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-1- METHOD AND Cl RCU TRY FOR STORI NG DI SCRETE AMOUNTS OF CHARGE I N A SI NGLE
MEMGRY ELEMENT FI ELD OF THE | NVENTI ON The present app ﬁgg % Iat es to the
" programm ng of nenmory cells. Mre particularly, t he % i hventi on
relates to,a nmethod and circuitry for progranm ng flash Py cells to
store discrete amounts of charge representing multiple bl_ngD B?Iz,a in a
single nmenory cell. BACKGROUND Nonvol atil e sem conductor nenories$/fuse a
vari ety of sem conductor nmenory cell designs. One type of nenory /cell uses
an electrically isolated floating gate to'trap charge. A variety of

nmechani sms can be used to insert charge into the floating gate and to pull
charge fromit. Electron tunneli n can be used both to inject char&e and to

pul | charge of f METHOBANRL @g’&i Wﬁow “%@ID‘SCI%ET%M@UHHE fection
i s anot her mechani sm f ar_i ndeHARG IN A SINGLE MEMORY ELEMENT

FIELD OF THE INVENTION

The present invention relates to the programming of memory cells.
More particularly, the present invention relates to a method and circuitry for
programming flash memory cells to store discrete amounts of charge
representing multiple bits of data in a single memory cell.

BACKGROUND

Nonvolatile semiconductor memories use a variety of semiconductor
memory cell designs. One type of memory cell uses an electricaily isolated
floating gate to trap charge. A variety of mechanisms can be used to insert
charge into the floating gate and to pull charge from it. Electron tﬁnneling
can be used both to inject bharge and to pull charge off {he floating gate of

. a memory cell. Hot electron injection is another mechanism for inserting
o charge into a floating gate of a memory cell. Other nonvolatilé
semiconductor memories use a trapping dielectric to insert or remove
charge from between the control gate of a memory cell and silicon.

An attractive feature of nonvolatile semiconductor memories is their
ability to retain data when powered off. Another attractive feaﬁ;re of
nonvolatile semiconductor memories is their ability to store analog data.
This permits storage of multiple bits of data in a single memory cell, which

is sometimes called multistate storage.



charge into a floating gate of a nmenory cell. O her nonvol atile
sem conductor nenories use a trapping dielectric to insert or renove charge
from between the control gate of a menory cell and silicon. An attractive
feature of nonvolatile sem conductor nmenories is their ability to retain
data when powered off. Another attractive feature of nonvolatile
sem conductor nenories is their ability to store analog data. This permts
storage of multiple bits of data in a single nenory cell, which is
sonetimes called nultistate storage. - - 2_- There are prior patents that
di scuss nultistate storage. U. S. Pateht No: 25, 043,940 of Harrari for FLASH
EEPROM MEMORY SYSTEMS HAVI NG MULTI STATE STORAGE CELLS ("Harrari") defines
four states in There are prior patents that discuss muttistate storage. U.S. Patent

No. 5, 043,940 of Harrari for FLASH EEPROM MEMORY SYSTEMS

HAVING MULTISTATE STORAGE CELLS ("Harrari") defines four states in

terms of the threshold voltage Vi of a split-channel memory cell. Using

these four states, Harrari is able to store two bits of data per memory cell by

applying multiple programming pulses to each memory cell.

U.S. Patent No. 5,163,021 of Mehrota et al. for MULTI-STATE

EEPROM READ AND WRITE CIRCUITS AND TECHNIQUES ("Mehrota")

describes multilevel programming of split-channel memory cells in greater

detail. Like Harrari, Mehrota defines four states in terms of memory cell

threshold voltage. Mehrota describes programming multiple memory cells

in parallel. A program pulse is applied to a group of cells simultaneously.

Each cell is then program verified and those cells that are properly

programmed are protected from further programming. Program pulses are

applied until all memory cells in the group are properly programmed.

Mehrota discloses using the same voltage levels for each subsequent

programming puise.



terns of the threshold voltage Vt of a split-channel nmenory cell. Using
these four states, Harrari is able to store two bits of data per nenory
cell by applying multiple programm ng pul ses to each nenory cell. U S.

