishes a .
voltage at node SEN2 82 according to the characteristics of FIG. 4B.
When the cell current I2 is substantially equal to the current Igg, a
very steep voltage transition from about V. (typically 5.0 volts) to
20 about 0.0 volts occurs at node SEN2 82. The voltage transition causes
latch 86 to latch the digital value of the variable gate voltage. The
digital VGV value stored in latch 86 represents the st_afe of flash
memory cell 80. ' _
One advantage is that sensing circuit 88 helps to improve the

25 accuracy of state sensing. The steep voltage transition that occurs



One way to increase the storage density of floating gate non- volatile
menory devices (such as flash nenory .devices) is by storing nultiple bits
in a singW@oﬁﬂH§ﬂ§ cell. Because the floating gate can 5 PCHUYS12083 de
range of charge val ues (quantized by the charge of a single electron),

di fferent. anmounts of charge can be used to represent different states in a

menory cell. These different states can then be equated to bit patterns to
. produce a multi-bit storage el ement. For exanple, 16 states (16 unique
charge values on the floating gate) could 10 be used to represent four

bits of binary data. Such a device would kg a four bit nmenory cell.
Practical considerations limt how many states can reliably be progranmmed
and sensed in floating gate nenory cells. Each state is assigned a range of
val ues, i.e. a giRhahd ididtendd QAL tod HrnHtH i QA factors.
FIG 3Aillustrat esq?gﬂrrrg% grcléé;?gﬁgﬁgit% %égﬁétg%ﬁ{fpmsﬁcgrﬁtﬁe stlgggafwi dt h of
a sensi ng schengjisiitthe!sahfe vdridifioA! ﬂeﬁccﬁfatb%hsﬁg?ifo@ﬂéﬁﬁ Ghestate
pl acement wi dth, disturb nmechanisnms, power supply and g[err] xarl ations,
tenperature ef f agising eivéeit 88cadlows asmaller statewidtlensi ng errors. State
pl acement wdth refers to errors that occur _ o

Another advantage of sensing circuit 88 is that the reference

5  current Iy (at which state sensing occurs) can be chiosen to be
relatively independent of temperature thereby providing sensing that
is substantially temperature independent. As explained in the (

background on field-effect devices (such as flash memory cells), at low
drain currents rising temperature causes drain current to increase, but

10 at high drain currents rising temperature causes drain current to
decrease. Atan intémmdiaté drain current, the opf)osing temperature
effects cancel each other making the memory cell cﬂa:actgristics
substantially independent of temperature. For one embodiment, the
reference current of the sensing circuit 88 is chosen such that sensing

15 - occurs when the cell drain currents are substantially independent of

 temperature. For one embbdimént, a referenice current Izge Of about

10-20 pA has been found to provide sensing that is substantially
independent of temperature. Temperature iridepeﬂde_nt' sgnéing |
allows the state width to bé reduced since temperature effects are

20 minimized. _

~ Another édvantage of sensing circuit 88 lS that it helps tol

minimize the sensitivity to ﬂﬁctuafions in power supply voltages.
The transconductance g,, of load transistor 74 is relatively small,
meaning that power supply VOlfage variations are magnified by a

25 lower transconductance g,. In addition, the reference current, at



-

D sturb nmecivoveaosser efer to errors due to | eakage of el

20 In programm ng a state due to noise, supply voltage variation, etc.

ect r opeTIUS9SI1208% OM

_the floating gates of either array cells or reference cells. Power supply

and g[err] variations refer to supply voltage and cell -
t ransconduct ance variations that cause sensing errors.

to-cell
Tenperature 25

effects refer to errors due to the tenperature dependence of cell drain

WO 96/ 10256

PCT/ US95/ 12082 -14- current. Reference trimerrors refers to errors in

trimmng (or setting) the values of the ref@Pence cell s.

errors refer to errors due to offsets and i naccuracies

circuitry. For sensing, myltiple stat st be all.ogat
egi ons. W ndow bHUHER SeRSIn SCRRTs, can s chasen g Rinimize

Finally, sensing
of the sensing

aF err 5 _
¢ pitects Of 4 1 f er ence

bet ween an erased,state char atr n ate) and t| hest’
progranmi ng st at e TaP§e 9 ‘i(% gﬂ?ﬁﬁ“s?@f@ 8%@‘&?‘8}& Bnbidferdichs
are reduced, allowing the state width to be reduced.

The advantages of improved sensing accuracy, temperature

5 independent sensing, and minimized transconductance effects

provided by sensing circuit 88 each help to reduce the required state

width. Therefore, sensing circuit 88 helps to provide room for more |

states in the state window thereby allowing more bits to be stored in

each memory cell.

10 ' FIG. 5A is a block diagram of a sensing circuit 90 that utilizes a

digital-to-analog converter for generating the variable gate voltage. A

counter 108 generates a digital counter value that is input to a

plurality of latches 106 and a digital-to-analog (D/A) converter 110.

D/A converter 110 generates a variable gate voltage in response to the

15 digital counter value. For one embodiment, the digital counter value

is sequentially incremented such that a stepped variable gate voltage

(as shown in FIG. 5B) is generated. For other embodiments, counter

108 generates predetermined digital values to produce predetermined

variable gate voltages.

20 Referring again to FIG. 5A, the variable gate voltage isinputtoa

~wordline driver 112 that applies the variable gate voltage to the gates

of memory cells in array 100 that have been selected for sensing. For

one embodiment, memory cells 100 are flash memory cells. Each

memory cell selected for sensing is coupled to a._sense amplifier 102

25 that detects when a cell current equal to a fixed reference current is



width required for accurate and reliable sensing and the wdth of the state *
w ndow de ) in part how nmany states can be defined in_a 10 . w ndow
S il

budget. T the state width and state w ndow det er nit¢d/4S95h 982 how
many bits can be reliably programmed and sensed per nmenory cell. FIG 3B
illustrates the allocation of the |-V characteristics of a flash nmenory
cell to four states (states 0-3) to provide two bits of 15 st orage per

- cell. Recall that the effect of storing electrons on the floating gate of a
flash menory cell is to shift the cell's I-V characteristic curve to a
| ower current (to the right) for a given-gate voltage. |-V characteristics
64, 66, and 68 are reference curves that. are representative of the
characteristics of three flash reference cells used 20 i n sensing.

G ay- shaded ar egénchftedeinl thiat Hi@néiﬁhél.puaﬁaaﬁike%&t%e%% 1psate. A gap

- 65 defines the M ni num separation - between a reference characteristic and
t he adj acent st idesatienfixéd veférénce@preit toche sense dmplifiers 202.

- above-di scussed state width factors except state pl acenent.
Sense amplifiers 102 are correspondingly coupled to enable
inputs of a plurality of latches 106 such that latches 106 latch the digital
5 counter value when a correSpondihg sense amph.ﬁer 102 detects the
fixed reference current. The latchéd digital :counteri"\.ralue indicates the
state of the corresponding sensed memory cell. The output of latches ‘
106 are read to provide the digital data stored in the sensed memory
cells of array 100. o |
10 " FIG. 6 is an electrical circuit schematic of a flash memory array
156 and associated sen;v.ing circuitry. A row voltage counter 150
- generates a digital counter value in response to a CLK and CONTROL
signals. A digital-to-analog (D/A) converter 152 generates a variable
gate voltage 153 in response to the digital counter value. A row
15 decode block 154 applies the variable gate voltage 153 to one of a
- plurality of rows in a flash memory cell array 156 in response to a row
address. Flash meniory cell array 156 comprises individual flash
memory cells organized into rows and columns. The columns of
array 156 are coupled to column select transistors 158 that select
20 particular columns of array 156 for sensing.

