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LEARNI NG METHODS 5 FI ELD OF THE | NVENTI ON - The
present i nventicyis Eﬁgat es generally to nmenory devpEreGsoamaBanor e
particularly to nethods for programm ng menory devi ces.
BACKGROUND OF THE | NVENTI ON 10 Nonvol ati |l e sem conduct or
menory is a fundament al bui | di ng bl ock for a typical conputer
system One type of prior nonvol ati | e sem conduct or nmenory
device is the flash el ectrically-erasabl e programmabl e
read-only nmenory ("flash EEPH@W), and one type of prior flash
menory cell conprises a 15 single field effect transistor ("FET")
including a select gate, a floating gate, a source, and a
drain. Information i R f A apt ering the
anount of charge st &~&@ o T cn causes the
threshol d vol tage Vt of the flas L-*Alﬂin ol "varied. The flash
menory cell is read by applying a select voltage 20 via a wordline

to the segect gat qrpl BRI INVENTRG current 1D

The present invention relates generally to memory
devices and more particularly to methods for programming
memory devices.

BACKGROUND OF THE INVENTION

10 Nonvolatile semiconductor memory is a fundamental
building block for a typical computer system. One type of prior
nonvolatile semiconductor memory device is the flash
electrically-erasable programmabie read-only memory ("flash
EEPROM"), and one type of prior flash memory cell comprises a

15 single field effect transistor ("FET") including a select gate, a
floating gate, a source, and a drain. Information is stored in the
flash cell by altering the amount of charge stored on the floating
gate, which causes the threshold voltage V¢t of the flash cell to be
varied. The flash memory cell is read by applying a select voltage

20 via a wordline to the select gate. The amount of drain current Ip
that the flash memory cell conducts when the select voltage is

~ applied is determined by the threshold voltage V¢ of the flash

memory cell, and the state of the memory cell may be
determined by comparing either the threshold voltage Vi, the

25 drain current Ip, or the amount of charge stored on the floating
gate to the same characteristic of a reference flash memory cell.

A typical prior flash memory cell stores only one bit of
digital data, but flash memory cells that store more than one bit
are known in the prior art. The number of bits stored by a flash

30 memory cell depends on 1) the number of different analog states
to which a flash memory cell may be placed by programming
circuitry and 2) the number of different analog states that can be
accurately determined by sensing circuitry.




tﬁat the flash nenory cell conducts when the select voltage is
applied is determned by the threshold voltage Vt of the flash

menory cell, and the state of the nenory cell nay be det er mi ned
by conparing_either the threshold voltage Vt, the 25 ' rent
| D, or the aﬁ%ﬁ%’l’zzgfs charge stored on the floating Pg‘b%sgk(lgy‘{lo t he
sane characteristic of a reference flash nenory cell. A
typical prior flash nmenory cell stores only one bit of di gi tal
data, but flash nmenory cells that store nore than one bit are

known in the prior art. The nunber of bits stored by a flash 30
menory cell depends on 1) the nunber of different anal og states

to which a flash nenory cell may be placed by progranm ng

circuitry and 2) the nunber of different-%nal og states that can be
accurately determ ned by sensing circuitry. WO 97/ 22123
PCT/ US96/ 19841 Theoretically, there can be one analog state for each - 2-
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may be placed in a new state by simply trapping another electron
on the floating gate; however, programming of a flash memory

5 cell may be affected by environmental considerations and cell-to-
cell variations. Environmental considerations similarly affect
the operation of sensing a flash memory cell, and the resolution
of sensing circuitry may not be fine enough to accurately
discriminate between closely spaced analog states. Therefore,

10 each state to which a memory cell may be placed typically
corresponds to a r'angé of charge and/or a corresponding range of
threshold voltages or drain currents. Device characteristics
confine the programming window, which is the total range of

) threshold voltages (or drain currents) that may be subdivided
- 15 into two or more émalog statés, to a finite range such that
requiring the discrimination between additional states narrows
the range of threshold’voltages (or drain currents} that each state
‘may occupy.. The "state width" of each analog state thus narrows.
Figure 1 is a flow chart showing an exemplary prior art

20 method for placing a flash memory cell having two possible
analog states ("erased" and "programmed”) to the programmed
state. The flash array is initially erased such that each of the flash
memory cells are in the erased state, and a flash memory cell is
selected for being placed to the programmed state at process block

25 5. Typically, several memory cells are programmed in parallel.

A programming pulse, which comprises applying
appropriate voltages to the select gate, source, and drain of each
selected flash memory cell for a predetermined amount of time,
is applied to the selected flash memory cell at process block 10.

30 The duration of the programming pulse (the "pulse width") and
the programming voltages determine the amount of charge that
is added to the floating gate of the flash memory cell.

For some prior technologies, only a single programming
pulse is used to place a memory cell in the programmed state.



may be placed in a new state by sinply trappi ng another el ectron
on the floating gate; however, progranmm ng of a flash nenory 5
cell *may be affected by environnental considerations and cell-to-
cell variatio@g ez onnental considerations simlarly affegdrusesnoss
the operation of sensing a flash nenory cell, and the resolution
of sensing circuitry may not be fine enough to accurately

di scrim nate between cl osely spaced anal og states. Therefore, 10
each state to which a nenory cell may be placed typically
corresponds to a range of charge and/or a correspondi ng range of
threshol d voltages or drain currents. Device characteristics
confine the progranmm ng wi ndow, which is the total range of

t hreshol d voltages (or drain currents) that may be subdivi ded 15
into two or nore apalog states, to a finite range such that
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The duration of t ' : S ")
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15 therefore desirable. Unfortunately, because state widths are

narrowed, programming pulse widths should also be narrowed,

which results in:more programming pulses being applied and

more verify operations being performed. The use of multiple

verify operations can therefore lead to substantial overhead that
20 degrades programming performance of the memory device.

SUMMARY AND OBJECTS OF THE INVENTION

Therefore, it is an object of the present invention to
25 provide a method for more quickly placing a memory cell having
three or more analog states to a desired state.

This and other objects of the invention are provided by a
method for programming a memory cell to a desired state. The
method comprises a control engine programming a subset of the

30 array of memory cells. Characterization information is
determined from the step of programming the subset, wherein
the characterization information indicates programming
characteristics of a representative memory cell of the array of
memory cells. The control engine then uses the characterization



pul se is used to place a nenory cell in the programmed state.
WO 97/ 22123 PCT/ US96/ 19841
-3- = The progranm ng nmet hod of Figure 1, however, enploys a
‘program verify patadigmthat allows greater control of theperpsosnossr
progranm ng process. At process block 15, a verify operation is
performed wherein the state of the selected flash nenory cell is 5
sensed and conpared to a reference. If the selected flash nenory
cell is not in the progranmed state, progranm ng pul ses are
applied to the selected flash nenory cell until it is successfully
pl aced to the programred state. The process then ends at process
bl ock 20. 10 When the numer of states for a flash nmenory
cell exceeds two, it beconmes™i nportant to accurately place the
flash nenory cell in the desired state w thout "program
over shoot , " whi clinformation to direntlyuprogramrthelmembnyg celldoory cell is
acci dental |y pl age@réAnthtdlythe desired state withdRi¥ Pedrdriing aprogrhm! at e
Programverify pl .(?rrent s¢henes are
verily operation.

Other objects, features, and advantages of the present

5 invention will be apparent from the accompanying drawings and

from the detailed description which follows below.

BRIEF DESCRIPTION OF THE DRAWINGS _

10 The present invention is illustrated by way of example and
not limitation in the figures of the accompanying drawings, in
which like references indicate similar elements, and in which:

FIGURE 1 shows a prior art program-verify programming
method. ' ' '

15 FIGURE 2 shows a general nonvolatile memory cell.

FIGURES 3A-3D show various alternative expressions for
the states of a memory device.

FIGURE 4 shows a flash memory cell configured for
programming. - '

20 FIGURE 5 shows a family of programming curves wherein
the programming drain voltage is held constant and the
programming gate voltage is varied.

FIGURE 6 shows a family of programming curves wherein
the programming gate voltage is held constant and the

25 programming drain voltage is varied.

FIGURE 7 shows the effect of impact ionization on the
maximum drain bias voltage of one type of flash cell.

FIGURE 8 shows a memory device that may be )
programmed according to the disclosed programming methods.

30 FIGURE 9 shows an exact placement method of
programming.

FIGURE 10 shows average programming time as a
function of state time using an exact placement method.



15 therefore desirable. Unfortunately, because state widths are
narrowed, progranmm ng pul se widths should al so be narrowed,

which results in nore progranm ng pul ses bei ng applied and nor e
verify oper atwoes2emi ng perfornmed. The use of nultiple PCT/US96/19848r i f y
operations can therefore |ead to substantial overhead that 20

degrades programm ng performance of the nenory devi ce.

SUMMVARY AND OBJECTS OF THE | NVENTI ON Therefore, it is an
obj ect of the present invention to 25 provi de a nethod for nore
qui ckly placing a nmenory cell having three or nore anal og

states to a desired state. _ This and ot her objects of the
i nvention are provided by a nmet hod for programm ng a nmenory
cell to a desired statEIGU'RB 11 showsadlstrtheddelammg)m&tlmmi ef control engine
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cell of tfe array of EFIGURE 13 SHB%@%W%%& lesﬂﬁng%ét'i\% dthgi ne then uses

the characterization
PCT/ US96/ 19841 programmmg accordmg to one em iment.

FIGURE 14 shows a predictive learning method of
programming according to an alternative embodiment.

FIGURE 15 shows a relative placement method of

10 programming.

FIGURE 16 shows a data stream analysis method of
programming according to one embodiment.

FIGURE 17 shows a data stream analysis method according
to an alternative embodiment. '

15

DETAILED DESCRIPTION
A number of methods for quickly placing a memory cell to
one of three or more analog states are disclosed. These methods
20 may be readily applied to memory cells that have only two
possible analog states. As will also be discussed, some of the
described methods may be used to quickly program memory cells
to store analog data wherein the threshold voltage V¢ of the
memory cell corresponds to an analog voltage. Wherein these
25 methods are described with reference to flash EEPROMs, it
should be noted that nonvolatile memory devices other than
flash EEPROMs and volatile memory devices such as Dynamic
Random Access Memories (DRAM) are capable of storing three
or more analog states. Therefore, the disclosed methods may
30 find similar application for memory devices other than flash
EEPROM:s.
Figure 2 shows a nonvolatile memory cell 25 having a
select gate 30, a floating gate 35, a source 40, and a drain 45.
Nonvolatile memory cell 25 behaves as a field effect transistor



4- information to directly programthe nenory cell to
approximately the desired state without performng a program
verify operation. Q her objects, features, and advantages

*of the pres invention will be apparent from fERanyi ng
dr awi ngs ang%swgms fromthe detail ed description which fo ‘(g)’ws bel ow.

BRI EF DESCRI PTI ON OF THE DRAW NGS 10 The present invention is
illustrated by way of exanple and not limtation in the figures
of the acconpanying drawi ngs, in which |ike references indicate
simlar elenments, and in which: FIGURE 1 shows a prior art
programverify progranmm ng meighod. 15 FI GURE 2
shows a general nonvol atile nenory cell. FI GURES 3A- 3D

show various al t gL KSnBsREP SRR VOt R s chiiedh 28880 @ memory

confrgured for
programmi ng. 20 floating gate 35. Theappmory gel} dsaig %?ﬁﬂt}D&'CeHr ogranmi ng curves

wher ei n curtdmt”) deveeasesias) thedthaeshold voltgge Vi adl déll(kmasge’:lnt and the
programm ng gat e pliliRgRaks 1H mﬁ'rﬁé}nory cell threshold volta 55 \?‘B &f'ovs a
famly of progranmm rves ranm ng gate

vol tage Ps held (,tSr'fggS?# csﬁantm the expression:

Io=<G..*(Vc- V‘) for Vp > Vg - Vit

Gm is the transconductance of the memory cell;
V@G is the memory cell gate voltage;
Vp is the memory cell drain voltage; and

10 _ V; is the memory cell threshold voltage.

Given this relationship, there are a number of different
ways to sense the amount of charge (or “read" the data) stored on
of the floating gate of the memory cell, including: sensing the cell
current of a memory cell when a constant voltage is applied to

15 the select gate of the memory cell; sensing the amount of voltage
required at the select gate to give rise to an expected cell current
for the memory cell; sensing a voltage drop across a load that is
coupled to the drain of the memory cell when a constant voltage
is applied to the select gate of the memory cell, wherein the cell

20 current determines the amount of the voltage drop across the
load; and sensing the amount of voltage required at the select
gate to give rise to an expected voltage drop across a load that is
coupled to the drain of the memory cell. To determine the
analog state of the memory cell it is sufficient to compare a

25 characteristic of the memory cell to a known reference.