Patent No. 5,163,021 of Mehrota et al. for MILTI-STATE EEPROM READ AND

VWRI TE Cl RCU TS AND TECHNI QUES (" Mehrota") describes nulti

| evel progranm ng

of split-channel nenory cells in greater detail. Like Harrari, Mehrota

defines four states in ternms of nenory cell threshold vol
descri bes programming nultiple nmenory cells in parallel.
applied to a group of cells sinultaneousl y‘.3 Each cell is
verified and those cells that are properly
further progr &UHVNARYAND 2B B &) P

SHIQMt i | al |

the group are properly .prorad. Mehrot a di scl oses usin

tage. Mehrota
A program pul se is
t hen program

pr ogr anmed are protected from

menory cells in
t he sane voltage

|l evel s for each sub¥eeRient Olphsdqrasentigveniioads to provide a method and
| | circuitry for storing discrete amounts of charge in a memory cell within a

reasonable time period.

Another object of the present invention is to provide a method and

circuitry for rapidly programming memory cells to allow storage of multiple

bits of data in a single memory cell.

Another object of the present invention is to provide a method of

accurately programming memory cells to selected states, which represent

patterns of multiple data bits.

These and other objects of the invention are met by a method and

circuitry for programming a memory cell to one of at least three amounts of

charge. The amount of charge placed in the memory cell is increased by

increasing the voltage level of a programming pulse applied to the memory

cell.

Other objects, features, and advantages of the present invention will

be apparent from the accompanying drawings and the detailed description

that follows.



-3 - SUMVARY AND OBJECTS OF THE | NVENTI ON An obj ect of the present

i nvention is to provide a nethod and circuitry for storing discrete anpunts
of charge in a nmenory cell within a reasonable tinme period. Another object
of the present invention is to provide a nethod and circuitry for rapidly
programm ng nmenory cells to allow storage of multiple bits of data in a
single nmenory cell. Another object of the present invention is to provide a
met hod of accurately programrming nenory cells to selected states, which
represent patterns of nultiple data bits. These and ot her objects of the

I nvention are net by a nmethod and C|rCU|try4for progranmm ng a nenory cel

to one of at |east three anmounts of '

BRIEF DESCRIPTION QF THE DRAW!N§§

- The present invention is illusirated by way of example and not
limitation in the figures of the accempanying drawings in which like
references indicate similar elements and.in whic.h:

Figure 1 is a block diagram cf a personal computer.

Figure 2 is a block diagram of a memory device.

Figure 3 is a schematic diagram of a portion of a memory array.

Figure 4A illustrates four staies defined by different threshold
voltages of a nonvolatile memory cell.

Figure 48 illustrates four states defined by different drain currents of
a nonvolatile memory cell.

Figure 5 is a flow diagram of a method of programming in parallel
multiple memory cells. \

Figure 6 graphs threshold voitage versus time for various gate
voliages. ' ‘

Figure 7 graphs threshold voltage versus time for various drain
voltages.

Figure 8 graphs threshold voltage versus time for various drain
voltages.

Figure 9 illustrates the number of programming pulses required to
program a group of memory cells versus state width.

Figure 10 is a flow diagram of a method of individually programming

memory cells to store differing amounts of charge. -



charge. The anount of charge placed in the nenory cell is increased by

i ncreasi ng the voltage | evel of a progranm ng pul se applied to the nenory
cell. O her objects, features, and advantages of the present invention will
be apparent fromthe acconpanying drawi ngs and the detail ed description
that foll ows. -4 - BRI EF DESCRI PTI ON OF THE DRAW NGS The present
invention is illustrated by way of exanple and not limtation in the
figures of the acconpanying drawings in which |ike references indicate
simlar elements and in which: Figure 1 is a block diagramof a personal
conput er. -5-

Figure 11 is a block diagram of a circuit for sensing and verifying the

programming of a memory cell storing muttiple bits of data.



Figure 2 is a block diagramof a nenory device. Figure 3 is a schematic
diagram of a portion of a nenory array. Figure 4A illustrates four states
defined by different threshold voltages of a nonvolatile nenory cell.
Figure 48 illustrates four states defined by different drain currents of a
nonvol atile nmenory cell. Figure 5 is a flow diagram of a nethod of
programming in parallel multiple nmenory cells. Figure 6 graphs threshol d
vol tage versus tine for various gate voltages. Figure 7 graphs threshold
vol tage versus tine for various drain voltages. Figure 8 graphs threshold
vol tage versus tine for various drain voltages. Figure 9 illustrates the
nunber of programm ng pul ses required to B .