A plurality qf cascode transistors 160 are coupled to column
select transistors 158 for establishing a voltage of about 1.0 volts on the
drain of each memory cell selected for sensing. Precharge transistors
162 are coupled to the cascode devices 160 for precharging the columns

25  toabout10 volt:s"before sensing begms A plurality of p-type load



D 96/ 10256 |
PCT/ US95/ 12We614256 During sensing, the characteristics of aPCTASAS/IROBDIY
cell being sensed are conpared to reference characteristics 64, 66, and 68

to determne the state of the cell. One prior sensing schene applies a
fixed gate voltage to the cell and senses the drain current to determne 5
the state of the flash nenory cell. In contrast to this prior schene, the

present sensing schene applies a variable gate voltage (VGV) to the cell
and. detects the gate voltage that generat es,f cell current equal to a
reference current, I[err]. The detected gaté voltage indicates the state of
the sensed flash nenory cell. The reference current at which sensing 10

[ Tustrated in s 1bh sRRled o inf ERRBIE TR 4 REp RN e 21
[0 the prosent scRefaifioh 0 Skl Reph IR 61 Sting: The G 440

y . o at the sapgqdrahdistord 164 hrtblipled 261 fé?er@ﬁ&@cﬁﬁ’ehﬁgenéﬁi&eﬁo ve

Reference current generator 170 generates a fixed reference current,

5 Ipgr, that determines the cell current at which sensing will occur. The
draix\ of each load transistor 164 is coupled to an inverter 166. The
outputs of invérters 166 are coupled to the enable inputs of a plurality
of latches 168. The data inputs of latches 168 are coupled to received
the digital counter value generated by row voltage counter 150.

10 _ FIG. 7A is a block diagram of a sensing circuit 180 that utilizes a
ramp voltage generator 202 and an analog-to-digital (A/D) converter
198. Ramp voltage generator 202 generates a ramp voltage that is the
~ variable gate voitage. A ramp voltage is either a linearly increasing or
decreésing voltage. One example of a variable gafe ramp voltage 204 is
15 shown in FIG. 7B. Referring again to FIG. 7A; the variable gate voltege
is input to an A/ D converter 198 that generates a digital value of the
variable gate voltage.
The variable gate. voltage is also mput toa wordhne driver 200
that applies the variable gate voltage to the gates of memory cells in
20 array 190 that have been selected for sensing. Each memory cell
| _ selected for sensmg is coupled to a sense amplifier 192 that detects
when a cell current suBstantially equal to a fixed reference current is
generated in that memory cell. A reference current generator 194

provides the fixed reference current to the sense arﬁplifiers 192.



15 Verr]). FIG 4Ais a circuit schematic of a sensing circuit 88 for
sensing the state of floating gate nenory cells by applying a variable gate
- vol tage. WRIBHAESEi rcuit 88 includes a reference current gePET/ASVI2082 cuit -
87 conprising a p-type transistor 70, a drain bias circuit 71, and a 20 :
flash cell 72. The source of p-type transistor 70 is coupled to supply
voltage V[err] and its gate is coupled to its drain. The drain of p-type
transistor 70 is coupled to the drain bias circuit 71. The drain bias _
circuit 71 is coupled to the drain of flash cell 72. The gate of flash cell
72 is coupled to a fixed reference voltagep.V[err], and its source is 25
coupled to ground. Coupled in this manner, the reference current WO
96/ 10256 _ . . PCT/ US95/ 12082
-16- generator gener < 165 REH: "ﬁ'ﬂ%} N e ar ge
stored on the floati%ﬁg%tag{#ﬁf%g %gg 75‘5’6rrrgy Jgéﬁ%%%le él%bgér]der to

trimthe ~ inputs of a plurality of latches 196 that latch the digital counter value

when the corresponding sense amplifier 192 detects a cell current
substantially equal to the fixed reference current. The latched digital
5 counter value indicates the state of the conesponding sensed memory
cell. The output of latches 196 afe read to pfovide the digital data
storéd in the sensed memofy cells of array 190. | ‘
" FIG. 8 is a circuit schematic of a flash-based analog-to-digital
converter 210 that may be advantageously used as the A/D converter
10 198 for the embodiment of FIG. 7A. A ramp voltage generator 224
| generates a ramp voltage as the variable gate voltag‘é. The variable
gate voltage is applied to the gétes of flash refefence cells 226, 228, and
© 230. Flash reference cells 226, 228, and 230 are programmed (or
charged) to have threshold voltages Vitl, Vt2, and Vi3, respectively,
15 where Vil < Vi2 < Vi3.
One of a plurality of cascode transistors 216 is serially coupled to
each of flash reference cells 214 to provide a voltage of about 1.0 volts
 on the drains of flash reference cells 214. One of a plurality of p-type
load transistors 218 is serially coupled to each of cascode transistors
20 ~ 216. A reference current generator 212 generates a fixed reference
éurrent, Igee- Reference current generator 212 is coupled to the gates of
load transistors 218. The drain of each of load transistors 218 is
coupled to an input of one of a plurality of inverters 220.
The inverters coupled to flash reference cells 226, 228, and 230
25 génerate signals SO, S1, and S2, respectively. A decode logic 222



ITerr] current to a particular value. Sensing circuit 88 al so includes four
seri al | y- coM26/193565 transistors: a p-type |load transi st orPGEUSISH2082t ype
cascode transistor 76, an n-type columm select transistor 78, and a flash
menory cell 80 that has been selected for sensing. The source of |oad
transistor 74 is coupled to supply voltage V[err] and the source of flash
menory cell 80 is grounded. The gate of load transistor 74 is coupled-to
reference 10 current generator circuit 87 at the drain of transistor 70.
The drain of load transistor 74 is coupled 1,8.a node SEN2 82. For one
enbodi nent, transistors 70 and 74 and flash cells 72 and 80 are
respectively desi gned to have matching characteristics. A drain bias

LU 77, 1l ARG s) B3R il BBt e OB R
establ i shes a Cong*lprﬁs%@éighmsbi@écmlb coipHikes combidtional 16%@ Wigi n

of flash nenory c e gate of transistor 78 is coupled to col um

sel ect signal thahndeBieFprovidpd twe bindigiall eonveisioh valueshthiefpay arr ay
for sensing. A row select device (not shown) 20 ~ selects a. particular

flash memory cel | variableegatelvattagd. dHeuoperation of A/D converter 210 is further
5 detailed in Table 1 below. .

Table 1
Cell Gate Volgge S0 S1 S2 Bitl Bit0
Vg < Vil 0 0 0 0 0
Vil < Vg < Vi2 1 0 0 0 1
Vt2 < Vg < Vi3 1 1 0 1 0
L vg>ves 1 1 1 1 1
10 A/D converter 210 may be modified to convert the variable

input voltage to other numbers of binary bits. For an n-bit -
conversion, (2°-1) reference cells are required to dlstmgulsh 2" analog
levels. One sense ampliﬁer is required for each reference cell. The
decode logic 222 must be modified to decode (2°-1) signals. Of course,
15 the reference current generator is used.