Defining States For A Memory Cell

Generally, the physical characteristics of a nonvolatile
memory cell require a minimum threshold Vimin to which the
nonvolatile memory cell may be erased and a maximum

30 threshold Vimax to which the nonvolatile memory cell may be
programmed. The minimum threshold voltage Vimin and the
maximum voltage Vimax delineate a maximum programming
window for the non-volatile memory cell. The minimum
threshold voltage Vimin is constrained by erase times and gate



25 programm ng drain voltage is varied. FI GURE 7

shows the effect of inpact ionization on the maxi mum dr ai n bi as
vol t age of one type of flash cell. FI GURE 8 shows a nenory
device that KRGy o3 programmed according to the dircriusséysat
progranm ng net hods. 30 FI GURE 9 shows an exact placenent

- met hod of pr ogranm ng. FI GURE 10 shows average
programmng tine as a function of state tinme using an exact
pl acenent nmet hod. WO 97/ 22123
PCT/ US96/ 19841 - 5-
FI GURE 11 shows a distributed | earni ng net hod of pr ogranmm ng
according to one enbodi nent. A FI GURE 12 shows a
di stributed | earning rret hod of pr ogr anmi ng accor ding to an
al ternative enbodi nen 1 redictive
| ear ni ng net hod d#‘sm"b voltages, aﬁ\doﬁ\eam'ﬁﬂ‘?&“& %‘l"f@) 35‘?1 g\ﬂidﬁl ment .

FI GURE 14 shows aopbgainetlibiediaedistn® valtages an@ bake charge losspr ogr anmi ng
according to an alterRghiye, SHPWRLARIm width of the programming
window is determined by physical characteristics of the
5 nonvolatile memory cell, the manner in which states are defined
within the programming window is influenced by a number of
factors, including the following:
1) temperature fluctuations during programming;
2)  programming voltage fluctuations during

10 programming;
3)  location of the memory cell within the memory
array;
4) random variations.of channel length;
5)  drain disturb;
15 6)  gate disturb; and
7 the resolution of the circuitry used to sense the state
of the nonvolatile memory cell.

Figures 3A-3D show alternative expressions and
definitions of states within the same programming window.

20 Figure 3A shows a programming distribution of the number of

" cells in a given state versus the threshold voltage of that state.
As shown, four states, State 0, State 1, State 2, and State 3 are
defined within the programming window. For the purposes of
illustration, the programming distribution for each state as

25 shown is a bell curve wherein the majority of the cells
programmed to a particular state fall within the center of the
state. Figure 3A further shows a number of separation ranges are
shown between contiguous states. The separation ranges are
provided in order to more easily discriminate between states;

30 however, separation ranges are theoretically not required. The
state widths and the separation range widths are shown as being
equal such that each state and each separation range defines one-
seventh of the programming window.



FI GURE 15 shows a relative pl acenent net hod of 10
FI GURE 16 shows a data stream anal ysis net hod of
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:stream anal ysi s net hod accordi ng to an alternatiy i.ment .
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Wherein the state width and separation range width for
Figures 3A and 3B are shown as being equal, state width and
separation range width may be defined somewhat more
arbitrarily, and other considerations may limit the manner in
which states may be defined. For example, for states closer to the

edge of the programming window, it may be desirable to provide

a larger state width. Figure 3C shows State 0 and State 3 as
occupying threshold voltages ranges of 1500 mv, wherein State 1
and State 2 each have a state width of only 500 mv. Figure 3D
shows the equivalent state distribution for Figure 3C in terms of
the cell current Ip. - _

Figures 3A-3D illustrate possible state distributions for
digital data storage applications. The same memory cell having
the same programming window may be used to store analog data
for applications such as sound recording and playback. For
analog storage applications each threshold voltage Vi or cell
current ID within the programming window corresponds directly
to an analog input voltage such that sensing the actual Vi of the
memory cell allows the direct synthesis of the input voltage by
output circuitry. In this manner, sound may be recorded and
played back. Examples of prior analog storage architectures may
be found in U.S. Patent No. 4,890,259, entitled "High Density
Integrated Circuit Analog Signal Recording and Playback
System,” and U.S. Patent No. 5,126,967, entitled "Writable
Distributed Non-Volatile Analog Reference System and Method .
For Analog Signal Recording and Playback.”

Programming Characteristics of Flash Memory

25
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- 6- havi ng a threshold voltage Vt that increases as charge is
added to floating gate 35. The nenory cell drain current ID
("cell wosmzfii‘ire”t ") decreases, as the threshold vol Peg@s2/1984id cel |
char ge evel increase. The nenory cell threshold voltage VWt is
related 5 to the cell current ID by the expression:

[err] Gnis the transconductance of the nenory
cell; VG is the nenory cell gate voltage;

VD is the nenory cell drain voltage; and 10 Vt is the
menory cell threshold voltage. G ven this rel ationship,
there are a nunber of different -9- Ways to sense the anount of
charge (or "read" the data) stored on of the floating gate of

the menory cell, including: sensing.the cell . current of a nmenor
cel | when a const ant \/JgS’t‘g"g%s gwaﬁ%}qsgdng@oigcell conﬁgurfeﬂegégel ect gate of Y
the menory cell; peogramgingdyanoteiectin injéctioge The select gate 3@gfii red at the
sel ect gate tO gi gasy s tfr? @il %ﬁe%ﬁﬁ&t&fu al(%ib Fd?ﬁmtm% \Sroltage vgior the

Coupl 4 to {ho. dr & WPiARl PRRETABHING YAESFE Arig? At Ao pell s
is applied to thelz@lvelts. gate of the nenory cell, wherein the cell 20
current determnes theaagpine ug i af{\ﬂlﬁhg%lﬂ Ve gieSsel e gate 30
| oad; and sensing the a?ﬁgﬂ 0 g\cgj?a e requir at _the sel eg.
gate to give riseSViches e iRy ofy ﬁsgg@e’a‘?’& P8 SAU5IRG SHTERGIC | 5
flow from the drain 45 to the source 40. The programming
voltage Vg also creates a "vertical" electric field between the
10 substrate 50 and the floating gate 35. Electron flow in the vertical
electric field is depicted as an arrow having its head at floating
gate 35 and its tail at substrate 50. This substantially shows the
direction of electron flow m the vertical electric field.
_ As shown, source 40 is coupled to system ground VS5, and
15 drain 45 is coupled to a drain voltage VD. The difference in
potential between the drain 45 and the source 40 creates a
"horizontal" electric field that accelerates electrons from the
source 40 across the channel towards the drain.45. For one
embodiment, it is sufficient for Vpto be 5-7 volts greater than the
20 voltage at source 40. Electron flow in the horizontal electric field
is shown as an arrow having its head at drain 45 and its tail at
source 40. This substantially shows the direction of electron flow
across the channel. The accelerated or "hot" electrons collide
with the lattice structure of the substrate 50, and some of the hot
25 electrons are swept onto the floating gate by the vertical electric
field. In this manner, the amount of charge stored on the
floating gate may be increased.
The state to which a non-volatile memory is placed is
determined by the gate voltage VG, the drain voltage VD, the
30 effective channel length Leff of the memory cell, temperature,
and pulse width, wherein the pulse width is the duration for
which the programming gate voltage VG and the programming

drain voltage Vp are applied to the memory cell. As will now be




éoupl ed to the drain of the nenory cell. To determ ne the anal og

state of the nenory cell it is sufficient to conpare a 25

characteristic of the menory cell to a known reference.

:Defining States For A Menory Cell Gener a . hysi cal
characteri stwcﬁg'”%?”a nonvol atil e menory cel | rcl'a’%ﬁbrs;eéﬂgs‘ir?ﬁ ni mum
threshold Vtmn to which the nonvol atile nenory cell nay be
erased and a maxi mum 30 threshold V[err] to which the nonvolatile
menory cell may be ‘programed. The m ninmum threshol d vol t age
Vtmn and the maxi num vol tage V[err] delineate a maxi num

pr ogramm ng wi ndow for the non-vol atile nmenory cell. The

m ni num t hreshol d vol t age V['err] is constrained by erase tines
and gate WD 97/ 22123 A

PCT/ US96/ 19841 -7-

di sturb vol t agesdiseussed htherprograminifyg gateoddltagel V@ 3eolpritary s
constrai ned by dr. iqwgi sturb vol tages and bake charge | oss.
Wherein the maxi‘ﬂgm _ﬂf‘ﬁ of the progranmi ngr

Figure 5 graphs memory cell threshold voltage Vi versus

the log of programming time for different programming gate
5 voltages VG. The programming gate voltage VG determines the
relative strength of the vertical electric field, and increasing
programming gate voltage VG increases the strength of the
vertical electric field during programming. Curve 60 shows
threshold voltage Vi given a programming gate voltage VG of 8
10 volts. Curve 65 shows threshold voltage Vi for a programming
gate voltage VG of 9 volts. Programming gate voltages VG of 10
volts, 11 volts, and 11.5 volts results in curve 70, 75, and 80,
respectively. .
All five curves 60-80 show the threshold voltage Vi
15 increasing exponentially in the “linear region” to the left of
curve 55. The linear region is so named because when threshold
voltage Vi is plotted on a linear time scale, the threshold voltage
Vi increases linearly with VG while programming in the linear
region. Thus, the threshold voltage Vi increases greatly given a
20 small increase in pfogramming pulse duration when
programming in the linear region, and precise control of the
threshold voltage V¢ is difficult.
Precise control of the threshold voltage Vi is easier when
programming is performed in the "saturated region” to the right
25 of curve 55. As shown, threshold voltage V¢ increases more
slowly, logarithmically, with time when the cell is programmed
in the saturated region. | |
Programming of memory cell while operating in the
saturated region is slow if the gate voltage VG is maintained
30 constant and the total programming pulse duration is increased.
For example, given an initial programming pulse of 1us duration
and having a programming gate voltage VG of 8.0 volts, the
threshold voltage Vi of the memory cell is approximately 3.7
volts. If the programming gate voltage VG is maintained at 8.0



wf ndow i s determ ned by physical characteristics of the 5

" nonvol atile nmenory cell, the manner in which states are defined
Wkt hirn the progranmm ng wi ndow is influenced by a nunber of
factors, inclydjfg.iie foll ow ng: 1) t enper/B59si15841
fluctuations during progranm ng; 2) programing vol tage
fluctuations during 10 pr ogr amm ng; 3) | ocati on
of the menory cell within the nenory array, 4)
random vari ations, of channel | ength; 5) drain disturb;
15 6) gate disturb; and 7) t he
resolution of the circuitry used to senselthe state of the
nonvol atil e nmenory cell. Fi gures 3A-3D show aI ternative

expressions and gt
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the cells increapingghergatel vollage N@ wihilel progeamaméng i thevi t hi n the
center of the saturated régicn PesullisGH the %&h’élﬁhﬁﬂt Wln@rél'égﬂ[ggésy The

separation ranges ar 1 shown jaeen cont '1%1 ous
separati on ranges %BPé"x‘mafe y the sanﬁ'WPE}EH r R eRNFLant; thasily
di scrim nat e bet weBmss ginensthegpitial 1ps progyamming wwrmfhoVGreiwgbm are

theoretidgl |y not geqitsSlsubseguent 1pus programfiing Pu‘l!edﬁvﬂh @quRPtosepar ati on
ua

range wi dths are e uch a eac state and
each separation r?&%goggfwlﬂggxsgﬁge Vit of the mem Ys%u/ yq ?lffe p'p%gran’m ng
wi ndow. volts, a one-to-one correspondence between the increase in VG

and the increase in Vi.
The curves of Figure 5 assume a fixed programming drain
15 voltage VD, which is the source of the horizontal electric field
across the channel. Figure 6 shows a family of curves given a
constant programming gate voltage VG and a multiplicity of
programming drain voltages Vp. As shown, the drain voltage
VD affects the time when the memory cell enters the saturated
20 region of programming. Different channel lengths result in a
different family of curves; however, equivalent behavior for
memory cells having different effective channel lengths may be
achieved by trimming the programming drain voltage Vp,
The impact ionization induced Bi-polar turn-on voltage
25 (VBii) limits the maximum drain bias voltage level that can be
used while programming via hot electronic injection. Figure 7
illustrates the effect of VBiji upon threshold voltage Vi. The
programming gate voltage VG is the same for each of the current
_ VD1, VD2, and VD3. For drain bias voltage levels less than VBij,
30 increasing VD only affects the linear region of the V¢ verses time
curve, as shown by the merging of curve VD2 into the curve for
VD1- Maximum threshold voltage levels in the saturated region
are unaffected by the increase in drain bias voltages levels.