DETAILED DESCRIPTION

Figure 1 illustrates in block diagram form a computer system. The
computer system includes a central processing unit ("CPU") and a monitor
for visually disp'laying information to a computer user. A keyboard allows
the computer user to input data to the CPU. By moving a mouse the
computer user is able to move a pointer displayed on the monitor. Memory
stores data used by the CPU. Nonvolatile semiconductor memory device
20 is one type of memory accessed by the CPU. Nonvolatile
semiconductor memory 20 has the advantage of retaining data when
powered off.

Figure 2 illustrates in block diagram form nonvolatile memory device
20, which is fabricated on a single semiconductor substrate. Memory
device 20 stores data using nonvolatile memory cells within mémory array
22. The threshold voltages of the nonvolatile memory cells can be altered
during programming, thus permitting storage of analog voltage levels.
Memory array 22 may include any type of memory cell with programmable
threshold voltages, such as memory cells with trapping dielectrics or
floating gates. In one embodiment, memory array 22 is comprised of flash
memory cells. |

Methods of programming memory cells to store discrete amounts of
charge will be described in more detail herein below. Briefly described,
these methods use multiple programming pulses to place differing discrete

amounts of charge within the memory cells. The amount of charge placed



programa group of nenory cells versus state width. Figure 10 is a flow
di agram of a nmethod of individually programm ng nenory cells to store

differing amounts of charge. -5 - Figure 11 is a block diagram of a
circuit for sensing and verifying the programmng of a nenory cell storing
multiple bits of data. -6 - DETAILED DESCRI PTION Figure 1 illustrates in

bl ock di agram form a conputer system The

-7-
within each memory cell is varied by varying the gate or wordline voltage
level during programming pulses. Placing differing discrete amounts of
charge in each memory cell permits storage of multiple bits of data in a
single memory cell. These methods are applicable to both nonvolatile
memory cells, such as used in flash EPROMs, and volatile memory cells,
such as used in dynamic random access memories (DRAMs).

I. Memory Device Overview

Prior to beginning that detailed discuséion of programming, consider
again memory device 20 to which the methods are applied. Vpp is the
erase/program power supply for memory device 20 in the absence of a
high voltage level on the memory cells, memory device 20 acts as a read
only memory. The data stored at an address indicated by address lines 24
is read from memory array 22 and is output to the external user via data
lines 26.

X decoder 28 selects the appr.op'riate row within memory. array 22 in
response to address signals applied to address lines 24. For this reason, X
decoder 28 is also called row decoder 28. Similarly, Y decoder 30 selects
the appropriate column within memory array 20 in response to address
sighals from address lines 24. Because of its function, Y decdder 30 is also
called column decoder 30.

Data output from memory array 22 is coupled to Y decoder 30, which

passes the data on to sensing circuitry 32. Sensing circuitry 32 determines



conput er systemincludes a central processing unit ("CPU') and a nonitor
for visually displaying infornmation to a conputer user. A keyboard all ows
the conputer user to input data to the CPU. By noving a nouse the conputer
user is able to nove a pointer displayed on the nonitor. Menory stores data
used by the CPU. Nonvol atil e sem conductor nenory device 20 is one type of
menory accessed by the CPU. Nonvol atil e sem conductor nenory 20 has the
advant age of retaining data when powered off. Figure 2 illustrates in bl ock
di agram form nonvol atil e nenory device 20, which is fabricated on.a single
seni conduct or substrate. Menory device 20 st®res data using nonvdl atile
menory cells wthin nenory array 22. The threshold vol tages. of the

nonvol atil e menRg%tRelof tatRpréi@nfdd & iedsiAl TeRYe REOBEIRAIRP B4, tdarEsimer m tting
storage of analog voltage levels. Menory array 22 may include any type of

menory cell wi tdircpitggBatherbpssde3rtrs hodultswdlitsagesysisbatk asY oeeodyr 8@l Is with
trapping dielectrics or

- In an embodiment of memory device 20, control engine 36 controls

the erasure.and p‘rdgramming of memory array 22. Control engine 36 also

controls the programming of multilevel cells, which will be described in

detail herein below. In one embodiment, control engine 36 includes a

processor, that is controlled by microcode stored in on-chip memory.