~ FIG. 9 is a flowchart bf'a method 250 for sensing the state of a
floating gate memory cell. During the operation of a memory device,
‘sensing of memory cells to detérmille'theii"state occurs in responée to
'a request for data stored in the memory cells (i.e. a read operation) or

20 during a verify opération during programming. Sensing method 250



A variable gate voltage (VGY) is applied to the gate of flash nmenory cell
80 gener afy rrent 12 in flash nenory cell 80. For one, | t, a
vari abl e gg?gﬁ@g tage increasing fromzero volts is used. &)&7@%@%9
enbodi ments, other types of variable gate voltages are 25 used. The
current 12 also flows through |oad transistor 74 which WO 96/ 10256
PCT/ US95/ 12082 -17- generates a voltage V[err] at node SEN2 82 according
to the I-V characteristic of FIG 4B. As shown in FIG 4B, when the
vari abl e gate voltage is such that current 12 is substantially equal to the
reference current I[err], a sharp voltage2¢ransition occurs at node SEN2
82. 5 Referring again to FIG 4A, node SEN2 82 is coupled to the
i nput of an inverter 84 whose output is coupled to the enable input of a
latch 86. The dheginsipste?252 wthein Memary«ellslacel selecteddfor vensing. dit@ t al
val ue of the variable gate voltage. Latch 86 |atches the digital val ue of
selection of particular memory cells for sensing is performed by the

row and column select circuitry of the'membry device.
After selection, at step 254 a variable gate voltage is applied to
5 the gates of the selected memory cells. The variable gate voltage may

be a step voltage, a rémp voltage, or other suitable type of variable

voltage. | (

With the variable ga_te_' voltage applied, at step 256 a
10 determination is made whether the resﬁiting cell current I, for any of
the sensed cells is equal to a reference current Iyg,. If not, method 250
proceeds to step 258. If so, method 250 proceeds to step 260.
For one embodiment, step 258 increases the variable gate
voltage. For another enibodiment, the.variable gate voltége is
15 decreased. For yet another embodiment, the variable gate voltage is
changed in a predetermined manner. Aftér changing the variable gate
voltage, method 250 proceeds to step 256 to again compaire the cell
. currents to the reference current.
If any of the cell currents was equal to the reference current, at
20 step 260 the variable gate voltage is converted to a digital value. For
one embodiment, the digital conversion is performed by an A/D
converter. For another embodim.ent, the input to a D/A converter
provideé the converted digital value. The digital value of the variable
gate voltage represents the state of the cells whose cell currents

25 matched the reference current.

3



t'he variable gate voltage in response to the voltage transition on node 10
'SEN2 82 t hawmegieess when the cell current |2 is substantial | ypQInesosazos2as
the reference current I[err]. The latched digital value represents the
sensed state of menory cell 80. In summary, the operation of sensing
circuit 88 is as follows. Fixed reference current I[err]is generated. The
vari able gate voltage is 15 applied to the gate of flash nenory cell 80
establishing current 12 in cell 80. Current |2 flows through | oad

transi stor 74 which establishes a voltage at,.node SEN2 82 according to the
characteristics of FIG 4B. Wen the cell ciufrent 12 is substantially equal
'to the current I[err], a very steep voltage transition from about V[err]
(typically 5.0 volts) to 20

vol tagle transiti Ion caus®¥ ePg]P&ﬁatg%%t?gg q\éﬁlc{eﬁe&%?%{tfxg%fc@gﬁ&g\egt% Zﬁgczé The
' LT i g VGV, : " :
{he atate of 11 askumentrs) e foshe v Bidihl Value Rt Rt SRufle @R ST 26

hel ps to inprove y@gtfaég is latPR&d iR McRls Sribdpotiling 19 thdéifcdlisseP Vol tage

transition that o
' At step 264 a determination is made whether sensing has been

5 completed for all of the cells that were selected for sensing. Since
different cells may store different states, state sensing for individual
cells may occur at different times. If sensing is not complete', method
250 jumps b:ack to step 258 to change the variable gate voltage and
continue sensing of the remaining selected .cells. -If all selected cells

10 have been sensed, methbd 250 proceeds to step .266 to provide the
latched digital values as the data stored in the selected memory cells.

In the foregoing spec.i_f_ication,.the inventioﬁ has been described
with reference to specific exemplary embodiments thereof. It will,

15 however, be ev1dent that various modifications and éhanges may be
made theretb without departing from the broader spirit and scope of
the invention as set fo_fth in the appended claims. The specification
and drawings are, accordingly, to be régarded in an illustrative rather

than a restrictive sense.



WD 96/ 10256 PCT/ US95/ 12082
-18- when the reference current is detected provides accurate sensing of
cells at tWQ9AMS6conditi on. The accurate sensing provi ded BOTARLS/2082Si Ng
circuit 88 allows a smaller state wi dth. Another advantage of sensing
circuit 88 is that the reference 5 current I[err] (at which state
sensing occurs) can be chosen to be relatively.independent of tenperature

t hereby providing sensing that is substantially tenperature i|ndependent. As
expl ained in the background on field-effect devices (such as flash nenory
cells), at lowdrain currents rising tenpgﬁ@ture causes drain current to

I ncrease, but 10 at high drain currents" r|S|ng—TEﬂpefa%ﬂFe—eauses drain

current to decrease. At an intermediate drain curr e 05| ng
tenperature eff%mel each ot her meking the !H' I J L"'
characteristics ntially independent of tenp

enbodi nment , thewﬁgfa{seagﬁngalrlgent of the sensing circuit 88 S chosen such
t hat sensing _

1. An apparatus for determining a state of a memory cell
that is programmed to one of a plurality of states, the apparatus
comprising: | -

a voltage circuit for applying a variable voltage to the memory (
cell, wherein the memory cell generates a cell current that is
proportibnal to the variable voltage; |

a reference current circuit, coupled to the memory cell, for
providing a fixed reference current; |

a current comparing circuit, coupled to the memory cell, for
detecting when the cell current is subst:antially' equal to the fixed
reference current; and | ) .

a state sensing circuit, coupled to the memory cell, for sensing
the state of the memory cell according to the variable voltage when

the cell current is substantially equal to the fixed reference current.

2. The apparatus of Claim 1 further comprising:

a converting circuit, coupled to the memory cell, for converting
the variéble voltage to a digital value, wherein the digital value
represents the state of the memory cell when the cell current is

substantially equal to the fixed reference current.

3. The apparatus of Claim 2 further comprising:
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15 occurs when the cell drain currents are substantiall y i ndependent of
t enper at ur e.wbog/16286¢ enbodi nent, a reference current I[err] opcaivsysi2esr 20
[err] A has been found to provide sensing that is substantially independent

of .tenperature.

be reduced.since tenperature effects are 20 m ni :

of sensing circuit 88 7s that it helps to mnimze the sensitivity to
fluctuations in power supply voltages. The transconducﬂ mﬂmm ”II,oad
transistor 74 is relatively small, neaning that power )} Yl :
variations are magnified by a 25 | ower tr&fisconduct ance g[err"]. I n*
addition, the reference current, at WO 96/ 10256

PCT/ US95/ 12082 -19- which sensing occurs |
effects of transconductaiatehAieepansiye tothe current comparing sireuit,

consi derati ons

can be chosen to, m ni gn ze the
or

the digital value, wherein the latched digital 'value represents the state

of the memory cell.

4.  The apparatus of Claim 1 further comprising:
a digitél—to-analog converter, coupled to the memory cell, for
generating the variable voltage; and
~ a counter, coupled to the digital-to—a_nalog converter, for
providing one of a plurality of digital values to the digital-to-analog
converter, wherein the digital-to-analog converter generates the

variable voltage in response to the provided digital value.

5. The apparatus of Claim 4 further comprising a latch,
responsive to the current comparing circuit, for latching the digital

value provided to the digital-to-analog converter when the cell

current is substantially equal to the fixed reference current, wherein

the latched digital value represents the state of the memory cell.

6. The apparatus of Claim 5 wherein the counter provides
sequential digital values such that the variable voltage is a stepped

voltage.