WO 97/ 22123 PCT/ US96/ 19841
- 8- Fi gure 3B shows a progranm ng distribution of nenory
cel I's wherein eight states are defined within the programm ng
‘W ndow. Agajn, each state and each separation range is shopg,g@%,

619841

defining an 12F"ange of threshold voltages Vt such that

state and each separation range occupies one-fifteenth of the total
programi ng w ndow. Wherein the state wi dth and
separation range width for Figures 3A and 3B are shown as being
equal, state width and separation range w dth may be defi ned
sonewhat nore 10 arbitrarily, and other considerations may limt the
manner in whi ch states nay be defined. For exanple, for states
closer to the edge of the pt&granmmi ng window, it may be
desirable to provide a larger state width. Figure 3C shows

State 0 and St atWheén ahe drain bias voltage Wpis ?@aiehrtnsxhvgii,mét ages ranges of
1500 ny, wherei n St ﬁt@ 1 ﬂ.é‘) level inatﬂd Sttu%aeedzreefwh rhaa e a ._std';\t e width of
onl'y 500 nv. F.dH‘F%S voltage levels e saturat gion are also raised.
Exemplary Memory Device
_ The generalized placement methods described herein are
5 described with respect to an exemplary memory device shown in
' Figure 8. Memory device 120 is fabricated on a single
semiconductor substrate and includes memory array 125, row
decoder 130, column decoder 135, sensing circuitry 140, reference
array 145, control engine 150, voltage switch 155, and command
10 interface 160. Memory device 120 receives addresses via address
' lines 165 and receives and outputs data via bi-directional data
lines 170. Data is stored using nonvolatile memory cells within
memory array 125, wherein memory array 125 may include any
type of memory cell with programmable threshold voltages, such
15 as memory cells with trapping dielectrics or floating gates.

_ Wherein memory device 120 is nonvolatile, control engine 140
may further include a write buffer 152 comprising SRAM for
temporarily storing data with which to program memory array
125. The maximum allowable power consumption of memory

20 device 120 is a primary factor in determining the maximum
number of memory cells that may be programmed at any one
time, and write buffer 152 is typically selected to store at least
enough data to program a maximum number of cells at a time.

To read data stored in the memory array 125, row decoder

25 130 and column decoder 135 select a number of memory cells of
the memory array 125 in response to a user-provided address
received via address lines 165. Row decoder 130 selects the
appropriate row of memory array 125, and column decoder 135
selects the appropriate column (or columns) of memory array

30 125. Sensing circuitry 140 compares the states of the selected
memory cells to the states of reference cells of reference array 145.
Sensing circuitry 140 may include differential comparators that
output digital logic voltage levels in response to the comparisons
between memory cells and reference cells. Thus, the analog




shows t he equi val ent state distribution for Figure 3Cin terns of

the cell current ID. Figures 3A-3D illustrate possible
state distributions for digital data storage applications. The
same menory c ”9&2?‘é£ ng 20 t he sanme progranm ng W ndggriys/bmeaused
to store anal 8 for applications such as sound recording
and pl ayback. For anal og storage applications each threshold
voltage Vt or cell current I D wthin the programm ng w ndow
corresponds directly to an anal og i nput voltage such that
sensing the actual V[err] of the 25 menory cell allows the direct
synthesis of the input voltage by -13- output circuitry. In this
manner, sound may be recorded and pl ayed back. Exanpl es of
prior anal og stor ' ressed arltPotipuibds divikdlS. Pat ent
No. 4,890, 250, entis acgykﬁ ﬁiu??b‘aybee"pes o) B l?%htb%d rcuit Anal og
Signal Recording 9AR pEeRe3¢/ D © aselg&gfléﬂ?m "S? Patent No.
5,126,967, entitl eiinilady tdetérenined. Di stributed Non-Vol atil e Anal og
Ref erence System and ; ' {-oq?gﬁm' pNg and

Pl ayback. " NEB%{%} g%‘:fgl Sghcgft g?%g ?:ro}@? %a&ciisl-e%rﬂﬁ as Miglgrgy

VO 97/ 22193 of memory array 125.” For one embodiment, contro! engine

PCT/ US96/ 19841 includes a processor that is controlled by microcode stored in on-
chip memory. Alternatively, the control engine 150 may be
implemented as a state machine or by using combinational logic.
Control engine 150 may also be implemented as a semiconductor

10 device that externally controls the operation of memory device
' 120. The particular implementation of control engine 150 does
not affect the described methods of programming of memory
cells.
Control engine 150 manages memory array 125 via control
15 ' of row decoder 130, column decoder 135, sensing circuitry 140,
' reference cell afray 145, and voltage switch 155. Voltage switch
155 controls the various voltage levels necessary to read,
program, and erase memory array 125. User commands for
reading, erasure, and programming are communicated to control-
20 engine 150 via command interface 160. The external user issues
commands to command interface 160 via three control pins:
output enable OEB, write enable WEB, and chip enable CEB.

Exact Placement Programming

25 Figure 9 is a flow diagram showing an “exact placement”
method for programming a number of memory cells in parallel.
The method may be alternatively used to sequentially and
individually program multiple memory cells. This exact
placement method is described in more detail in U.S. Patent No.

30 5,440,505, which is commonly assigned to Intel Corporation of
Santa Clara, California. |

The method begins at process block 175 wherein memory

array 125 is erased such that all of the memory cells are in a
known state prior to programming. The step of erasing is not



-9- Figure 4 shows a flash nenory cell configured for
programm ng by hot electron injection. The select gate 30 of
flash nenory cell 25 is connected to a progranm ng voltage VG

sA typical progranm ng voltage for prior flash nmenory cells_j

12.0 vol ts. WO 9122133 Appl yi ng the progranm ng vol FS’S’@%’%‘& t he
sel ect gate 30 switches the FET of the flash nenory cell on,
causing current to flow fromthe drain 45 to the source 40. The
progranmm ng . voltage VG al so creates a "vertical" electric field
bet ween the 10 substrate 50 and the floating gate 35. Electron flow
in the vertical electric fip4d is depicted as an arrow having
its head at floating gate 35 and its tail at substrate 50. This

substantially shows, t he direction of.electron flow jn the
vertical electr irsq'l‘ﬂrﬁdf. some other mechanisii for gusuy ,atstgﬁlsgaéeﬁﬁ} i s coupl ed
to system gr oundhe/sdectedccells are knowngpriomto/progearomipgdsi previdedr ai n vol t age

VD. The differengepigeess block 180, the ROhEB] briginP a508:8ifialib&s Heai N 45 and the
source 40 creates a "

praopying,vapiables ILARY Hle sieg ValiSel VRl thd hat
accel erates el ed PSR ARA B MEIMER YRO2BE '™ he channel
t owar ds5t he dr aidrait6voltage ¥e the gate voltage Vigitandl therpulse width Tuisi ci ent for
oot ron 1 ow | el R e S Joiage Vs joildaiedto Seune T ¢ an
arrow having i tsgrﬂtggghgéé,étﬁgicﬁa%wgﬁqgei ¥ ip dnitialized to the trimmed o ce 40
Thi s subst ant i aldrpirsholtsge N®_TIRIN; tthe gats veltaget YGrisinifialized to acr oss
e 1 ang ce st o e e ore o potpaise, 1T
el ect r(L)lhs are sv&gﬁﬁm OT#‘?I :gﬁﬁggg?tfn@?ggge’v cg;}g{lﬁ.gxge%q &Eﬁmé aéct ric
field. In this rrdsewidthhtl armselected suchathat applicasioroef a pingle pulse
floating gate mMayjibRshitGh ymming each selected memory'€elftdttiee L0 Which a
non-volatile nerE%Eerahgnrflegfo?\ or the initial gate voltage VG_INITIAL.
At process block 185, an initial programming pulse is
15 applied to the selected memory cells. A verify operation is
- undertaken at process block 190 wherein it is determined
whether each memory cell in the selected subset of memory cells
is at the destination state. If a memory cell is at the destination
state, the process for that memory cell ends at process block 205.
20 In order to avoid program overshoot the initial programming
voltage VG_INITIAL and the initial pulse with T are selected
such that an initial pulse will not result in programming to the
desired state. Thus, the process continues at process block 195,
wherein the control engine 150 reduces the pulse width to a time
25 T2 and increases the gate voltage VG by a gate step voltage AVG.
An additional programming pulse is applied to the memory cell
or cells at process block 200, wherein the gate voltage is equal to
VG + AVG, and the pulse width is equal to T2. Another verify
step is undertaken at process block 190. If the memory cell is at
30 the destination state, programming for that memory cell ends at
process block 205. Any remaining memory cells that have not
achieved their destination state repeat process steps 195 and 200.
In this manner, the gate voltage is gradually increased for each
programming pulse. '




determ ned by the gate voltage VG the drain voltage VD, the 30

effective channel length Leff of the mermory cell, tenperature,

and pul se width, wherein the pulse width is the duration for

Whi ch the progpaspipg gate voltage VG and the programm ng  PCT/US96/19841 dr ai n

voltage VD are applied to the menory cell. As will now be WO
97/ 22123 PCT/ US96/ 19841
-10- di scussed, the programm ng gate voltage VGis of primry
signi ficance. Figure 5 graphs nmenory cell threshold

vol tage Vt versus the log of progranmmng time for different
programm ng gate 5 vol tages VG The progranm ng gate vol tage VG
determ nes the relative stre_qg'_[h of the vertical electric
field, and increasing progranmm ng gate voltage VG increases the
strength of the vertical electric field duyring progranmm ng.
Curve 60 shows The gaterﬁtmneltes%\/(;aaj@*hem%m dt %b@f‘an’m' ng gate

vol tage VG of 8 1Gelected sucl GhdtthefeWiEbéa driedidsoreécisdspoiidentd age Vt for a
progr anm ng between an increase in gate voltage VG and an increase in

threshold voltage Vi. For example, if the gate step voltage is

5 300mv, the threshold voltage Vi of a memory cell that is being

programmed will be raised by 300mv each time a programming

pulse with an increased gate voltage is applied. The gate step

voltage AVG and the pulse width 72 are further selected to result

in programming in the saturation region for the programming

10 gate voltage VG.

The relationship between threshold voltage V¢ and
programming gate voltage VG follows directly from the curves
shown in Figure 5. The amount of reduction from the initial
pulse width T] to the subsequent pulse width T2 depends on

15 state widths and the magnitude of the gate step voltage AVG,
The amount of reduction in pulse width tends to increase as state
width and gate step voltage AVG decrease.

The exact placement method shown in Figure 9 is a robust
method that is easy to implement. Unfortunately, given a small

20 state width, a large number of programming pulses must be
performed. Furthermore, verify operations, which are
essentially read operations, must be undertaken after each
programming pulse. As shown in Figure 10, the average
programming time for programming a logical a byte of memory

25 cells increases as the state width decreases. This average
programming time is a function of pulse width, the number of
pulses, voltage settling time, verify time, and control engine
overhead. Given a fixed programming window, state width
must be decreased if additional states are to be discriminated.

30 Therefore, an increase in average programming time is
inevitable, and it is desirable to find alternative methods for
programming memory cells having multiple analog states.

There are a number of ways to decrease the average
programming time. For example, the number of pulses may be



gate voltage VG of 9 volts. Programmi ng gate voltages VG of 10
volts, 11 volts, and 11.5 volts results in curve 70, 75, and 80,

respectivel y. Al'l five curves 60-80 show the threshold
.voltage Vvt 15 i ncreasi ng exponentially in the 'linegr jopg" to the
| ef t gf W0 97722123 cyrve 55, '?'he Fi near reg?/on is so narre%cﬂ.;éggé@%lv\hen

t hreshol d voltage Vt is plotted on a linear tinme scale, the

t hreshol d vol t age ' WVt increases linearly with VG while
programming in the |inear region. Thus, the threshold voltage
Vt increases greatly given a 20 smal | increase in programm ng pul se
duration when programming in the |inear region, and precise
control of the threshold voltage Wt is difficult.