However, the particular implementation of control engine 36 does not affect

the present method of programming of multilevel cells.

Control engine 36 manages memory array 22 via control of row
decoder 28, column decoder 30, sensing circuitry 32, reference cell array
34 and voltage switch 38. Voitage switch 38 controls the various voltage
levels necessary to read, program and erase memory ar'ray 22. Vgeisthe
device power supply and Vgs is ground. Vpp is the program/erase voltage,
which must be high in order to program or erase data stored within memory
array 22. Vpp may be externally supplied or internally generated.

User commands for reading, erasure, and programming are
communicated to control engine 36 via command interface 40. The
external user issues commands to command interface 40 via three control
pins: output enable OEB, write enable WEB, and chip enable CEB.

Programming memory cells according to the present methods

requires some understanding of the organization of memory array 22.

Figure 3 illustrates in detail a portion 22a of memory array 22. Portion 22a



floating gates. In one enbodi nent, nmenory array 22 is conprised of flash
menory cells. Methods of programm ng nenory cells to store discrete anmounts
of charge will be described in nore detail herein below Briefly described,
t hese net hods use multiple programm ng pul ses to place differing discrete
anounts of charge within the nmenory cells. The anount of charge pl aced
-7- within each nenory cell is varied by varying the gate or wordline
vol tage | evel during programm ng pul ses. Placing differing discrete anmounts
of charge in each nenory cell pernits storage of nultiple bits of data in a
singl e“menory cell. These methods are appli-¢able to both nonvol atile nmenory
cells,-such as used in flash EPROVs, and volatile nenory cells,

. includes six single field effect transistor floating gate memory cells 50, 52,

54, 56, 58, and 60. This type of memory cell is shown solely for illustration
purposes. Other types of memory cells may also be programmed to
multiple states using the present methods. For example, multiple transistor
memory cells and memory cells that use a trapping dielectric to.shift the
threshold voltage of the memory cells may both be programmed using the
present methods. Additionally, volatile memory cells, such as those used in
DRAMSs, could be programmed using the present methods.

Memory celis 50, 52, 54, 56, 58, ahd 60 are formed at the
intersections of word lines 62 and 64 and bit lines 66, 68, and 70. Word
lines 62 and 64 are also referred to as X lines or row lines. This is because
each wordline is coupled to X decoder 28. Each wordline is also coupled
to all memory cell gates in a particular row. For example, word line 62 is
coupled to the gates of memory cells 50, 52, and 54. Bit lines 56, 68 and
70 are also referred to as Y lines or column lines be.cause they are coupled
to Y decoder 30. Each bitline is coupled to all memory cell drains in a
particular column. For example, bitline 68 is coupled to the drains of
memory cells 52 and 58. The sources of all memory cells in a row are
coupled to a local source line. The sources of memory cells 50, 52 and 54
are coupled to local source line 72, while the sources of memory cells 56,
58 and 60 are coupled to local source line 74. Local source lines 72 and
74 are also coupled to common source line 76, which is coupled to voltage

switch 38. Common source line 76 thus provides a mechanism for -



such as used in dynam c random access nenories (DRAMs). 1. Menory Device
Overview Prior to beginning that detailed discussion of progranmm ng,

consi der again nmenory device 20 to which the nethods are applied. Vpp is

t he erase/ program power supply for. menory device 20. In the absence of a
hi gh voltage |l evel on the nenory cells, nenory device 20 acts as a read
only nmenory. The data stored at an address indicated by address lines 24 is
read frommenory array 22 and is output to the external user via data |ines
26. X decoder 28 selects the appropriate row within nmenory array 22 in
response to address signals applied to addr&@s |ines 24. For this reason X
decoder 28 is also called row decoder 28. Simlarly, Y decoder 30 selects

t he appr opri at @eetlingrvoldgesito thesouscearafayl rBémiony celtpenbia & oloottdsfess
signals fromaddress |ines 24. Because of its function, Y decoder 30 is

al so called coMAMOHeRERELL230. :