7. The apparatus of Claim 1 further comprising an analog-
to-digital converter, coupled to receive the variable voltage, for

converting the variable voltage to a digital value.

This Sheet Has Been Reﬂlaced
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are reduced, allowing the state width to be reduced. The advant ages of

i nproved sensi ng _accuracy, tenperature 5 i ndependent sensing, and

m ni mi zed WPaﬁs‘géﬁduct ance effects provided by sensing circRCT/USSB/Ne82h hel p
to reduce the required state width. Therefore, sensing circuit 88 helps to
provide roomfor nore states in the state wi ndow thereby allow ng nore bits

to be stored in each nenory cell. 10 FIG 5A is a block diagram of
a sensing circuit 90 that utilizes a digital-to- ana-l—egm%.
generating the variable gate voltage. A counter 108 ates-a I
counter value that is input to a pluralitwgof latch q
digital-to-analog (DA converter 110. D/ converte

vari abl e gate voltage in response to the 15 di gi tal Co nt ér val For

one enbodi nent, the digital counter value is sequentially incremented such
that a stepped variable gate voltage (as shown in FIG 5B) is generated.

For other enbodi mentg, CcoqRk&); BT CRLAS7 val ues
to produce predeternmned var | t?hg gate vol tages. Oé&{:&ﬂlﬁﬂ'lgd % erring
-again to FIG  Sgirctitfresponsivectodieccutférita@npdring Rivcult? ft latching the
digital value when the cell current is substantially equal to the fixed
reference current, wherein the latched digital value represents the

state of the memory cell.

9.  The apparatus of Claim 8 wherein the analog-to-digital
converter comprises a plurality of prdgram'mable’ reference cells, the

variable vbltage being appliéd to the programmable reference cells.

10.  The apparatus of Claim 9 wherein the variable voltage is

a ramp voltage.

11.  The apparatus of Claim 1 wherein the variable voltage is
applied to a floating gate of the memory cell and the state of the
memory cell corresponds to an amount of electrical charge on the

floating gate.

12.  The apparatus of Claim 11 wherein the fixed reference
current is chosen such that the cell current is substantially
independent of tempe:atui‘e when the state sensiﬁg of the memory
cell oécurs, wherein the state sensing 1s substantially independent of

temperature.
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viordline driver 112 that applies the variable gate voltage to the gates of
menory cel | wai9¢/1828%ay 100 t hat have been sel ected for sensi n@PCTIUSOS/12082
enbodi ment, nenory cells 100 are flash menory cells. Each nenory cell

sel ect ed for sensing is coupled to a sense anpllfler 102 25 that detects
when a cell current equal to a fixed reference current is WD 96/ 10256
PCT/ US95/ 12082 -20- generated in that nenory cell. A reference current
generator 104 provides the fixed reference current ﬂﬂlﬂlﬁﬁj“ﬂj"ﬂ'ﬂllflers
102. Sense anplifiers 102 are correspondi ngl, coupl s of a
plurality of |atches 106 such that |atches 106 |atch the di glf'al

counter val ue when a correspondi ng sense anplifier 102 detects the fixed

ref erence current. The atc it ter,yalue in the state of
the correspondi ng sensé HSHFR}% ﬁ’sﬂfoegqf‘p Wliete 'g}?e@xeff)b DCPead to
provide the di oi tal, {3 BLAGH dbbdto-APRAST Memory

14.  The apparatus of Claim 12 wherein the fixed reference
current is chosen such that variation in transconductance of the

‘memory cells is also minimized.

15. The apparatus of Claim 11 wherein the state of the
memory cell is sensed at substantially the same cell current and

effective gate voltage in_dependént of the state of the memory cell.

16. An apparatus comprising: |
a memory cell having a floating gate, wherein the memory cell
is programmed to one of a plurality of states corresponding to an |
~ amount of charge stored on the floating gate, the memory cell having
a top gate, a source, and a drain; | |
a bias circuit, coupled to the memory cell, for establishing a
fixed voltage across the source and drain of the memory cell;
a vanable voltage circuit, coupled to the memory cell, for
. applying a variable voltage to the top gate of the memory cell, wherein
the memory cell generates' a cell current proportional to the variable
voltage; |
a reference current cn'cult coupled to the memory cell, for
providing a substantially constant reference current;

i



cells of array 100. 10 FIG 6 is an electrical circuit schematic
of a flash nenory array 156 and associated sensing circuitry. A row voltage
- counter 13@%‘1’8 tes a digital counter value in response tRETAISI5M20820
CONTROL signals. A digital-to-analog (D)A) converter 152 generates:a

vari abl e gate voltage 153 in response to the d|—g4—LaJ—eeum—er——va4—ue A row
15 decode bl ock 154 applies the variable gate voIt e 153 to_one of

plurality of rows in a flash nenory cell array 1 ”' ‘a row
address. Flash nenory cell array 156 conprises | nory
cells organized into rows and colums. Thg, golunns o] array 156 are coupl ed

to colum select transistors 158 that sel ect 20 particul ar col ums of
array 156 for sensing. A plurality of cascode transistors 160 are coupl ed

Vol T3 on the drain of WaeRE cicult @upfS] B Ihe Ribee tRcidiR Tty daplind
ol umms 25t S anory e er AR e I Bt s SPphGANT 9“3? e
p-type | oad to the reference current;
| a first circuit, coupled to the \rariable voltage circuit, for
generating a digital value corresponding to a value of the variable
voltage; and |
a latch, coupled to the first circuit and responsive to the sensing ‘
circuit, for latching-the digital value when the cell current is
substantially equal to the reference current, wherein the latched dlg1tal

value represents the state of the memory cell,

17.  The apparatus of Claim 16 wherein thje variable voltage

circuit is a digital-to-analog converter and the first circuit is a counter.

©18.  The apparatus of Claim 16 wherein the variable voltage

is a ramp voltage and the first circuit is an analog-to-digital converter.

19. The apparatus of Claim 16 wherein the reference current
is chosen such that the cell current is substantlally independent of
temperature when the cell current is substantially equal to the fixed

current.

20. The apparatus of Claim 19 wherein the reference current
is between about 10-20 pA.

—_—_—
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WO 96/ 10256 PCT/ US95/ 12082
-21- transi w@mloﬁ@l are coupled to the cascode transistors 1¥Or/usesyaeeszi de
a load transistor for each nmenory cell selected for sensing. The gates of
I‘oad transistors 164 are coupled to a reference current generator 170.
Reference current generator 170 generates a fixed re
I[err], that deternmines the cell current at which sensin he
drain of each | oad transistor 164 is coupled to an |nv m@m‘ “
outputs of inverters 166 are coupled to the 3gnabl e |np sal kty of
| at ches 168. The data inputs of |atches 168 "are coupl ed “to received the
digital counter val ue generat ed by row voltage counter 150. 10

FIG 7A is a block diagr a sensj ng CUI tha utiJdizes ara
vol t age generator 202 #hd aﬁjhérﬂi?ﬂ?tj'a %CG EQ/W ETENLg &

vol tage generat or (ﬁzgé eng&é\]t %ﬁ%ﬁeﬁ #ﬁﬂgﬁéﬁm}ctﬁcet SE e?ﬁ’é& gegﬂs

voltage.- Aranp v _ creasi ng or decreasti
vol tage. One examfé gls%cnﬁnmeapl e gate ranp vol tage 204 is

-h :

22. The apparatus of Claim 16 wherein the latch latches the
digital value representing the state of the memory cell state at
substantially the same cell current and effective gate voltage

-independent of the state of the memory cell.