Precise control of the threshold voltagd6\Vt is easier when
programming is perfornmed in the "saturated region” to the right 25

of curve 55. As gl miéﬁﬂmayy%tﬁ%béﬁoﬂ VB So5seratitis®ma (})e
slowy, logarithmcally \Ntktltlnehmhentp‘eﬁell S ﬁsro%"rlar'rrg
in the saturat edr5MGpd;Pr the state machine overhe B'&Yah%d QBHMERATRS? cel | whil e

operating in thethe entire array. saturated region is slowif the gate voltage

VG is maintained 30 constant and the total programm ng pul se
duration is increased. For exanple, given an initial
progra ng puls 1 i on and having a programm ng gate

vol tage VG of 8.0 vol®se mamner in which to rediace oivetrall progragamivig of t he nenory
cel | is approxi ngifali% (&r fontrol engine 15048 "fearn' the Proghamatiagm ng gate
voltage VG is mai,ntained, at .8 0 \ \
characteristics of the memory array. According to a first type of
learning algorithm, a statistically significant subset of memory
10 cells for the array are programmed using an exact placement
method, and control engine 150 derives characterization
information regarding the average programming times for the
array from the programming of the subset of cells.
Characterization information may include the average number
15 : of pulses required to achieve specific destination states given the
pulse width parameters of the exact placement algorithm. |
Alternatively, characterization information may simply be the
derivation of the Vi-versus-time characteristics of a memory cell
such as the family of curves 60-80 shown in Figure 5. An
20 alternative learning method is predictive in nature, and requires
deriving characterization information for each cell during
programming. Learning methods assume that environmental
variables are held constant during programming.

25 Distributed Learning Methods

Figure 11 is a flow chart showing a distributed learning
method. Prior to programming, the array is erased at process
block 215. At process block 220, control engine 150 programs a
subset of the array using an exact placement or similar method.

30 At process block 225, the control engine 150 derives

characterization information for an average cell of the array.
Once the characterization information has been determined the
selected cells may be programmed directly to the desired state. By
direct programming it is meant that no verify operations are
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volts, a progranmm ng pul se of approxi mtely 10gs duration is

required to r\ﬁb?ﬁzztlge threshold voltage Vt by 1.0 volt to 4.périsbésfosdt

Progranmm ng i € Saturated -region occurs nmuch nore qui ckly if
the gate voltage VGis increased with each subsequent 5 pr ogramm ng
pul se. In fact, as may be seen in Figure 5, i ncreasing the gate
voltage VG while progranmng in the saturated region results in
the threshold voltage WVt increasing by approximately the sanme
anount for a constant pul se w dth. Thus, given the initial 1ps
programm ng pul se with VG equal to 10 17- 8.0 volts, a subsequent
1[err]s progranm ng pul se with VG equal tg 9.0 volts wll raise
the Vt of the nenory all from3.7 volts to 4.7 volts, a
one-to-one corres tocachieve thecdestivation state. \bis may mean thatand t he

increase in Vt. asingle pulse is used tolpfogeatinVHls @ tie gustinationssiaep a fixed

a9, 9.5 Ry e s UOS U D8 bl P

hori zontal electriC ] r | ] i gure 6 shows a
fam |y of curves $jchcthal programming occyphin ﬁ?ﬁsqﬂmﬁﬁgﬂ@-gﬁﬂb vol t age VG

?Ed a mulg i p: ici t ¥xadhple, if the family &;&wmtﬁ{aigmwlﬁa%mnm As |S|hown’
e drain vol tagegq,..: . ce
enters the satur Sgived; a stngle p\{?seé;él’ oﬁ%@u}ﬁ?ﬁ%ﬂnﬁna ) :Qlﬂbpg%r.eg E%hannel
| engt hs resul t i n1h0 volts will place ajeelk direatly toffiate\3 a definegdchy Figyever
eﬂui va: elnt bteEavi 8C. l;)nnematively, direct %?ﬁﬁrﬁﬁ@?aﬁ&ﬂ?ﬂgegiﬁéf erent effective
channel Iengths mgy bey - £XEh Nl LYWL Sl PBIREAG AT NI

pltéation of a series of B i3 Spelified by he lagu

drain vol tage VD. ) . - 1 ron_fnduced Bi - pol ar
turn-on ¥l tage method of Figure 10 without performing verify operations. At

process block 230, control engine 150 directly programs each of
the array cell to its destination state using the characterization
information. The distributed learning method ends at step 235.
Figure 12 is a flow chart showing a distributed learning

15 method according to an alternative embodiment. The array is
erased by control engine 150 at process block 240. Control engine
150 programs a subset of the array using an exact placement .
method at process block 245. At process block 250, control engine
150 derives characterization information for an average cell of

20 the array. At process block 255, the control engine programs the
cell to a point near the destination state, which provides a
guardband against programming overshoot for memory cells
that abnormally deviate from the average memory cell. The
control engine finishes programming the cell to the designation

25 state using the exact placement method at 260, and the distributed
learning method ends at process block 235.

The overall programming time is greatly reduced for both
types of distributed learning methods when compared to the
previously described exact placement method. Much of this fime

30 savings is provided by eliminating verify operations.

Predictive Learning
Figure 13 is a flow chart showing a predictive learning

method according to one embodiment. Unlike distributed



25 (Merr]) limts the maxi numdrain bias voltage | evel that can be
used while programm ng via hot electronic injection. Figure 7

tllustrates the effect of V[err] upon threshold voltage Vt. The

-programm ng_gate voltage VG is the same for each of the cug

Vierr], V[ eWﬁ’m V[err]. For drain bias voltage |evels Iée-'gggptwﬁgﬁl Vierr],

30 I ncreasing VD only affects the linear region of the Vt verses
time curve, as shown by the nerging of curve VD2 into the curve
for Vierr]. Maximmthreshold voltage levels in the saturated
regi on are unaffected by the increase in drain bias voltages

| evel s. WD 97/ 22123

PCT/ US96/ 19841 - -12-

When the drain bias voltage VDis greaﬂ@r than V[err], the
threshold voltage levels in the saturated region are al so raised.
Exenpl ary Menor Yeapnaitigs predictive learning is é. erforhtedgforadachiindivighigicenent net hods

e one! €l s, he i SE Y GETPER iRy 2 Y
singl e determined for each memory cell

Control engine 150 begins by erasing the array at process

5 block 270. A first programming pulse is applied to a memory cell
by control engine 150 at process block 275. Control engine 150
determines the threshold voltage V¢ after applying the first pulse
at process block 280. Such a determination may be made simply
by performing a verify operation. Alternatively, the control

10 engine may determine the drain current Ip.

Control engine 150 applies a second pulse to the memory
cell at process block 285, and the control engine 150 again
determines the threshold voltage V¢ at process block 290. The
control engine 150 may subtract the threshold voltage V¢

15 - measured after the first pulse from the threshold voltage Vi
measured after the second pulse to determine a difference
voltage AV}, which the control engine may use to predict the V-
versus-time characteristics for the memory cell. Thus, at process
block 295, control engine 150 derives characterization

20 information for the cell from the difference voltage AVy. Control
engine 150 may then program the cell directly to the destination
state using the characterization information, and the predictive
learning method ends at process block 305.

The two characterizing programming pulses are preferably

25 selected to result in saturation region programming.' For
example, the two characterizing pulses may be performed
according to the exact placement method of Figure 9. If the
selected memory cells are placed to a known value of V¢/ID prior
to programming, only one characterizing pulse is required.

30 Figure 14 is a flow chart showing a predictive learning
method according to an alternative embodiment. Control engine
150 erases the array at process block 310 and applies a first
programming pulse to 2 memory cell at process block 315. The
control engine 150 measures the threshold voltage Vi after the



sem conductor substrate and includes nenory array 125, row

decoder 130, columm decoder 135, sensing circuitry 140, reference
array 145, control engine 150, voltage switch 155, and command 10
interface 160wolepgypy device 120 receives addresses via addriggasse/9ss
| ines 165 and recelves and outputs data via bidirectional data

lines 170. Data is stored using nonvolatile nmenory cells within

menory array 125, wherein nenory array 125 may include any type
of menory cell with programmuabl e threshold voltages, such 15 as
menory cells with trapping dielectrics or floating gates.

Wherei n nenory device 120 is nonvol atil es18ontrol engi ne 140

may further include a wite buffer 152 conprising SRAM f or

tenporarily storiAgtqafide W?&c&ﬂ&itﬂ&ﬂ 82007 PRE EohtH BRpine?{30Pthen

125. The maxi num al | owabl e jpgwer consynpti on of ., nenory 20 device 120
is a prinmary fact 8PPHS? 348¢ Rﬁoﬁﬁamﬁﬁ’qgﬂ&ﬁfﬂmthe meery cell af rper of menory

cell's that may beppocess block32aandmeasuees the threshold voltage atoprdeessi t e buffer
152 is typically sRlcRY30d THe &inpro} effire®Bl derives characteriZaBgHoN data to

D 091 M o Tl T i St o g iference vogs Ay, o0 9212
decoder 135 sel ecpraressibloek 385. (emtro) engined50fthen programs thet he menory array
Fnes 165, Row de sy SRRy 6 £k nar the destination SRAE RiSther | ° pdr es
menory array 125, TEMRPTYCF s’Bgcti}ﬁéienf’ﬁ characterizatiorpg'gpgeggoxe he

appropri at e col unsughothat obweniy operatiemois required: This occurs at#bcesSensi ng

circuitryp 140 cOMBRIRI4DNALPratas bitbek! 328, &ﬂ{t?&te?agine 150 completes TEMOry cells
to the states of reference ﬁ&?'ﬁ%ﬁf referﬁnc.e ar
I

a 45,
Sensi ng ci rcui t r yPIORI2HEANS SPPFY. FEH, HF I8 acfbﬁ%af}é’??ﬁeg‘elnﬁat
out put digital | ogiethadsuctyas that shewnrinfigure1fe The priocess @mdarat sons
bet ween nenory ceprdeesiBlotiedsy.ence cells. Thus, the anal og

Predictive learning methods are especially well suited for
15 quickly storing analog voltages in the memory array. For
example, wherein the desired final threshold voltage Vi for the
memory cell is Vt__target. the programming voltage VGC of the
characterizing pulse may be given by the following equation:
Vcc = V¢ tage +cC
20 wherein c is a constant selected such that the characterizing pulse
cannot result in overshoot _of Vt_target. According to one
embodiment c is equal to 3.5 volts.
Once the threshold voltage V¢ after the characterization
pulse has been determined, the programming voltage VGP of the
25 programming pulse is determined by simply determining the
differences between Vi_target and Vi, increasing VGC by the
same amount. This is shown by the following equation:
Vep =Voe +(V g — Vi)
Distributed learning methods may find similar application
30 when storing analog data in nonvolatile media.

Relative Placement Methods
Exact placement methods and learning methods may be
characterized as "absolute placement" methods because the states
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- 13- states of the nenory cells may be expressed and out put as
di gi-tal data. The precise Vt/ID of a selected nenory cell my be
-simlarly determ ned. Control engi ne 150P§ﬂg§ka%althe
erasure andW®Y§%tri ng 5 of menory array 125. For enbodi ment ,
control engine 150 I ncl udes a processor that is controlled by

m crocode stored in on- chip nenory. Alternatively, the control
engi ne 150 may be i npl emented as a state machine or by using
conbi nati onal | ogic. Control engine 150 may al so be i npl enent ed
as a sem conductor 10 device that externally controls the operation
of nmenory device 120. The particular inplenmentation of control
engi ne 150 does not affect-30re described met hods of programing
of nmenory cells. Control engine 150 nmanages

gggory array 12%r¥definedtin @an dijective manné usify predefited detbrenee! unm decoder
, Sensing CIr

Ltry . : ref nce.,cell array. 145, and
vol tage switch f@g‘.&&v&f‘gﬁg%’%%"tecﬁ!{” f’f plagen%n ng‘ogo‘ﬁﬁ i e various
vol tage |evel s rpiaceseenty meshpdadNVherein absolute placementymetiwdsr ase nenory
array 125. User cpnfeiRpldfe well defined state bouh@lafledand 8kparatien rdfifles) 0gr anm ng

are comguni cat equf.0 90l (erInethods redilifh Bty s Yiaes ST RSt o Face 160.
relative to one another. For example, given a four state memory
cell wherein the lowest state is State 0 and the highest state is
State 3, it is sufficient that a gate voltage associated with each state
follow the following order:

10 VGo< Vg1 <Va2 < VG3
wherein VGp defines threshold voltage for a memory cell in state
0, VG1 defines the threshold voltage for a memory cell in State 1,
VG2 defines the threshold voltage for a memory cell in State 2,
and VG3 defines the threshold voltage for a memory cell in State
15 3. Practically speaking, each state must still define a range of
' voltages, and the range of voltages must be guardbanded such
that the largest threshold voltage of one state is not greater that
the smallest threshold voltage of the next state.
Programming using such an ordering of states method
20 merely entails applying one pulse at the selected gate voltage for
“the state to place the memory cells in the desired state. The pulse
width should still be selected such that saturation programming
occurs for the given value of programming gate voltage.
Figure 15 is a flow chart showing an ordering of states
25 method. Control engine 150 erases the array at processing block
155. The programming variables are initialized at processing
block 360, wherein the gate voltage is initialized to be VG1 and
the pulse width is T3. The pulse width T3 is selected such that
saturation programming occurs for the programming gate
30 voltage of VG1. Control engine 150 applies a pulse to a selected
' cell or cells at process block 365 to place the cells in State 1. At
process block 370 control engine 150 sets the programming
voltage to VG2 and the pulse width to T4, wherein T4, is selected

to result in saturation programming for a programming gate



cormands to conmand interface 160 via three control pi ns:
out put enable OEB, wite enable WEB, and chip enabl e CEB.