Together the bitlines, wordlines, and the common source line
provide a means of applying to the memory cells the voltages necessary for
programming, erasing, and reading memory cells within array 22. Memory
cells 50, 52, 54, 56, 58 and 60 are erased via Fowler-Nordheim tunneling
by applying approximately zero volts to memory cell gates via wordlines 62
and 64, allowing bitlines 66, 68 and 70 to float, and tying memory cell
sources to approximately 12 volts via common source line 76. Memory
cells 50, 52, 54, 56, 58, and 60 can also be erased via negative gate erase
by applying -10 voits to memory cell gates, allowing the drains to float, and
coupling the sources to 5 volts. Within flash memory arrays, an entire block
of memory cells is erased at once. Memory cells are rc_ead, that is to say
their states are sensed, by applying one to seven volts to wordlines 62 and
64, approximately one volt to bitlines 66, 68 and 70 and allowing common
source line 76 to float. Memory cells 50, 52, 54, 56, 58, and 60 are
programmed via hot electron injection by applying a source voltage Vg to
common source line 76, applying a drain voltage Vp to bitlines 66, 68, and
70 such that the bitline voltage level is 5-7 voits above source fine 76, i.e.,
setting Vps to 5-7 volts, and applying a voitage level to wordlines 62 and
64 sufficient to change the amount of charge stored by the memory cells
being programmed. Other voltage levels also can be used to program

memory cells. As used herein, "programming pulse” refers to the -



Data output frommenory array 22 is coupled to Y decoder 30, which passes
the data on to sensing circuitry 32. SenS|ng circuitry 32 determ nes -8
- the state of data presented to it using reference cell array 34. Sensing
circuitry 32 then passes the results of its analysis back to Y decoder 30.
In an enbodi ment of nenory device 20, control engine 36 controls the
erasure and progranmm ng of nenory array 22. Control engine 36 also controls

the progranm ng of nultilevel cells, whi ch will be described in detail
herein bel ow. In one enbodi nent, control gl ne 36 includes a processor,
that is control Eed by mcrocode stored in © Lehi p menory. However, the

particul ar inplenentation of control engine 36 does not affect the present
met hod of pr ogcambinaficof oinvditeigee\applied td the bitline, sourceline, and wordline of a

memory cell to shift its threshold voltage by changing the amount of charge
stored in the memory cell. _

A group of memory cells are selected for programming and reading
by coordinating the control of wordline and bitline voltages. To illustrate,
assume that memory cell 50 is to be programmed. The gate voltage for
memory cell 50 is brought_to. and held at, the appropriate level via wordline
62, which also applies the same voltage to the. gate of memory cells 52 and
54. Local source line 72 applies the same voltage to the sources of all
three memory cells. Memory cell 50 is programmed by pulsing the vo.ltage
on its drain by pulsing the voltage on bitline 66, while bitlines 68 and 70 are
held near ground and wordline 62 is held at a high enough voltage to
develop a desired electric field across the gate oxide of memory cell 50.
Thus, only memory cell 50 is programmed. The duration of a programmmg
pulse within memory array 22 is controlled by the duration of the high
voltage on the selected bitline, that is to say, by the drain voltage.

As stated previously, programming and erasure of a memory cell
alters its threshold voltage and the drain current conducted by the memory
cell during sensing. Possible threshold voltages in a nonvolatile memory
cell range from a lower limit of approximately 1.5 volts to an upper limit of
approximately 7.0 volts. The lower limit of th'e programming range, or
programming window, is constrained by erase times and gate disturb

voltages. The upper level of the programming window is constrained by



Control engine 36 nanages nenory array 22 via control of row decoder 28,
col um decoder 30, sensing circuitry 32, reference cell array 34 and
voltage switch 38. Voltage switch 38 controls the various voltage |evels
necessary to read, programand erase nenory array 22. Vcc is the device
power supply and VSS is ground. Vpp is the progranierase voltage, which
nmust. be high in order to programor erase data stored within nenory array
22. Vpp may be externally supplied or internally generated. User comrands
for reading, erasure, and progranm ng are Qﬂ?punicated to control engine 36
SS

via command i nterface 40. The external user ues commuands to command

interface 40 via three control pins: output enable OEB, wite enabl e WEB,
and chi p enabl @rafEgistbopiagss @pdieales ghalge|essc & Be BregraryMingewindedent
Frgure 3 111 usbPEBo ORI STTETBORGrAISdR 28 prenBatnyeabt 8)CBR  por {1 on
22a i For memory cells storing more than one bit of data there is not a one

to one correspondence between the number of memory cells within array

22 and the number of bits of data stored by array 22. Thus, the phrases

"memory cell” and "bit" are not used synonymously herein. "Memory cell”

refers to a physical device, such as a transistor illustrated in Figure 3, and

"bit" or "bits" refers to the logical data stored within a memory cell.