23.  An apparatus for determining a state of a memory cell
that is programmed to one of a plurality of states, the apparatus
comprising:

- means for applymg a variable voltage to the memory cell,
wherein the memory cell generates a cell current that is proportlonal
to the variable voltage; '

means, coupled to the memory cell, for providing a fixed

reference current;

means, coupled to the memory cell, for detectxng when the cell
current is substantxally equal to the fixed reference current; and

means, coupled to the memory cell, for determnung the state of
the memory cell accordmg to a value of the variable gate voltage
when the cell current is substantially equal to the fixed reference

current.

24. The apperatus of Claim 23 further comprising:
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15 shown in FIG 7B. Referring again to FIG 7A, the variable gate ,
voltage is input to an A/D converter 198 that generates a digital val ue of
t he vari abW@%a0286vol t age. The vari abl e gate vol tage is al secrmsss/izose a
wordl ine driver 200 that applies the variable gate voltage to the gates of =
menory cells in 20 array 190 that have been selected for sensing. Each
menmory cell selected for sensing is coupled to a sense anplifier 192 that
detects when a cell current substantially equal to a fjxed reference
current is generated in that menory cell. A refer enﬁﬂmmmnullgmﬂ“'“or 194
provi des the fixed reference current to th_gz_sense a _ WO

96/ 10256 - _ *  ¢pCT/ Us95/ 12082
-22- Sense anplifiers 192 are correspondingly coupled to enable inputs of a

plurality of latches 196 that. L.atch the diaital, counter val ue when fhe
correspondi ng sense. ﬁﬁﬂ?’i%ﬂ%iﬁéﬁ&?ﬁ%gﬂf @GFPQXFMg the Vanagﬂ’
gate voltage to a digital value, wherein the digital value represents the

state of the memory cell when the cell current is substantially equal to

the fixed reference current.

25. The apparatus of Claim 24 further coinprising’:
means,:res'ponsive to the equal current detecting means, for. ‘
latching the digital value when the cell current is substantially equal

to the fixed reference current.

26. A method for sensing a state of a memory cell that is
programmed to one of a plurality of states, the method comprising the
steps of: _. | | _
| applying a variable voltage to the memOry-cell; wherein the

memory cell generates a cell current that is proportional to the
variable voltage; | |
providing a fixed reference current;
detecting when the cell current is substantially equal to the fixed
referencé current; and
| determining the state of the memory cell according to a value of
 the variable gate voltage when the cell current is sﬁbstaﬁtially equal to

the fixed reference current.

27. The method of Claim 26 further comprising the step of
convértihg the variable gate voltage to a digital value, wherein the

This Sheet Has Beeén Reﬁaced

I




substantially equal to the fixed reference current. The latched digital 5
. counter val wod%amd2ssat es the state of the correspondi ng sense®anases/y208z! | .
The output of latches 196 are read to provide the digital data stored in

the sensed menory cells of ar 90. FIG 8 is a circuit schematic of a

fl ash- based anakmmﬁerter 210 that nmay be advantageously used
as the A/ D conver \mg the enbodi nent of FIG 7A. A ranp

vol t age generator\lw m rarrp vol tage as the variable gate

vol tage. The vari e gate voftage is appligd to the gates of flash
reference cells 226, 228, and 230. Flash reférence cells 226, 228, and 230

are programmed (or charged) to have threshold voltages Vtl, W2, and W 3,
respectively, 15

Vil < Vit 3. f | i f d
“transistors 216 i glg\é\ﬁﬂe trEB’fﬁ?F’éé @w?}ge?%gw%,w 'ﬁ%‘é%&"e?‘? 0(2)12 to
id vol t f f [
514, One of a S?ﬁfﬁﬁe?‘g?% oAby 3q08 b he K Ferlerl %’?E???‘?alelr?nﬁgu&eeds

to each of cascode transistors 20 216. A reference current generator 212
generates a fixed reference current, I[err]. Reference current generator

212 is coupled to the ggtesThe apparatus of Claim 27 further comprising the step of
| | latching the digital value when the cell current is substantially equal
to the fixed reference current, wherein the latched digital value

represents the state of the memory cell.

29. A method for sehsing the state of a memory cell, the
method comprising the steps of:

selecting a memory cell to be sensed;

applying a variable gate voltage to the selected memory cell,
wherein the memory cell generates a cell current proportional to the
variable gate voltage; |

providing a fixed reference éurrent;

defermining whether the céll current is substantially equal to
the fixed reference current; _

providing a digital value corresponding to the value of the
variable gate voltage when the cell current is substantially equgl to the
fixed reference current; and |

latching the digital value when the cell current is substantially
equal to the fixed reference current, wherein the latched digital value |
represents the state of the memory cell.

_/
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I‘oad transistors 218. The drain of each of load transistors 218 is coupl ed
to an input WO 9eses6f a plurality of inverters 220. The inveRGESYEW82 ed
to flash reference cells 226, 228, and 230 25 generate signals S0, S1,
and S2, respectively. A decode logic 222 WD 96/ 10256

PCT/ U895/ 12082 -23- receives the SO, Sl %nd S2 si gnhal s and decodes themto

generate Bitl *Bi t O sigha s Dec | ogi ¢ 222 ,conpR ses conbi nati onal
lTogic. Bitl an B}g\/gw € rmrAﬁﬁﬁion val ue of the
i nput vari abl e e“op rter 210 is further

5  detailed in Table 1 below. Table 1 Cell Gate Voltage S1
S2 Bitl Bit0 Vg < t1 Vg =5V 10 0 0
0 0 Vil < Vg < Vt2 1 I 0 Vf 0 0
1 .
TOP GATE 12 Vd~1V
L -
— . FLOATING GATE 14

n+ SOURCE ',.i
n+ DRAIN 18
n SOURCE _q
p- TYPE
SUBSTRATE 20

_F1gure 1B (Prior Art) ro

16 _|g/

30

Flgure 1C (Prior Art)

I-V Charactenstlcs
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Vt2 < Vg < vt3 -1 1 0 1 0 Vg > \t3
1 WO 96/10256 1 1 1 10 A/ DPCDW828/12082 210
may be nodified to convert the variable input voltage to other nunbers of
binary bits. For an n-bit conversion, (2[err]-1) reference cells are
required to distinguish 2[err] analog | evels. One sense anplifier is
required for each reference cell. The decode | ogic 222 nust be nodified to
decode (2[err]-1) signals. O course, 15 the reference current generator
is used. FIG 9 is a flowhart of a nethod 250 for sensing the state of a -
floating gate nmenory cell. During the opg;@tion of a menory device, sensing
of nmenory cells to determne their state occurs in response to a request

for data storeQ el | ' r eration) or 20 during
a verify oper aFoﬂgﬁﬁ%mn‘mrEfl M&d 250 WO 96/ 10256
PCT/ US95/ 12082 - 24- '

Vee I 42 Vee I 52
SENI
\. - REF DIFFERENTIAL
50 \60 AMPLIFIER 82 > our
BRI gl
i a 44 57 | 54
column reference
select ——+ [\ select _—l E\
46 56
11
Vee 48 Vee 58
i ir-
Fixed g :
Voltage

column

Vsenl

|
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begins in step 252 when nenory cells are selected for sensing. The

sel ecti on ofwogiipssgl ar nenory cells for sensing is perfornedpoyusisi2 00w
and colum select circuitry of the menory device. After selection, at step
254 a variable gate voltage is applied to 5 the gates of the selected
menory cells. The variable gate voltage may be a step voltage, a ranp

vol tage, or other suitable type of variable voltage. Wth the variable gate
vol tage applied, at step 256 a 10 detegﬂPnaIion i s made whet her the
resulting cell current I[err] for any of the sensed cells is equal to a

ref erence current f 1;13E5n J\met hod 250 proceeds to step 258. If so,
met hod 250 procee g; . r one enbodi nent, step 258 increases the
vari abl e gate vol tage. For another enbodinent, the variable gate voltage is