Exact Pl acenent Progranm ng 25 Figure 9 is a flow di agram
‘showi ng an " »pzacement " met hod for progranmpectgswnossiber of
menory cells in parallel. The nethod may be alternatively used
to sequentially and i ndividually programnultiple nenory cells..
Thi s exact pl acenent nmethod is described in nore detail in U S.
Patent No. 30 5, 440, 505, which is commonly assigned to Intel

Cor por ati on of Santa Clara, California. The
met hod begins at process block 175 wherein menory array 125 is
erased such that all of the nenory cells o fil € in a known state
prior to progranmm ng. The step of erasi ng I s not V\D 97/ 22123

PCT/ US96/ 19841
required i f some ¥iRge ofVGnAL Rr9cEPs Mﬁﬁﬂﬁ’&! e{‘ﬁ@eéﬁgﬁﬁﬁhﬁﬁa

the sel ected cel lgrograiniiyPulseits plice seleefdodlls Ig State 2 Qw%%@

At process bl ock b]lg Séd] CofiftBi &Pémg 186 B&s 1RE p}@rtainq}llfnéefat& gltage
to VG3 and sets the pulse width to T5, wherein T5 is selected to

5 result in saturation programming given the programming gate

voltage VG3. A pulse is applied at process block 382 to place
selected cells in State 3, and the ordering programming process is
completed at process block 385. No verify operations are
required. -

10 The process shown in Figure 15 may be formed in a “carry
along" manner wherein all cells of the array that are to be
programmed receive all programming pulses until they have
received the programming pulse that places them to the desired
state. For example, the first programming pulse is applied to all

15 the cells of the array that are to be programmed. Those cells that
are to be programmed only to the State 1 are deselected to

- prevent further programming, and all cells that are to be
programmed to State 2 and subsequent states receive the second
pulse. State 2 cells receive no further programming.

20 - The process of Figure 15 may be alternatively performed
such that cells only receive the programming pulse that places
them in their destination state. Predictive learning techniques
may be applied to ensure that each programming pulse programs
the selected memory cells in the saturated region.

25 Data Stream Analysis Methods

An alternative type of placement method reduces overall
programming time by maximizing the number of memory cells
that are programmed at any given time. Programming is often
performed on a ""block” by block basis, wherein a block of

30 memory cells typically includes a single addressable byte or word
of data. The programming of a block of memory cells occurs
within a single "programming cycle."

Statistically, the data stored in a block of memory cells is
random and may include cells that are to remain in the erased



progranm ng vari ables including the source voltage VS, the 5 drain
vol tage VD, the gate voltage VG and the pulse width T. As

shown in figure 9, the source voltage VS is initialized to system

-ground V[err the drain voltage VDis initialized to the LT

drain vol t ad¥* %% TR'M the gate voltage VG is initiali%%.ggsm“
VG INITIAL, and the pulse width T is initialized to a first pulse 10
width T[err]. The initial gate voltage VGIN TIAL and the initial

pul se wdth T[err] are selected such that application of a single pulse
will result in programm ng each selected nmenory cell to the

saturation region for the initial gate voltage VAN TI AL.

At process block 185, an initial progranm ng pulse is 15 applied to
the selected nmenory cells. A verify ope@8tion is undert aken at
process bl ock 190 wherein it is determ ned whet her each nenory

cell in the sel esthRdStatbOphs Wellraereelly titatlaké to be programmed s at the
desti nati on st atfhexj

L ;
state, the process F&r@,{ﬁﬁﬁ?{}%x&ﬁ% bjﬁlp@l%ﬁ%é\@a&ﬁﬁgérsgggéé?%ﬁél&n QBS. 20
In order to avoi ®f Hedpemery sellssofn blackdeing programmes pemi ng

vol tage V[err] _| ptopréinnting dytle. i Furtmainopy kélls Mavifig bindy tivoatftesel ect ed

such th an inif iyl ] t t I ng to the
oot red St ate. | 1o hat o thellelle o 8 bIOAC Ml proBrlb BN 10 | ° oo
wher ei n t he cont PXASramging cysle, pafyseage: HeEorpunemeryiceihhaving nj ne 25
T[err] and incresiaRs, 6Al§ 19 of thelcblosf YBldeK ate PrégrafitrRéd ¥kt age AVG

An additional pr ] u ' pplied to the nenory cell

or cells at pr océg‘rs'ﬁgméﬁa@oﬁ‘?gﬁﬁ%ﬁgi n the gate voltage is equal to
VG + AVG and the pulBeogiamming $inegan be sedyced Anpanalyzing the ptream
step islundert akefdata tpricppgrithand fOéhsuré thdtaipRytHeymagivhums at 30

brscose b ook SoRais o SUKGTIA L1 o Lt iGBTHE il o
achi eved t heir deashi PrRgramming cxcle.c Figiire 36 dcagewsehaptofimdatand 200.
In this manner, stheargainalysts inefitod Sccdrdiigatol ohd eriibeainneht! CCorpsin
programmi ng pul Séngine 150 erases the array at process block 390. At process block
15 395, control engine 150 analyzes the set of data to be programmed
into the memory array to determine which memory cells are to
be programmed to which state and which meniory cells are to
remain in the erased state. Analysis of the data stream may be
performed externally to memory device 120 and the analysis sent
20 to control engine 150 such that control engine 150 may
appropriately control programming of memory cell array.

Once the data stream has been analyzed, programming
begins at process block 400, wherein control engine 150 programs
up to a maximum number of cells having State 1 as their

25 destination state. For example, if the number of cells to be
programmed is determined by the number of bits in a block of
memory, control engine 150 ensures that a full block of memory
cells having State 1 as their destination are programmed at
process block 400. If the number of cells having a destination

30 state of State 1 is less than the maximum number, all of the cells
are programmed at process block 400. Programming may be
performed using any of the previously described methods.

If at process block 405 additional cells have State 1 as their
destination state, process block 400 is repeated. Otherwise control
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- 15- The gate step voltage AVG and the pulse width
Tlerr] are sel ected such that there will be a one-to-one
_corresponplengv%’.”22123 bet ween an increase in gate volt aperwsscassdl an
increase in threshold voltage Vt. For exanple, if the gate step
voltage is 5 300nmv, the threshold voltage Vt of a nenory cell that
i's being programmed will be raised by 300mv each tine a

pr ogr anm ng pul se with an increased gate voltage is applied.
The gate step vol tage AVG and the pulse wdth 72 are further
selected to result I n progranmng in the saturation region for
t he progranm ng 10 gate vol tage % The

rel ati onshi p between threshold vol tage VYt~ and progranmmi ng gate

voltage VG follows directly fromthe curves shown in Figure 5.
The anobunt of recengine®5¢ posurehthatrd maximum number of cglls baviggdth T[err] to

the su bzeq uent pudisfe MhdliHeir'destiRRAGH Sta28 addprogrammedt &t grocksdtblecland t he
magni tude of the ﬁ%t e.b‘tsggr%%es\ﬁ:lléggflf Yf%dditional cells having State 2 as

their destination state exist, control engine 150 repeats the step of

5 process block 410 until all such cells are programmed.

At process block 420, control engine 150 ensures that up to

a maximum number of cells having State 3 as their destination
state are programmed. At process block 425, control engine 150
determines whether additional State 3 cells need to be

10 programmed. If not, the process ends at process block 430.

Figure 17 shows an alternative data stream analysis

method wherein memory cells having differing destination
states are programmed simultaneously. The programming
method of Figure 17 recognizes that cells programmed to a

15 . destination state beyond a first program state must "pass
through" the first programmed state. The process begins at
process block 435 wherein control engine 150 erases the memory
cell array. - At process block 440, control engine 150 analyzes the
set of data to be programmed. Control engine 150 ignores cells

20 that are to remain in the erased state or State 0. At process block
445, control engine 150 programs all cells having a destination
state of State 1 or beyond to State 1, wherein up to a maximum
number of cells are programmed simultaneously. Thus, some
cells having a destination state of State 2, State 3, etc. are initially

25 programmed to State 1. Process block 450 control engine
programs all cells having a destination state of State 2 or beyond
to State 2. Again, up to a2 maximum number of cells are
programmed simultaneously. At process block 455, control
engine 150 programs all cells having a destination state of State 3

30 or beyond to State 3. Again, up to a maximum number of cells
are programmed simultaneously. The process ends at process
block 460. If a memory cell may achieve more than four analog
states, the process of Figure 17 may be readily modified.



The ampbunt of reduction in pul se wdth tends to increase as state

w dth and gate step voltage AVG decrease. The exact

pl acement met hod shown in Figure 9 is a robust met hod that is
-easy to inpl errent Unfortunately, given a small 20 state width

| ar ge nurberW P”B’r&ﬁrarrm’ ng pul ses nust be perfP&Tﬁlésa“wm
Furthernore, verify operations, which are essentially read
operations, nust be undertaken after each programm ng pul se. As
shown in Figure 10, the average programm ng tine for
programmng a |logical a byte of nenory 25 cells increases as the
state wi dth decreases. This average programming tine is a
function of pulse w dth, the nunber of pul ses, voltage settling
time, verify time, and control engine -24- overhead. G ven a fixed
progranm ng w ndow, state w dth must be decreased if additional

States are 10 be di scrheipifshm Almber of colly Ty, be%d?%ﬁ%ﬁet' n average

programing ti ne{%@pfcg}lydeﬁned by &evxlﬂt?ag‘ B ’ i g ra o find

alternative nmeth avi ng
nul ti pl e anal og dewired20. Programming by data smen‘earmljasladapemiﬂomf ways to

decrease the aveyieh cells are to be prd 89d pré@rantiiingth@y e, the number
ngT;) ldlsg 1ggilbemdependent of thevﬁlgysxcalzcorrespondence of the array to
memory locations defined by the write buffer. Because the block
of memory cells that are programmed during a single
programming cycle will not have a defined relationship (e.g. each
bit is not a bit of a single addressable byte of data), the array
10 decoding of memory device 120 should be modified to allow
individual addressing of cells in the array such that a block of
memory cells may be programmed per programming cycle
without regard to their physical location in the array.
In the foregoing specification the invention has been
15 described with reference to specific exemplary embodiments
thereof. It will, however, be evident that various modifications
and changes may be made thereto without departing from the
broader spirit and scope of the invention. The specification and
drawings are, accordingly, to be regarded in an illustrative rather
20 than restrictive sense. '




-1'“6- reduced. Alternatively, the nunber of verify operations

may be reduced, or the state machi ne overhead nmay be distributed
acr oss the entire array. 5 Lear ni ng Met hods

One manner ing w%%{i#o reduce overal |l programm ng PCTIUS96/1 9841 Or
control engine o "learn" the progranm ng characteristics of
the nmenory array. According to a first type of | ear ni ng
algorithm a statistically significant subset of nenory 10 cells for

the array are programmed using an exact pl acenent , and

control engine 150 derives characteri zatisgn | nfor
regardi ng the average programmng tines for the L\“\“\ W\iﬂrom t he
programm ng of the subset of cells. Ch

information may | CEAIMS t he average nunber 15 of puI ses required to

achi eve specific ates given the pul se w dth
parameters of the%}@a F%Hl g nt al gorithm Al ternatively,

characterization inf ork'a{i megmexy, devige inclydingian array of memorygeallsyat i on” of
the Vt-versus-ti ngadhfietdrgrdeltHaving incre thaw d{dsable states, a methodsuch as the

ot hotl 1 <5 pr edi ot ?‘\%ﬁ%ﬁ%&ﬁﬁn@g e gl p8 desired state, By © | o2 ! N0

characteri zat i oancwtr@rmmmr%mm %:%‘lbseﬁgfr theprray of memory Uﬁu&gr ammi ng.
Lear ni ng met hoddetafiniRg (chafacestidationiBrdraation from the stepaifi abl es are held

constant during, PLOGEARTRG mebser the A ALE bR Vet hods

Figure 11 is a fl
nethod. Prior to B¥ g@tmmramnsr%yaqtgnwwé@ @Pr‘bﬁe&%g‘?
10 memory cell of the array of memory cells; and

the control engine using the characterization information to directly
program the memory cell to approximately the desired state
without performing a program verify operation.
2. The method of claim 1, wherein the step of the control
15 engine directly programriiing the memory cell comprises:
the control engine détermining a total number of programming
pulses to apply to the memory cell to achieve the desired state in
- response to the characterization information; and
the control engihe applying the plurality of programming pulses. to
20 the memory cell.
3. The method of claim 2, wherein the step of the control
engine directly programming the memory cell further comprises:
the control engine determining a pulse width for each of the
plurality of programming pulses in response to the
25 characterization information.
4. The method of claim 3, wherein the step of the control
engine directly programming the memory cell further comprises:
the control engine determining programming voltages for each of
the plurality of programming pulses in response to the
30 characterization information.
5. The method of claim 4, wherein the memory cell exhibits
linear and saturated programming behavior such that there is a
linear programming region and a saturated programming region,
the steps of the control engine determining the total number of

*




o] oék 215. At process block 220, control engine 150 prograns a

subset of the array using an exact placenent or simlar

At process block 225, the control engine 150 derives
.characterization information for an average cell of the array.