The number of bits, B, stoFed within a nonvolatile memory cell is
related to the number of states, S, by the equation S = 2B, where B is not
restricted to integer values. The number of states that could be stored
within a nonvolatile memory cell is limited in practice by the ability to place
states and to distinguish between those states at some later time. Thus, if
the sensing circuitry can detect the difference of a single electron, then
states may be defined in terms of a single electron. States may be defined
in terms of memory cell threshold voltage level or drain current. Memory
cell threshold voltage Vt, and drain current ID are approximately related to
each other by the expression:

ID @ Gm x (VG - Vi) for Vp > Vg - Vi

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

Vp is the memory cell drain voltage; and

Vi is the memory cell threshold voltage. -



-9 - includes six single field effect transistor floating gate nmenory cells
50, 52, 54. 56, 58, and 60. This type of nmenory cell is shown solely for
illustration purposes. her types of nmenory cells may al so be programred
to multiple states using the present nethods. For exanple, nultiple
transi stor nenory cells and nenory cells that use a trapping dielectric to
shift the threshold voltage of the nenory cells may both be programred
using the present nmethods. Additionally, volatile nenory cells, such as
those used in DRAMs, could be programmed using the present nethods. Menory
cells 50, 52, 54, 56, 58, and 60 are fornmed!dt the intersections of word
lines 62 and 64 and bit |ines 66, 68, and 70. Wrd lines 62 and 64 are al so
referred to as X |i M@ reemeoueelisrmteringrhiudtidles bhe oadsata, each ofthialpossibies
coupled to X decoder 28. Each wordline is also coupled
: patterns of bits represents one state. In effect, the cell is storing base S
data, where S is the number of siates the cell i1s capable of storing. The bit
pattern results from decoding the state data of one or multiple cells. For
example, for memory cells storing two bits of data there are four bit patterns:
00, 01, 10, and 11. Each of these bit patterns is represented by a state.
The particular state represented by a particular pattern of bits depends
upon the type of coding used. Two commonly used types of coding are
Gray coding and binary cdding. The type of coding used does not effect the
present methods of programming.
States may be defined in a variety of ways. They may be defined in
terms of a range of threshold voltages Vy, a range of drain currents lg, or a

range of charge.

Il. Ex Placement Algorithms For Programmin
itipl '

Exact placement algorithms program each nonvolatile memory cell
to a destination state that is defined by a range of threshold voltages Vi, or
drain currents lg or an amount of charge. Figures 4A and 4B illustrate two
definitions of four states for a nonvolatile memory cell stori.ng 2 bits of data.
According to the definition of Figure 4A, states 0, 1, 2, and 3 each occupy a
range of threshold voltages, Vi The state representing the lowest threshold
voltage, state 0, is achieved by erasing the memory cell. The other three

states, states 1-3, are achieved by programming the memory cell. Figure



to all nmenory cell gates in a particular row. For exanple, word line 62 is
coupled to the gates of nenory cells 50, 52, and 54. Bit lines 66, 68 and
70 are also referred to as Y lines or colum |ines because they are coupl ed
to Y decoder 30. Each bitline is coupled to all menory cell drains in a
particul ar colum. For exanple, bitline 68 is coupled to the drains of
menory cells 52 and 58. The sources of all nenory cells in a row are
coupled to a local source line. The sources of nenory cells 50, 52 and 54
are coupled to local source line 72, while the sources of nenory cells 56,
58 and 60 are coupled to local source line-74- Local source lines 72 and 74
are al so coupled to common source line 76, which is coupled to voltage

swi tch 38. ComuBndefingscieut states/in tehis oprangedast daainetin@nt. sfhé gtate -10-

representing the greatest amount of drain current, state 0, is achieved by
erasing the memory cell. The other three states, states 1-3, are achieved
by programming.

When exactly placing states, however defined, the designer may
choose to program multiple memory cells in parallel; i.e., simultaneously, or
to program each memory cell individually. Programming multiple cells in
parallel regardless of their destination states requires using multiple
program pulses to avoid overshooting states. In contrast, a single
programming pulse may be used when memory cells are programmed
independently of each other. Both methods of exact placement account for
program variation caused by most sources of variation, such as Vpp
variation, temperature variation, and cell-to-cell variation. Additionally,

exact placement methods of programming are robust.