15 decreased. For yet anoth errb§@'féfgﬂ$$ ctlMgridPérirelyl € gate voltage is
changed in a predeterm ned manner. --Af+er--efreftei-ng-+he--vari-abl e gate

vol tage, nethod 250 proceeds to| stepleBPerauR g §Ctonpare the cell currents

to the reference current. If any of bbﬁlef%]gplg'uirfoe@ﬁ%%’ﬁoﬁﬁual to the
reference current, a§iate Width - -
Disturb mechanisms

State placement width

3 Sensing errors .

Figure 3B

Cell
Current,

-’

.... o

State | State 2 " State3

Top Gate Voltage, Vi
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20 step 260 the variable gate voltage is converted to a digital val ue.
For one enmbdV0A&M256 t he digital conversion is performed by anPGU/¥$95/12082
converter. For another enbodinent, the input to a D/A converter provides
the converted digital value. The digital value of the variable gate voltage
represents the state of the cells whose cell currents 25 mat ched t he
‘reference current. WO 96/ 10256
PCT/ US95/ 12082 -25- For each of the cell S \ﬁlnose cell current matched the
reference current, step 262 the onvert/ed digital value of the variable
gate voltage is |at (B:Figgllsﬁhgs orresponding to those cells. At step
264 a determ nation Ts et her “sensing has been 5 ggconpleted for all
of the cells that—m-m'ged—‘or sensing.. Since digferent cells may
store different]| stat esyest at ! sepsi ng for individual Ycells nmay occur at

different timesf If sensingis npt conplete, nmethod

’_"I'/ ?74 '
JIr_ 84

q
LATCH 86
. SEN282 % > en ‘ > OUT

% E ]_l.é data
E\/E— E _ i'ﬁg—l E\%ﬂé - bigitJ Value
a |

78
2l

: 80
Varizble Gate H pp—

Voltage (VGV) i

column

Figure 4B

-0
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250 junps back to step 258 to change the variable gate voltage and continue
sensi.ng of wWoeoermass ni ng selected cells. If all selected cel IECTHB9S/12082V e
been sensed, nethod 250 proceeds to step 266 to provide the |atched digital
val ues as the data stored in the selected nenory cells. In the foregoing
speci fication, the invention has been described with reference to specific
exenpl ary enbodi nents thereof. It wll, 15 however, be evident that
various nodifications and changes may be gpgle thereto w thout departing
from the broader %Eénit and ssgfe of the invention as set forth in the

a
|Us a

appended clains. T ;Egﬁggffy ~and draw ngs are, accordingly, to be
e r

regarded in an il rthan a restrictive sense. - 26 -1
1. An apparatus for deternmining a state of a menopOcell 2 that is
programmed to one of a plurality of states, conprigng: 3 a voltage .
circuit that applies a variable voltage to a gate of the
WordLine
Driver
ARRAY OF MEMORY CELLS | VGV
100 _
REFERENCE SENSE AMPLIFIERS D/A
CURRENT 02 CONVERTER
104 110
/ A
en
106 LATCHES data
l ' COUNTER

Figure 5B s

\

Variable
Gate
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Y

Time
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vig rrermryucelvl duri ng a data readi ng operation,

wherein the nenory 5 cell

generates awoashexserrent that is proportional to the vari abl pCUSes/120822; 7

a reference current circuit that providg a fixed reference 8 current;
a current cqrrpari ng circuit coupled to the nmenory cell

current circuit,

current is su srt

the cell curr
when the vari a8
the state of tH

determ ni ng tge

val ue of the V&

equal to the fi

1 further congrii

first voltageSy
the digital v&y

9

“the current conparing circuit detecting 11 when the cell

=ttt y-equal to the fixed reference 12 current, wherein
5ak+y"aqua+§§ O t-hregafit-xegd- 13 ref erence current
IS S v Ol de 1d.vatue “trat— ref1ects
e s - ; 1 - - =
coupl ed to th&icurfe ] Hr&ui t 1&:1 He S.E tie circuig
. ; 1i7 fcddrdl ng to & Fva t age
ausCl H 5118 i he ddl || cirdent] i s stpstantizkly
x{edl 3 g it , i12 | “iThe dpparatbis o C8ai m
i sifag; |2 ; dohvdr i ngtiirickt étha{;l.conv rfs tige 3
1 ; gl € tage tid af diigitallvAl belrehdr ef
ot T i1 NI A
H : Bk A ! °
5 E'EhmJii _A CLH T YT I g é
gy 0 Tin T T Al bl d g
. .§§ ig"ﬂ' : -‘-j e —_—— é
Q E 13
o Eg o -
28 2 3
g &8 3%} 3
. ]
2 0
a 238
(= - £
g . >
=) >
-
9 .
§F‘L_J L] 53‘4“ z
U T g
> S i
b
<
3
2
N= ,§1 7
o 2238
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5 §
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4 represents the state of the nenory cell when the cell current is 5

subst anti al lywoeéruasé t 0 the fixed reference current. - 27 -PCTNUS95/120823.
The apparatus of Claim 2 wherein the state sensing 2 circuit further
conprises a latch that |atches the digital value from3 the converting
circuit when the current conparing circuit detects 4 that the cell current

is substantially equal to the fixed referengm 5 current. 1 4, The
apparatus of Caig 1 further conprising: 2 a digital-to-anal og
converter, cougEtfég g%i of the 3 menory cell, for generating the
vari abl e vol t age; a counter, coupled to the digital-to-anal og

converter, for 5 providing one of a plurality of digital values to the
digital -to-anal og 6 converter, wherein the digitahsa o-anal og converter
generates the 7 variable voltage in response th?he provi ded digital val ue.

WordLine
Driver 202
ARRAY OF MEMORY CELLS | Q l‘i;llnp
. oltage
12 Generator
REFERENCE | _ | - - SENSE AMPLIFIERS AD
CURRENT ' 192 CONVERTER
en
196 LATCHES data
ouT

Figure 7B [”4

Gate
Voltage

Y

Time
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® 5.