Once the chAYQ8¥21Bzation i nformati on has been determ ned £RL/USI/19841

sel ected cells may be programmed directly to the desired state.
direct programming it is neant that no verify operations are

WD 97/ 22123
PCT/ US96/ 19841

met hod. 30

By

undertaken to achi eve the destination state. This may

a single pulse i

| - 17-
s used to programcells to the desti naﬁmw“ml""l,sl"

wherein the gate voltage VG and the pulse width T aré sel ected
such that programm ng occurs in the sat-_aﬁ-ation region. For 5

exanple, if the
derived, a singl
11.0 volts w |
3C. Alternativel

5

10

l

ﬁé@?dlrgnﬁﬁ (i:’ltiﬂéeéf?"S s _dur a’ltvﬂgn. Wi tﬂle?ﬂa%t?%a%figa e VG of
ittt et r-‘ﬂixas{%’mg Pt s e Tubgiriteg by i gur e
Bulsesi belug per yrigercontrohengine suph that the step

of the control engine applying the plurality of programming
pulses to the memory cell results in the memory cell being
programmed in the saturated programming region for each
programming pulse.

6. The method of claim 1, wherein the step of the control
engine directly programming the memory cell to approximately
the desired state comprises:

the control engine using the characterization information to

15

determine a programming pulse width and programming
voltages of a single programming pulse capable of directly
programming the memory cell to approximately the desired
state; and

the control engine applying the single programming pulse to the

20

memory cell.

7. The method of claim 6, wherein the memory cell exhibits
linear and saturated programming behavior such that there is a
linear programming region and a saturated programming region,
the step of the control engine using the characterization
information to determine a programming pulse width and
programming voltages of a single programming pulse being
performed by the control engine such that the step of the control
engine applying the single of programming pulses to the
memory cell results in the memory cell being programmed in
the saturated programming region.

8. The method of claim 1, further comprising:

the control engine completing programming of the memory cell to

30

the desired state by applying at least one programming pulse
followed by a program verify operation.

9. In a memory device including an array of memory cells,
each memory cell having more than 2 possible states, a method
for programming a memory cell to a desired state, comprising: -



application of a series of pulses as specified by the exact placenent 10
met hod of Figure 10 without performng verify operations. At

process bl ock 230, control engine 150 directly prograns each of

t he array cel# t99féi destination state using the charact er i RXAVESI61984]

I nformation ﬁ Istributed | earning nethod ends at step 235.

Figure 12 is a flow chart show ng a distributed Iearw
accord: ng to an alternative enbodiment. The array is:

control engine 150 at process bl ock 240. Control engin mm
progranms a subset of the array using an @fact pl ace?renm“m““‘““‘“ \ od
at process block 245. At process bl ock 250, control engie® 150
derives characterization information for an average cell of 20 t he

array. At pr oce§&&k@%ﬁﬁépr&éf&r&ﬁﬁgwﬁb&égoﬁﬂwﬁm efrmenfiery cells
cel | 10 & pol nt ngatset e ifE Lt fReSh Aol G RigyeS 2

guar dband agai nst t hat
abnormal |y devi at eel-’!l‘ﬁ%ﬁﬂt@ﬂ%e af progyamming characteris r the array of .oty

engi ne LI ni shes pih{@ﬁ af@ cell to the designation 25 state
using thegexact, t

| ear ni ng Jret hodt %%?{B?%ﬁ' gge; é’égﬁi Eﬁte %ﬁ gg?é?ﬂ:ahaﬂ iflforhidtion t%ddlrecetlyover .
programming time PSOgfABH eymleglﬂibféﬁ ftBrt ¢ Gesired state Wltho"‘ttri%fé’

di stributed |ear nla ogﬁxhamﬂy\/@perztimmar ed to the pr eV| ously

descri bed exact pl avings is
provi ded by eli m gtl ng ver| B&Q;f %%h&ﬁiﬁﬁé Eﬁp?& the clggil:rgfl ve Eear ni ng

Figure 13 is a fl| 6ngiigansing Hl%ﬂh@f’aﬁteﬁ%ﬁpﬂt‘ﬁ‘maé‘gF‘Wr@ met hod
accor di ngpt 0 one @FEEAMIHR mebidrylcelldd the dbsirextistate comprises:

the control engine determining a total number of a plurality of
programming pulses to apply to the memory cell to achieve the
desired state in response to the characterization information; and
the control engine applying the plurality of programming pulses to
15 the memory cell.
11.  The method of claim 10, wherein the step of the control
engine using the characterization information to directly
program the memory cell to the desired state further comprises:
the control engine determining a pulse width for each of the
20 plurality of programming pulses in response to the
characterization information.
12. The method of claim 11, wherein the step of the control
engine using the characterization information to directly
program the memory cell to the desired state further comprises:
25 the control engine determining programming voltages for each of
the plurality of programming pulses in response to the
characterization information.
13. The method of claim 12, wherein the memory cell exhibits
linear and saturated programming behavior such that there is a
30 linear programming region and a saturated programming region,
the steps of the control engine determining the total number of
programming pulses, the pulse widths of the programming
pulses, and the programming voltages of the programming
pulses being performed by the control engine such that the step
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|l earning, predictive learning is performed for each i nd| vi dual

.cell. Thus, the family of programm ng curves is individuall

det er ni ned 9% nenory cell . Cont r ol "Xﬂ'ﬁ{sﬁ‘g’%o

begins by erasing the array at process 5
programm ng pulse is applied to a nenory cell

bl ock 270. A first
by control engine

150 at process block 275. Control engine 150 determ nes the
threshold voltage WVt after applying the first pul se

a determinatton ray be maoe simply [N INEANFYOR™*

bl ock 280. Such

perform ng a verify operation. AIternagbgply, t he contro M s enmgine
may determine the drain current I[err]. Cbntrol engi ne
150 applies a second pulse to the menory cell at process bl ock

285, and t he congf e de%n

voltage V[err]
subtract the thr

fromthe threshol’@&i

to determne a
may usego pred|
menory Cel | .

10

Yiih the plurality ofﬁﬁbgfdﬂt\ﬁ\ﬁ?g the thr ig 80| d
eSS rol” engine nay
%ﬁ go VOl 'tg\gg:zrylt ﬁgesu s in the memexy, Cé‘??’@’fngt he first pul se
saturated prograguningeregion fr each second pul se

idg@éﬁhﬁﬁg pulse. vol tage AVt, which the control engine
ersustl characteristics for the
g‘f L he Tethod of claim 9, wirgincie' e P?’b forolengi ne 150

derives char act eengine usingthe charactenmtmrrmtfmmalﬁm to ldirectlyl fromt he
difference vol t aggraml th¥tmerq8fy £dl to the desired state comprises:

the control engine using the characterization information to

determine a programming pulse width and programming
voltages of a single programming pulse capable of directly
programming the memory cell to approximately the desired
state; and |

the control engine applying the single programming pulse to the

15

20

memory cell.

15. The method of claim 14, wherein the memory cell exhibits
linear and saturated programming behavior such that there is a
linear programming region and a saturated programming region,
the step of the control engine using the characterization
information to determine a programming pulse width and
programming voltages of a single programming pulse being
performed by the control engine such that the step of the control
engine applying the single of programming pulses to the
memory cell results in the memory cell being programmed in
the saturated programming region.

16.  In-a memory device including an array of memory cells, a
method for storing an analog voltage in a memory cell by
programming a threshold voltage of the memory cell to a desired
voltage, comprising:

a control engine programming a subset of the array of memory cells

30

to determine characterization information from the step of
programming the subset, the characterization information
indicating programming characteristics of a representative
memory cell of the array of memory cells; and



ehgi ne 150 may then programthe cell directly to the destination
state using the characterization information, and the predictive

| earni ng net hod ends at process bl ock 305. The two
charact eri zi Rgoy/Rgsa M ng pul ses are preferably 25 PETAISIEIB410
result in saturation region programm ng. For exanple, the two
characterizing pul ses may be perforned according to the exact

pl acement nethod of Figure 9. If the SW are
pl aced to a known value of Vt/ID prior to progr ' Ly one
characterizing pulse is required. 30 I’HH s a flow
chart showi ng a predictive |earning rret , W!BM !Iﬂ’f{

al ternative enbodi nent. Control engine _.z9. ' 180 eras ay at

process bl ock 310 and applies a first pr ogr amming pul sé to a
menory cell at ?lr ocess, bl ock 3 The .. ? ntrol engine 150
measures the tHPESRBEG! \?Bﬂ%g\és‘% the characiprization informationg g7/ 22123
PCT/ US96/ 19841  program the threshold voltage of the memory cell directly te 1Be

first pulse at prge§ssi PbRsge. 320. The control engine 150 then

I d f, |l at
PBuecs bl ock 595 hng M mmtaSH ch et 14 S ebe i of b e

5 engine usmg the characterization information to directly
program the memory cell to the desired state comprises:
the control engine determining a total number of a plurality of
programming pulses to apply to the memory cell to achieve the
desired state in response to the characterization information; and
10 the control engine applying the plurality of programming pulses to
the memory cell.
18.  The method of claim 17, wherein the step of the control
engine using the characterization information to directly
program the memory cell to the desired state further comprises:
15 the control engine determining a pulse width for each of the
plurality of programming pulses in response to the
characterization information. :
19.  The method of claim 18, wherein the step of the control
engine using the characterization information to directly
20 program the memory cell to the desired state further comprises:
the control engine determining programming voltages for each of
the plurality of programming pulses in response to the
characterization information.
20. The method of claim 19, wherein the memory cell exhibits
25 linear and saturated programming behavior such that there is a
linear programming region and a saturated programming region,
the steps of the control engine determining the total number of
programming pulses, the pulse widths of the programming
pulses, and the programming voltages of the programming
30 pulses being performed by the control engine such that the step
of the control engine applying the plurality of programming
pulses to the memory cell resuits in the memory cell being
programmed in the saturated programming region for each
programming pulse.



bi ock 330. The control engi ne 150 derives characterization 5
i nformation fromthe cell using the difference voltage [err]Vt at

process block 335. Control engine 150 then prograns the menory
cell directly to a point near the destination state for th

: : . . : CT. 841
memory cel | WRY#3®he derived characterization infornati on?’ 7OS96/1 such

that no verify operation is required. This occurs at process 10
bl ock 340. At process block 345, control engine 150 CQM
programm ng of the nmenory cell using an exact pl acenent d

such as that shown in figure 10. The process ends at umm S

bl ock 350. Predictive | earning netho m’u’mfmﬂnig

wel |l suited for 15 qui ckly storing anal og vol tagés §n 4 he neno
array. For exanmpl e, whereingghe desired final threshold voltage
Vt for the menory cell is V|err] _target, the progranmm ng

vol tage VGC of t2ie  The method of Haimd6ewihereiy thelstep obshebngiolen by the
foll owi ng equatigpyine using the characteriza Jil Inforflation to diz\Maﬁ{'e' necisa
constant sel ect ed "such i}gat the ¢ ﬁ\raé'eerl Zi ng purfse : * cannot
result in over sHYOB YR the memgnt celhia-thefesired Stajn comprises: embodi nent ¢
i s equal to 3ihe contrel engine using the charactefizadton iforimatiohaod vol t age V[ err]
after tige characifbiifie £ i .ermned, the
progranmmi ng vol t age f\eQr r?’f%%lr t Hemﬁipu{s'g%azrgggr an%panlgﬁ{ﬂﬁése I s determ ned
by sinply det er 9iaggs pha single programming pulse.canable ef direetl®t tar get and