A. Programming Multiple Nonvolatile Memory Cells in Paraliel

Using Exact Placement

Figure 5 illustrates in flow diagram form a method of programming a

number of memory cells in parallel to multiple states representing a pattern
of bits. The method illustrated programs memory cells as close as possible
to predefined states, whether those states are defined in terms of drain
current or threshold voltage. The following discussion deals with the

programming of four states associated with two data bits; however, the



applying voltages to the sources of all menory cells within a bl ock of
menory array 22. Together the bitlines, wordlines, and the commobn source

| ine provide a neans of applying to the nenory cells the voltages necessary
for programm ng, erasing, and reading nenory cells within array 22. Menory
cells 50, 52, 54, 56, 58 and 60 are erased via Fow er-Nordhei mtunneling by
appl yi ng approximately zero volts to nenory cell gates via wordlines 62 and
64, allowing bitlines 66, 68 and 70 to float, and tying nmenory cell sources
to approximately 12 volts via comon.source line 76. Menory cells 50, 52,
54, 56, 58, and 60 can al so be erased via ndfative gate erase by applying
-10 volts to nenory cell gates, allowing the drains to float, and coupling
t he sources tonmethotitis eqiitityhapplidabiehtonsiotage afrarageitrany mrnbercofdbitcéd of
menory cells is erased at once. Menory cells are read, that is to say their
states are sens§@t byy sippleynagosneel.o seven volts to wordlines 62 and 64,

approxi mately one volt to bitlines 66, 68 and 70 and al |l ow ng common
Briefly described, according to the present method all memory cells

within a selected group are programmed simuitaneously, regardless of
their destination states; i.e., regardless of the amount of charge to be
placed in each memory cell. An initial programming pulse is applied to all
memory cells in the selected group. Afterward, each memory cell within the
selected group is program verified to determine whether it has been
programmed to its destination state. As used herein, program verification
refers to the process of determining whether a defined amount of charge
has been placed in a memory cell. No additional programming puises are
applied to those memory cells that program verify. If any memory cell within
the selected group did not program verify, the wordline voltage of the
programming pulse is increased. Another programming pulse is then
éppiied to those memory cells which did not verify. The process of
programming, verifying, and increasing the gate voltage continues until all
memory cells verify or a maximum gate voltage is reached.

The programming method of Figure 5 steps the wordline voltage of
each subsequent programming pulse rather than increasing the total
programming duration of each subsequent programming pulse. The
rationale for this programming strategy arises from the programming
characteristics of nonvolatile memory cells. Figure 6 graphs memory cell

threshold voltage Vi versus the log of programming time for four different



source line 76 to float. Menory cells 50, 52, 54, 56, 58, and 60 are
programmed via hot electron injection by applying a source voltage VS to
common source line 76, applying a drain voltage VD to bitlines 66, 68, and
70 such that the bitline voltage level is 5-7 volts above source |ine 76;
I.e., setting VDS to 5-7 volts, and applying a voltage |evel to wordlines
62 and 64 sufficient to change the amount of charge stored by the nenory
cells being programmed. O her voltage |evels also can be used to program
menory cells. As used herein, "programm ng pul se" refers to the - 11 -
conbi nati on of voltages applied to the bitFfPne, sourceline, and wordline of
a nenory cell to shift its threshold voltage by changing the anount of
char ge st or ed gate wvhtagesduyng ptdgramming. The gate voltages are relevant as an

indication of the relative strength of the electric field across the gate oxide
of the memory cell. Increasing gate voitage increases the strength of this
electric field during programming. Curve 120 illustrates Vi versus time
given a gate voltage of 8 volts. Curve 122 illustrates Vi versus time for a
gate voltage of 9 volts. Gate voltages of 10 volts and 11 volts results in
curves 124 and 126, respectively. All four curves 120, 122, 124 and 126
show threshold voltage increasing exponentially in the linear region to the
left of curve 119. (The linear region is so named because when threshold
voltage is plotted on a linear time scale in this region threshold voltage
increases linearly.) Thatis to say, in the region to the left of line 119 the
threshold voltage increases greatly given a small increase in programming
pulse duration. This behavior is characteristic of nonvolatile memory cells
that use hot electron injection for programming. Precise control of Vi is
difficult when.a memory cell is programmed in the linear region. Exact
programming of a memory cell is easier in the saturated region of curves
120, 122, 124 and 126, which is to the right of curve 119. This is because
in the saturated region, Vi increases more slowly, nearly logarithmically,
with time. When programmed in the saturated region, all nonvolatile
memory cells exhibit this logarithmic increase in Vi with increasing
programming pulse duration regardless of whether they include a trapping
dielectric or a floating gate, and regardless of the programming mechanism