The apparat us o

responsi ve {yo defigasgur rent conparing circuit,
gverter when the cell

val ue provided to the digital-to-anal og

i's substantially equal

to the fixed reference current,

Clal-"m 4 further conprising a latch, 2

for latching th@cd-ngbglﬁosﬁ
4 current

wherein 5 the

| atched digital value represents the state of the menmory cell. 1 6.
The apparat us of aim 5 wherein the counter provides 2 sequential di g i tal
val ues such t hat the vari able voltage is a stepped 3 voltage. 1 .
The apparatus of f urther-conpri sing an anal og- 2 to-digital
converter, coupled re el,ye t he '\/a.u_a.bl__e vol taged___f_g_r 3 converting the
vari abl e vol tage tjo Y 1 8. gfihe apgarat us
Claim7 further cd g alil at hl ;200| rcuit, respons?‘ e to t“hi ;urr 1t
conparing circuit, | dt chiing t hie! $Hdi gitar—vat : k| ent
I's substantialdy € t g thg flxed 4 reference Ctigr-r-'e-ntg, wher e the
| at ched digit Repr gsdn .he :
S OQ I8 s
- 2 8 i >, 3
Z< A Kt L }_J“’ &
. T = 2
o 1 i Q
o ,("’ Qq ; i § § = é
g 8 : : V|2, &
> R L
g T T LT g
& ! ' 2
3 : = <
‘b.t:-_- o temadacsd =
O
— Lz,
N =
Ps) )
B i 3
£
a9 iy 8
<8 | & 3
S | 2o
>
8 _ —>
> L_J II
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6 state of the nenory cell. 1 9. The apparatus of Caim 8 wherein
t he anal og-warediigissal 2 converter conprises a plurality of pPEeYUSHRM%
reference cells, the 3 variable voltage being applied to the programmuabl e
reference cells. 1 10. The apparatus of Claim9 wherein the
variable voltage is 2_a ranp voltage. 1 _, 11. The apparatus of Claim
1 wherein the fixed 2 reference current P& chosen such that the cell
current is SUF' t] il ggndependent of tenperature when the state
sensing of th ri ﬁ Aéc occurs, wherein the state sensing is
substantially in endent of 5 tenperagtzsoe. 1 12. The apparatus of
Caim 11 wherein the fixed referencg/ 2 current is between about 10-20 mA.
1 13. The apparatus of C ai mY 11 wherein the fixegg reference 2

current is chosen spel—ttat—vartattomr T transconduct w of the 3 nenory
“cells is also mni rq zed.  Select a memory celi(s) to be sensed. - :

" \I/ 254
|/

Apply a variable gate voltage to the gates of the selected memory cell(s). -

258

Increase the variable gate voltage.;l/

A

Convert the variable gate voltage
10 a digital value.

T

262
| Latch the digital value of the
variable gate voltage. N
1s sensing No
complete?
266

Provide latched digital values as
data stored in memory cell(s).
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(57) Abstract

A method and apparatus for sensing the state of floating gate memory cells in a memory array (214). Because of its stability and
accuracy, the sensing apparatus (220) may be used for sensing the state of multi-bit floating gate memory cells. The state of memory cell
is sensed by applying a variable gate voltage to the top gate of the floating gate memory cell and comparing the cell curment to a fixed
reference current. A circuit detects when the cell current is equal to the reference current. When the currents are equal, the value of the
variable gate voltage indicates the state of the memory cell. For one embodiment, an analog-to-digital converter (210) converts the variable
gate voltage to a digital value that is latched when the currents are equal. The latched digital value indicates the state of the memory cell.
For this embodiment, 2 ramp voltage or other suitable variable voltage may be used as the variable gate voltage. For another embodiment,

.| a digital-to-analog converter is used to generate the variable gate voltage.
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The appagat us of CI l[rz]lgeldc':lrvc\:@nt ﬁlr} app 1%:/3arl %l%n%bYem\}oeiga%e to a gate of the

4 memory cell during a data reading operation, wherein the memory

5 cell generates a cell current that is proportional to the variable

6 voltage;

7 a reference current circuit that provides a fixed reference

8 current; |

9 a current comparing circuit coupled to the memory cell and the

10 reference current circuit, the current comparing circuit detecting

11 when the cell current is substantially equal to the fixed reférence

12 current, wherein the cell current is substantially equal to the fixed
13 reference current when the variable voltage assumes a first voltage
14 value that reflects the state of the memory cell; and

15 a state sensing circuit coupled to the current comparing circuit,
16 the state sensing circuit determining the state of the memory cell

17 according to the first voltage value of the variable voltage at which

18 the cell current is substantially equal to the fixed reference current.

1 2. The apparatus of Claim 1 further comprising:

2 ~a converting circuit that converts the first voltage vaiue of the
3 variable voltage to a digital value, wherein the digital value

4 represents the state of the memory cell when the cell current is

5 substantially equal to the fixed reference current. |
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2 circuit is a—d4—94+a4—+9~a;1a4—9guconverter and the first circuit is a 3

count e apparatus of Claim 14 wherein the variable
voltage |s 2 a Iﬂ"”ﬂlﬁl“ﬁHﬂuﬂm the first circuit is an anal og-to-digital
converter. aratus of Claim 14 wherein the reference
current 2 |s chosen such that the cell current is substantially independent
of 3 tenperature when the cell current_igysubstantially equal to the fixed
4 current. 1 18. The apparatus of Claim 17 wherein the reference
current 2 is between about 10-20 mA. 1 19. The apparatus of Claim
18 whereiln t he re3er entbecappanatug ofs Claime e s\ubnretmathwatatatmmmgn

transconduct ance of the nenory cells 3. is also mnimz
20. An Zppagisewld ferthertcompripey 2 latchy dhak latchesothe éégqtal value from

3 the converting circuit when the current comparing circuit detects
4 that the cell current is substantially equal to the fixed reference

5 current.

1 4. The apparatus of Claim 1 further comprising:

a digital-to-analog converter, coupled to the gate of the
memory cell, for generating the variable voltage; and

a counter, coupled to the digital-to-analog conv'erter,l for
providing one of a plurality of digital values to the digital-to-analog

converter, wherein the digital-to-analog converter generates the

LS - WY B . 2

variable voltage in response to the provided digital value.

1 5. The apparatus of Claim 4 further comprising a latch,

2 responsive to the current comparing circuit, for latching the digitall
3 value provided to the digital-to-analog converter when the cell |

4 current is substantially equal to the fixed reference current, wherein
5 the latched digital value represents the state of the memory cell.

1 6. The apparatus of Claim 5 wherein the counter provides

2 sequential digital values such that the variable voltage is a stepped

3 voltage.

1 7. The apparatus of Claim 1 further comprising an analog-

2 to-digital converter, coupled to receive the variable voltage, for

3 converting the variable voltage to a digital value.
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2 that is progranmed to one of a plurality of states, conprising: 3

means for applying a variable voltage to a gate of the nmenory 4 cell during
a data readi ng operation, wherein the nenory cell 5 generates a cell
current that is—pmpv‘r‘t‘l"o’nme vari abl e voltage; 6 means for

providing a fixe L‘ﬂmnt; 7 means for detecting when the
cell current is !“ ﬁ“m“ﬂl“ al 8 to the fixed reference current,
wherein the cell reent ims 9 slibstantially equal to the fixed reference
current when the variable 10 voltage assunegga-first voltage val ue that
reflects the state of the 11 nenory cell; and 12 means for
determning the state of the nenory cell according 13 to the first voltage
val ue of the vari8bl e Thet apparatusioeicClaim defurther compipsingsaslatebantially
equal to the fixed reference current. 1 21. _The apparatus of Claim
20 further ceWphilsifggponsive to the ghErent  CORRAENG GiFCURe ?‘?fr %@tcglb‘ilg e

val ue of jhe vari.able 3 voltage to.a digital valuye, .wherein.the digital

val ue rej esg’rﬁlgalt Pf@ﬁlf’ S‘Yg?%a@f’ erld ﬁ’é‘FFngl léeﬂ?b#ﬂgﬂmxee@é‘fll t?:u&’reetf’quds
subst ant 'fl l}/ef%gé’r%e SCJrQeEEGvJHe?i%ﬂl r&feerng%%dc%éﬁgf value represents the

5 state of the memory cell.

1 9. The apparatus of Claim 8 wherein the analog-to-digital
2 converter comprises a plurality of programmable reference cells, the

3 variable voltage being applied to the programmable reference cells.

1 10. The apparatus of Claim 9 wherein the variable voltage is

2 a ramp voltage.

1 11. The apparatus of Claim 1 wherein the fixed

2 reference current is chosen such that the cell current is substantially
3 independent of temperature when the state sensing of the memory
4 cell occurs, wherein the state sensing is substantially independent of
5

temperature.