V[ err], increasiprpgr@ining tthe memory cell to approrimatelynthe désiredi s shown by t he
foll owi ng equat i Qae: [err] Di stributed

h ; and o . ] .
T e e h7bl kg P b Saming et R0 " ©9
Exact @0acenent membvrysednd | ear ni ng net hods may be
characterized asy absgeinRHiP6FERIth 21MWHAPER tREGAERGrY Ben SkRfbRS

linear and saturated programming behavior such that there is a
linear programming region and a saturated programming region,
the step of the control engine using the characterization

15 information to determine a programming pulse width and
programming voltages of a single programming pulse being
performed by the control engine such that the step of the control
engine applying the single of programming pulses to the
memory cell results in the memory cell being programmed in

20 ' the saturated programming region.
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are defined in an objective manner using predefined reference

‘'val ues. An alygonsdibye type of placenent nethod is a "rel at iPCEUS6/19841

pl acement” nethod. Werein absol ute placenent nethods

contenplate well defined state boundaries and separation ranges, 5

rel ative placenment nmethods require only that states are defined

relative to one another. For exanple, given a four state nmenory

cell wherein the lowest state is State 0 and the highest state is

State 3, it is sufficient that a gate voltage associated wth each state
follow the foll owi ng order: 10 [err] wherein
Vlerr] defines threshold voltage for &/ﬁﬁnnry cell in state

V[err] defines the threshold voltage for a ROty i
V& defines the threshold voltage for a ng
and VG defines the threshold voltage for
3. Practically speaking, each state,

APPLY PROGRAMMING PULSE }~—~10
TO SELECTED CELL

15
SELECTED CELL IN
PROGRAMVED STATE

€D o

FiG. 1

40

FilG. 2



vbltages, and the range of voltages nust be guardbanded such
that the largest threshold voltage of one state is not greater that
the smal | est threshold voltage of the next state.

Programmi ng ugpRkgeassh an ordering of states method 20 PCT/USYBN9BYY
entails applying one pulse at the selected gate vol tage for t he
state to place the nenory cells in the desired state. The pul se

wi dth should still be selected such that saturation programm ng

occurs for the given valué of progranm ng gate voltage.

Figure 15 is a flow chart showi ng an ordering of states 25 met hod.
Control engine 150 erases the arra/1at processing bl ock 155.
The progranm ng variables are initialized at processing bl ock

360, wherein the gate voltage is initialized to be V[err] and
the pulse width is T3. TQE pul se width T3 is selected such that

saturation programm ng ocfurs for the programm ng gate 30 vol t age
of VGL. Control engine 159 applies a pulse to a selected cel

or cells at process b 365 to place the cells in State 1. At :
process bl ock 370 con ne 150 s the pro

voltage to V& and the pu e dth to mhereln T4 |s sel

to result in saturation p ng f rogra gate WO
97/ 22123 41

VT MIN C VI MAx-

FIG. 3A

STATE STATE STATE STATE STATE STATE STATE STATE
0 1 2 3 4 5 6 7

AAAAARN

VT MIN VT MAX
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21 vol tage of V@&. At process block 375, control engine 150

applies a programm ng pulse to place selected cells in State 2.
At process bl ock 380, control engine 150 sets the progranmm ng
gate vol t age wo 9722123 to VG and sets the pul se width toPCI/uUsssiB8ai n T5
is selected to 5 result in saturation progranmm ng given the
programm ng gate vol tage VG3. A pulse is applied at process

bl ock 382 to pl ace selected cells in State 3, and the ordering
progranmi ng process is cnpl eted at process bl ock 385. No
verify operations are required. 10 The process
shown in Figure 15 may be forned in a "carry al ong" manner
wherein all cells of the array that are to be pr ogr ammed
receive all progranm ng pul ses until they have received the
progranmm ng pul se that places themto the desired state. For
exanpl e, the first progranmim{yOpi® se is applied to all 15 the cells

of the array that are to be granmed. Those cells that are to

be progranmed only to the Stat gare deselected to pr event
further programm ng, and all Ils that are to be programed to
State 2 and subsequent st at eg_giuyssw.rsecond pul se. State 2
cells receive no further progrjamm ng. Ip T process of
Figure 15 may be alternativehw-pegfornmed such that cells only
receive the progranm ng pulse fth pl aces themig their
destination state. Predictié®&=feafning techniques """ may be
applied to ensure that each Br gr P pul se prograns ' t he

sel ected nmenory cells in t h&%3at uf at ed region. 25 104 a%a Stream

Anal ysi s Met hods 55

X An alternative typegal. pliaggapesat nethod
reduces overall pr

grammng tinme by maxim zi pg ghe nunber of

menory cells 5.0 - 80
§ smare
45 70 4+~
40 60 -
I STATE 1 ; STATE 1
a5 50 +
30 40 -
25 -+ -
STATEO § STATEZ
20 . 20
15 ~— LOWER LIMIT 10 —+

0 - T STATE3

e
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that are progranmed at any given tine. Progranming is often

performed on a ""bl ock"” by bl ock basis, wherein a bl ock of 30 menory
cells typically includes a single addressable byte or word of
data. The prqgsesmag of a bl ock of menory cells occurs PCT/US96/19843i t hi n
a single "progranmng cycle.” Statistically, the data
stored in a block of nenory cells is random and may i ncl ude
cells that are to remain in the erased WD 97/ 22123

PCT/ US96/ 19841 -22-

state (State 0) as well as cells tHdl6éare to be programmed.
Therefore, progranm ng by block typically results in |ess than all

of the menory cells of a block being programred per pr ogr amm ng
cycle. For menory cells having only two states, 5 only half of the
cells of a block are progranmed per program ng cycle, on
average. For nenory cells having n states, only 1/n of the
cells of a block are progranmed toj|§ particul ar state, on
aver age.
g
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w
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Pfogranning time can be reduced by analyzing the stream 10 of data

to be programed to ensure that up to the nmaxi num nunber of
menory cells (i.e., a full block) are programed at each :
progr anm ng W@ﬁzlz‘gi gure 16 if a flow chart of a data PCT/US96/19831 I eam
anal ysi s nmet hod accordi ng to one enbodi nent. Contr ol engi ne 150
erases the array at process block 390. At process bl ock 15 395,
control engine 150 anal yzes the set of data to be progranmed

into the nmenory array to determ ne which nenory cells are to be
programmed to which state and whi Slilérenory cells are to remain

in the erased state. Analysis of the data stream nay be

performed externally to nmenory device 120 and the anal ysis sent 20
to control- engi ne 150 such that control engine 150 rmay
appropriately control programm ng of nenory cell array.

Once the data stream has been anal yzed, progranm ng begi ns at
process bl ock 400, w? ern control engine 150 prograns up to a
maxi mum nunber of cel s paving State 1°as their2 ) Fon
state. For exanple, if the nunmber of cells to bé ed i S
determ ned by the nunberlof bits in a block of ! ontr ol
engi ne 150 ensures that full block of nmenory » 80 fflay i Ng
State 1 as their destina}ion are programed at , bl ock
400. If the nunmber of gells having a destinatioh 30 AState ofLState 1

is less than the maxi muny nunber, all of the cel s
programred at process blpck 400. Progranm ng may
using any of the previougly described nethods. |
process bl ock 405 additipnal cells have State 1ya

destination state, proceps bl ock 400 is repeatefl,

6 he
5 <4+ SATURATED
“n: 1 REG'ON VG= s-ov
-
S
~ T LINEAR [
>

L.
L{

10ns 0.1ps 1us 10us
LOG TIME(S)

FIGURE 5




WO 97/ 22123 PCT/ US96/ 19841
-23- engi ne 150 ensures that a maxi mum number of cells havi ng
State 2 as their destination state are programred at process bl ock

410. At proceggpohheek 415, if additional cells having State ETAIS6/19841
their destlnatlon state exist, control engine 150 repeats the step of 5
process bl ock 410 until all such cells are programed. At
process bl ock 420, control engine 150 ensures that up to a
maxi mum nunber of cells having State 3 as their destination

state are progranmed. At process bl 0646425, control engine 150

determ nes whether additional State 3 cells need to be 10

programmed. |f not, the process ends at process bl ock 430.

Figure 17 shows an alternative data stream anal ysis met hod
wherein nmenory cells having differing destination states are
programed si mul taneously. The progrannlng nmet hod of Figure 17
recogni zes that cells pebgrammet—to o 15¢ eSSt nd a
first program state mnust "pass through” the first pps d
state. The process begins jat process bl ock 435 N «&antro
engi ne 150 erases the nendry cell array. At p S oclk¢ 440,
control engine 150 anal yzgs the set of data e pgogr anmed.
Control engine 150 ignoreg cells 20 that are tg/rgmin /n the_Frased
state or State 0. At procgss bl ock
6 T T
VD =6.°V
g -
°
2 1
> 1 Vp =56V -
4 4 4
1 Vp=52V ¢ 400
: ./ /95
Vp =48V Vi
3l 1
"1 /85
{ 1
24 i : .
10 ns 0.1us 1pus 10us
LOG TIME(S)

FIGURE 6



445, control engine 150 prograns all cells having a destination

state of State 1 or beyond to State 1, wherein up to a nmaxi num

nunber of cells are progranmed sinultaneously. Thus, sone cells
having a destydaihps State of State 2, State 3, etc. are inptrabiensghn
programmed to State 1. Process bl ock 450 control engine

progranms all cells having a destination state of State 2 or beyond

to State 2. Again, up to a maxi mum nunber of cells are

programed simultaneously. At process bl ock 455, control engi ne
150 prograns all cells having a destination state of State 3 30 or
beyond to State 3. Again, up to a nmaxi mum nunber of cells are
programed simultaneously. The proigﬁf ends at process bl ock
460. If a nmenory cell may achieve e than four anal og st at es,

the process of Figure 17 may, be readily nodified. | WO 97/ 22123
PCT/ US96/ 19841
The maxi mum nunber of cel I5=fhat may be progranmed !

defined by the maxi mum power| budget of nenory i

is typically

|
!
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device 120. Programm ng by data stream anal ysis depends on

which cells are to be programred, and programmi ng nmay be 5

i ndependent of the physical correspondence of the array to

menory | ocat W”%{lﬁﬁf" ned by the wite buffer. Because the bpomksssr19841

of nmenory cells at are programmed during a single pr ogr amm ng
cycle will not have a defined relationship (e.g. each bit is
not a bit of a single addressable byte of data), the array 10

decodi ng of nenory device 120 should be nodified to allow

i ndi vi dual addressing of cells in 8hé array such that a bl ock of

menory cells may be programmed per programm ng cycle 120 W t hout
regard to their physical location in the array. In the
foregoi ng specification the invention has been 15 /“J described with
reference to specific eanpIar thereof. It wll,
however, be evi dent thawpearlou and charjges may
be made thereto without ‘88par broader spirfit and
scope of the invention. Be spe drawi ngs {are,

accordingly, to be regarded in an illustrative rathef}20 t hgn
restrictive sense. oeg —¥D O CoMKMAND3
PCT/ US96/ 19841 CEB —p|  INTERFACE
WEB ——p 160
165
ADDRESS&) CONTRL
WRITE
DATA BUFFER ¢
170 152] 1.
m ]
COLUMN —
——
> ARRAY
——
ROW  |—>
Dﬂxm91£m-————>~ Hﬁ,
SENSING

—1  CIRCUITRY

i
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- 25- CLAI VB

VWhat is clainmed is:

menory device including an array of nenory cells,

cel | *having nore than 2 possibl e states,

a nenory cel wd®nraidesi red state,

a nethod 5
conpri si ng:

progranmm ng a subset of the array of nenory cells;
characterization information fromthe step of

subset ,

menory cells; and
information to directly
the desired state

engi ne determ ning a total
to the nmenory cel
the characterization information;

the plurality of programm ng pul ses to Voo
3. The method of claim?2, wherein thg ste 'X?Sith
engi ne directly programm ng the nenory cg&?o QTR e
engi ne determ ning a pul se w dt 9 e
plurality of programmi ng pul ses in resg L

control

characterization information

wherein the step of the control
menory cell further conprises:
progranm ng vol tages for . each of
pul ses in response to the 30

t he characterization infogptedion
characteristics of a representative 10
the control

PROGRAMMING
20 VARIABLES:

and

h

bnt r ol
the nenory cell.
contr ol

conpri ses:

t he

: clrg; rre—cret
APPLYIPROGRAMMINGIPUESEQ i
t he pnlural

1. In a
each nenory
for progranm ng

a conPCOUSHgstie

det er m ni ng
programm ng the

i ndi cati ng programmi ng
menory cel
engi ne using the characterization
program the nenory cel

wi t hout perf o
2. The nmethod of claim 1, wherein the st\{fR3
engine directly programm ng the nenory cel
nunber of pr
to achieve the desined giimLgei n

of the array of

to approxi mately

pr@§r am veri fy operation.
he control

15
t he control
pul ses to apply
response to

engi ne appl yi ng

t he

The net hod of claim3,

/I\y/mg ogramming the
e determning

ty of progranm ng

INCREASE Vg BY AVg

‘ 200

_ I APPLY PROGRAMMING PULSE
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5. The nethod of claim4, wherein the nmenory cell exhibits

l'inear and saturated programm ng behavior such that there is a

|4 near progranm ng regi on and a saturated progranmm ng region,

the steps of WB%754%4 ol engine determning the total nunberpcgiusosrnosat

WO 97/ 22123 PCT/ US96/ 19841
- 26- programm ng pul ses, the pulse widths of the programm ng
pul ses, and the progranmm ng voltages of the programmi ng pul ses
bei ng performed by the control engine such that the step of the
control engine applying the pluralit8/16f progranmng 5 pulses to
the menory cell results in the nenory cell being programed in
t he saturated programmi ng regi on for each programi ng pul se.
6. The nethod of claim 1, wherein the step of the control
engine directly programming the menory cell to approximately 10 t he
desired state conprises: 12 g uhe ] !
characterization informatiof to ! '
10 =~ -
8 -t ——
AVERAGE
PROGRAMMING - A
TIME
{(es/LOGICAL BYTE)
6 e -
4 L -+
2 —— —r—
0 +—t—+———+—+—+—+—+——
0 0.1 0.2 0.3 0.4 0.5 0.6

STATE WIDTH (V)

FiG. 10



determine a progranm ng pul se wi dth and progranmm ng vol t ages of

a single programm ng pul se capable of directly programm ng the
nenory cell to approxinmately the desired 15 state; and t he
control engi Rgpappdiyd Ng the single progranm ng pul se to the pcrrusoernesat
menory cell. 7. The met hod of claim®6, wherein the nenory cel
exhibits | i near and saturated progranm ng behavi or such that
there is a 20 | i near progranm ng region and a saturated progranm ng
regi on, the step of the control engine using the
characterization i nf or mati dh/160 determine a programm ng pul se
wi dt h and programm ng vol t ages of RQle _faigr anm ng pul se

bei ng performed by the control edgi} h that the step of the
control 25 engi ne applying the single ® gr anmi ng pul ses to the
menory cell results in the nmenory cell being programed in t he
sat urated progranm ng region. ﬁbGRAMgl'J'BSEﬂQFMY 20m 1,

further conpri sing: t he control g progranmm ng of
the nmenory cell to 30 t he desired | east one

programm ng pul se
9. In a nenory device including an arrfayefiVe CHRARRCTEREANION - each
menory cell having nore than 2 possi bl for
progranmm ng a nenory cell WO
97/ 22123

PROGRAM CELL DIRECTLYTO |~ 230
DESTINATION STATE USING
CHARACTERIZATION INFORMATION

235

FIG. 11

240
ERASE
ARRAY

PROGRAM SUBSET OF ARRAY 45
USING EXACT PLACEMENT
METHOD
DERIVE CHARACTERIZATION | ~—250

INFORMATION FOR AVERAGE
CELL OF ARRAY

Y

PROGRAM CELL TO POINT NEAR| .~—255
DESTINATION STATE

)

PROGRAM CELL TO DESTINATION r/m

STATE USING EXACT PLACEMENT
METHOD

265
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-27- a control engine progranm ng a subset of the array of nenory
cells to determ ne characterization information indicating
representative of progranm ng characteristics for the array of .

nmenory cell s;walsein t he control engine using the charactmriusasamsal
information to directly programthe nmenory cell to the desired
state wi thout performng a programverify operation.

10. The nethod of claim9, wherein the step of the control

engi ne using the characterization information to directly 10

programthe nenory cell to the desiredl2fl& e conprises: the control
engi ne determning a total nunber of a plurality of pr ogramm ng
pul ses to apply to the nenory cell to achieve the desired state
in response to the characterization informtion; and t he control
engi ne applying the plurality of programm ng pul ses to 15 t he
menory cel | . 11. The nethod of claim 10, wherein the step of
the control engi ne using the characterization information to
directly programthe nenory cell to-the desismed state further
conpri ses: the control engine det erm'u se width for each of
the 20 plurality of programm ng pul sesd AY 4 ponse to the
characterization information. 12.  TRe net hod of claim 11,
wherein the step of the control [ APPL BOLSETO % 75
characterization information to directli paagLbm t he menory

cell to the desired state further corrprlses 25 + t he control engi ne

determ ni ng programm ng vol tages for each dfmeasuRE vy (ip) I,, 280

APPLY SECOND PULSE TO CELL 285

v

MEASURE V1 (ip) }~—2°

v

DERIVE CHARACTERIZATION |}~ 285
INFORMATION FOR CELL
FROM AVT

v

PROGRAM CELL DIRECTLY TO
DESTINATION STATE USING
| CHARACTERIZATION INFORMATION

FIG. 13



t he plurality of progfanning pul ses in response to the

characterization information. 13. The nethod of claim12,
wherein the nmenory cell exhibits | i near and sat urated
progranm ng bgBayhfks such that there is a 30 | i near BUTAORY8MIBEN]
region and a saturated -progranm ng region, the steps of the
control engine determning the total nunber of pr ogranmm ng

pul ses, the pul se widths of the programm ng pul ses, and the
progranm ng vol tages of the progranmm ng pul ses bei ng perforned
by the control engine such that the stdg/16 WO 97/ 22123

PCT/ US96/ 19841 - 28-

of the control engine applying the plurality of programm ng
pul ses to the nmenory cell results in the nenory cell being
programmed in the saturated programm ng region for each

programm ng pul se. 5 : 14. The nethod of claim9, wherein the step of
t he control engi ne using the characterization information to
directly programthe nmenory cell tQq siyRg state conprises:

APPLY FIRST PULSETOCELL | ~-315

v
MEASURE V1 (ip) |~ 3%

y

APPLY SECOND PULSE TO CELL |~ 325

v

MEASURE VT (ip) |n/33°

DERIVE CHARACTERIZATION }~—335
INFORMATION FOR CELL
FROM AVT

Y

PROGRAM CELL DIRECTLY TO A POINT |~ 340
NEAR DESTINATION STATE USING
CHARACTERIZATION INFORMATION .

¥

PROGRAM CELL TODESTINATION J~—35
STATE USING EXACT PLACEMENT |
METHOD

350
CEND

FI1G. 14



the control engine using the characterization information to

determ ne a progranmm ng pul se w dth and progranm ng 10 vol t ages of

a single programm ng pul se capable of directly programm ng the

henory cell twoeppinxi mately the desired state; ®owus9s/19841 t he

control engine applying the single programm ng pulse to the

menory cell. 15 15. The nethod of claim 14, wherein the nenory

cell exhibits | i near and saturated programm ng behavi or such

that there is a | i near progranm ng region and a saturated

progr anm ng region, the step of the control engine using the

characterization information,to determ ne a programm ng pul se

wi dt h and 20 pr ogr ami ng voltdééyiof a single programm ng pul se

bei ng performed by the control engine such that the step of the

control engi ne applying the single of progranm ng pulses to the

menory cell results in the nenory cell being progranmed in t he

saturated progranm ng region. 25 16. In a nmenory device including

an array of nenory cells, a nmet hog Ori3sgy an anal og vol t age

in a nenory cell by pr ogr anm ng N » d voltage of the

menory cell to a desired vol t age, e i ng: a contro

engi ne programi ng a subset of the array of nenmgry cells 30 to

determ ne characterization information fr)n1tQﬁ BrEP

progranm ng the subset, the characterizatiomp i

i ndi cating programm ng characteristics of |Ja VARABLESNt ti ve

mermory cell of the array of nenory cells;{and¥s=Vss;

- VD=VYD_TRAIM;
VG =Vai1;
T=T3

APPLY PULSE j~—365

APPLY PULSE 382

385

FIG. 15



WO 97/ 22123

- 29- the control engine us
program the threshold voltage of th
desired vol t 3g89722123 17. Th
of the control 5 engi ne us

PCT/ US96/ 19841
ing the characterlzatlon information to
e menory cell directly to the
e nethod of claim 16, V\h@e@mgabg‘qstep
ing the characterization information to

directly programthe nenory cell to the desired state conprises:

the control engine determning a to
programming pul ses to apply to the
desired state in response to the ch
the control engine applying the plu

tal nunber of a plurality of
menory cell to achieve the

ar a¥/éfi zati on information; and 10
rality of prag ;.-ulses to

the nenory cell. 18. The net hod , Wherein the step
of the control engi ne using the ization information to
directly programthe nmenory cell e desired state further
conprises: 15 the control engine dete Wi ggsh for each of
t he plurality of programm ng sé to the

characterization information
wherein the step of the control
characterization information to dir
to the desired state further conpri
determ ni ng programm ng voltages fo

FIG.

of claim 18,
t he
program the nenory cel

ctl 20
es:} PROGRAM URTOMARMIDMT ) ne
e 'lgTry OF CELLS HAVING

1 AS DESTINATION STATE

405

PROGRAM UP TO MAXIMUM 410
NUMBER OF CELLS HAVING

STATE 2 AS DESTINATION STATE

PROGRAM UP TO MAXIMUM
NUMBER OF CELLS HAVING
| STATE 3 AS DESTINATION STATE
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t he plurality of progranmm ng pul ses in response to the

characterization information. 20. The nethod of claim19,
wherein the nmenory cell exhibits 25 ' | i near and sat urated
programm ng Rehewd,pfs such that there is a | i near ppi/gscI9B41Ng
region and a saturated programm ng region, the steps of the
control engine determning the total nunber of pr ogranmm ng
pul ses, the pul se widths of the programm ng pul ses, and the
programm ng vol tages of the progranmm ng/180 pul ses bei ng perforned
by the control engine such that the step of the control engine
applying the plurality of progranm ng pul ses, 40 the nmenory cel
results in the nenory cell being ' 1-0 In the saturated
progranm ng regi on for each pr ogr aghnhiNy _gful se. WO
97/ 22123 PCT/ US96/ 19841
- 30- 21. The nethod of clai mpt6—wnireret § Stgg of the
cont r ol engi ne using the charec?gﬁggﬁ§; TAformation to
directly programthe nmenory c4ql b | Jed state conpri ses:
Y

PROGRAM ALL CELLS HAVING A DESTINATION |~ ~445
STATE OF STATE 1 OR BEYOND TO STATE 1,
WHEREIN UP TO A MAXIMUM NUMBER
OF CELLS ARE PROGRAMMED SIMULTANEOUSLY

v

PROGRAM ALL CELLS HAVING A DESTINATION |~ —~450
STATE OF STATE 2 OR BEYOND TO STATE 2,
WHEREIN UP TO A MAXIMUM NUMBER
OF CELLS ARE PROGRAMMED SIMULTANEOUSLY

v

' PROGRAM ALL CELLS HAVING A DESTINATION ]~ 455
. STATE OF STATE 3 OR BEYOND TO STATE 3,
_ WHEREIN UP TO A MAXIMUM NUMBER

OF CELLS ARE PROGRAMMED SIMULTANEOUSLY

IR

Gy

FIG. 17
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(57) Abstract

In a memory device including an array of memory cells, each
memory cell having more than two possible states, a method for
programming a memory ccll to a desired state is disclosed. The method
comprises a control engine programming a subset (220), wherein the
characterization information indicates programming characleristics of
a representative memory cell of the array of memory cells (225). The
control engine then uses the characterization information to directly
program the memory cell to approximately the desired state (230)
without performing a program verify operation.
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