1 12. The apparatus of Claim 11 wherein the fixed reference

2 current is between about 10-20 maA.

1 13. The apparatus of Claim 11 wherein the fixed reference
2 current is chosen such that variation in transconductance of the

3 memory cells is also minimized.
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1 22. The appar at us of daim 21 further conprising: 2

meéns, responsive—to—t+he—equal current detecting neans, for 3 latching the
di gital value WEQ’, cell current is substantially equal 4 to the fixed
3 E

reference curre H"HEM\’”, HEET 1 23. A nethod for sensing
a state of a ne " ' 2 progranmed to one of a plurality of

states, conprising the stepg of: 3 _ 29 - applying a variable voltage to a
gate of the nenory cell during 4 a data readi ng operation, wherein the
menory cell generates a cell 5 <current that is proportional to the

vari abl & vol t agei4.6 An apppratus dcamprisinged reference current; 7
detecting when the cell current is supstantially equal to the 8 fixed

ref erende currerft MOMEFEi ¢el Havieg| acllpadng gates wbergin; the ynemogyeellt o

the fixed reference cugrent wheP th«i vaari abl.e vol tage 10 ssunes a first
vol t age3valifePragEAMRed oo onenef 4 plurality; QF $tatss, gorresponding to .an

4 amount of charge stored on the floating gate, the memory cell having

5 a top gate, a source, and a drain;

6 a bias circuit, coupled between the drain and source of the

7 memory cell, for establishing a fixed voltage across the source and

8 drain of the memory cell;

9 a variable voltage circuit coupled to the top gate of the memory

10 cell, the variable voltage circuit applies a variable voltage to the top

11 gate of the memory cell during a data reading operation, wherein the

12 memory cell generates a cell current proportional to the variable

13  voltage;

14 a reference current circuit that provides a substantially

15 constant reference current;

16 a sensing circuit. coupled to the reference current circuit and

17 the memory cell, the sensing circuit indicating when the cell current
18 is substantially equal to the reference current, wherein the cell

19 current is substantially equal to the reference current when the

20 variable vbltage assumes a voltage value that reflects the state of the

21 memory cell;

22 a first circuit coupled to the variable voltage circuit, the first

23 circuit generating a digital value corresponding to the voltage value

24 of the variable voltage; and
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11 cell; and 12  determning the state of the nenory cell according
to the first 13 voltage value of the variable voltage at which the cell

current is- 14 l“lmﬁw quﬂqual to the fixed reference current. 1

24. The net h(L *¥rther conprising the step of 2 converting
the first voltafge‘:vafue"I of the variable voltage to a digital 3 value,
wherein the digital value represents th tate of the nenory 4 cell when
the cell current is substantially equal to the fixed reference 5 current.
1 25. The apparatus of Claim_24 further conprising the step of 2
| at chi &9 t he di gatlatchvalapupled ot the dinst cirquibrand; sespomsiventtdathey equal 3

to the fixed reference current, v¥herei n the |latched digital value_4
rig

represeéift s $ARSIRG AGIECHH, the lat¢hlptchang the dlgxtgl valueygvhem thet geld 1 or
sensi oy e, SEaLe B TRl st 2o G2 REeERA EeEhP A the

28 latched digital value represents the state of the memory cell.

1 15. The apparatus of Claim 14 wherein the variable voltage
2 circuit is a digital-to-analog converter and the first circuit is a

3 counter.

1 16. The apparatus of Claim 14 wherein the variable voltage is

2 a ramp voltage and the first circuit is an analog-to-digital converter.

1 17. The apparatus of Claim 14 wherein the reference current
2 is chosen such that the cell current is substantially independent of

3 temperature when the cell current is substantially equal to the fixed
4

~current.

1 18. The apparatus of Claim 17 wherein -the reference current

2 is between about 10-20 mA.

1 19. The apparatus of Claim 18 wherein the reference current
2 is chosen such that variation in transconductance of the memory cells

3 is also minimized.
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3 . sel ectt menory cell to be sensed; 4 applying a
vari able gate v age to e of the selected 5 menory cell during a

dat.a reading o m ein the nenory 6 <cell generates a cell current
proportional to's ”m”gmfe vol tage; 7 providing a fixed
reference current; 8 Lt n "% erm ni ng whether the cell current is
substantially equal to 9 the*fixed reference current, wherein the cell
current is substantially 10 equal to t Tixed reference current when the
vari abl e gate voltage 11 assunes a first voltage value that reflects the
state ofl the merd@®y 14ncepparatgs for detepmining agstateli of t2aimemiony cell

correspaonding to the first voltage 14 val ue of the variable gate voltage
when t h@ cdhpt dsr peggramymed to,oneaff & pPluralityaoft sfatese ¢ompHSIE er ence

Cubst and ol |y 17mEABSI X GaPRIS IR b v LAIF CHRUAEA.ipoRt Ba4nGf e FREMPRY ched
digital ,18 v3i "GurifE" 538" rédfing' 8beration, "WHERIR ¥né Chlemory cell
5 generates a cell current that is proportional to the variable voltage;
6 means for providing a fixed reference current;
7 means for detecting when the cell current is substantially equal
8 to the fixed reference current, wherein the cell current is
9 substantially equal to the fixed reference current when the variable
10 voltage assumes a. first voltage value that reflects the state of the
11 memory cell; and |
12 means for determining the state of the memory cell according
13 to the first voltage value of the variable voltage at which the cell

14 current is substantially equal to the fixed reference current.

1 21. The apparatus of Claim 20 further comprising:

2 means for converting the first voltage value of the variable

3 ° voltage to a digital value, wherein the digital value represents the
4 state of the memory cell when the cell current is substantially equal
5 to the fixed reference current.

1 22. The apparatus of Claim 21 further comprising:

2 means, responsive to the equal current detecting means, for

3 latching the digital value when the cell current is substantially equal
4 to the fixed reference current. |
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23. A method for sensing a state of a memory cell that is
programmed to one of a plurality of states, comprising the steps of:

applying a variable voltage to a gate of the memory cell during
a data reading operation, wherein the memory cell generates a cell
current that is proportional to the variable voltage;

providing a fixed reference current;

detecting when the cell current is substantially equal to the
fixed reference current, wherein the cell current is substantially
equal to the fixed reference current when the variable voltage
assumes a first voltage value that reflects the state of the memory
cell; and

determining the state of the memory cell according to the first
voltage value of the vaﬁable voltage at which the cell current is

substantially equal to the fixed reference current.

24. The method of Claim 23 further comprising the step of
converting the first voltage value of the variable voltage to a digital
value, wherein the digital value represents the state of the memory
cell when the cell current is substantially equal to the fixed reference

current.

25. The apparatus of Claim 24 further comprising the step of
latching the digital value when the cell current is substantially equal
to the fixed reference current, wherein the latched digital value

represents the state of the memory cell.
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26. A method for sensing the state of a memory cell,
comprising the steps of:

selecting a memory cell to be sensed;

applying a variable gate voltage to a gate of the selected
memory cell during a data reading operation, wherein the memory
cell generates a cell current proportional to the variable gate voltage;

providing a fixed reference current;

determining whether the cell current is substantially equal to

- the fixed reference current, wherein the cell current is substantially

equal to the fixed reference current when the variable gate voltage
assumes a first voltage value that reflects the state of the memory
cell;

providing a digital value corresponding to the first voltage
value of the variable gate voltage when the cell current is
substantially equal to the fixed reference current; and

latching the digital value when the cell current is substantially
equal to the fixed reference current, wherein the latched digital

value represents the state of the memory cell.
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