used. -



A group of nenory cells are selected for programm ng and readi ng by
coordinating the control of wordline and bitline voltages. To illustrate,
assume that nenory cell 50 is to be programmed. The gate voltage for nenory
cell 50 is brought to, and held at, the appropriate |level via wordline 62,
whi ch al so applies the sane voltage to the gate of nenory cells 52 and 54.
Local source line 72 applies the sane voltage to the sources of all three
menory cells. Menory cell 50 is programred by pulsing the voltage on its
drain by pulsing the voltage on bitline 66, while bitlines 68 and 70 are
hel d near ground and wordline 62 is held ai‘%ﬁhigh enough voltage to
devel op a desired electric field across the gate oxide of nmenory cell 50.
Thus, only nenory cBrograhmmisgmfagemonedellsThiiledoperiatiog inthesatuogtedni ng
pul se within nmenory array 22 is controlled by the duration of the high

vol t age on t hefe@dr g slgwpf the aate vaiageiis mapniggd appstans amdaoiglval t age. As

stated previously, &{qﬁ_gramﬁ ng and erasure of a nenory cell alters its
t hr eshol d vol taﬁéré g PURSHAHAP 1 B MCTRAETu YRR ReCiivfpt3P shows

that a programming pulse of nearly 10 useconds duration is required to
raise a memory cell's threshold voltage from 3 volts to 4 volts. Another 100
pseconds programming pulse would be required to raise the threshold
voltage from 4 volts to 5 volts. In contrast, curves 120, 122, 124 and 126
reveal nearly a one volt increase in V; for each volt increase in the gate
voltage when programming in the saturated region. As a result, memory
cells can be more quickly programmed by increasing the gate voltage of
each subsequent programming pulse than by main{aining a constant gate
voltage and increasing total program pulse duration.

Precise control of memory cell programrhing via hot electron
injection is achieved by choosing a sufficiently long initial pulse width, i.e.
pulse duration, to ensure that programming occurs in the saturated region
of the Vy versus time curve. The duration of a sufficiently long initial pulse
width varies from device to device because of process variations. Despite
this variation, the same initial pulse width can be used to program all
devices in the saturated region if each device is appropriately trimmed after
manufacture. One trimming technique that works well is trimming of the
drain bias voltage level used during programming. Figure 7 illustrates Vi
versus time curves at various drain bias voltage levels for one effective

channel length. Other effective channel lengths will have a different-family



cell during sensing. Possible threshold voltages in a nonvolatile nmenory
cell range froma lower limt of approximately 1.5 volts to an upper limt
of approximately 7.0 volts. The lower linit of the programm ng range, or
progranmm ng wi ndow, is constrained by erase tinmes and gate disturb
vol t ages. The upper level of the programm ng wi ndow i s constrai ned by

-12- drain disturb voltages and bake charge | oss. The progranmm ng w ndow
permts nonvolatile nenory cells to store nore than one bit of data. For
menory cells storing nore than one bit of data there is not a one to one
correspondence between the nunber of nennrﬂ cells within array 22 and the
nunber of bits of data stored by array 22. Thus, the phrases "nenory cell"
and "bit" are HEUNRSdTBESRHAYNEESNPWHBREPIPOraNENRg P 1€l $aturated region Tor

a selected initial pulse width is simply a matter of selecting an appropriate
drain bias voltage, that is to say, a drain bias voltage level that forces the
selected time to cause programming to occur in the saturated region.
Impact ionization induced bipolar turn-on voltage Vg; limits the
maximum drain bias voltage level that can be used while programming via
hot electron injection. Turning on the parasitic bipolar transistor increases
charge storage and makes precise placement of states difficult. Figure 9
illustrates the effect of Vg;j; upon threshold voltage. For drain bias voltage
levels less than Vg;j;, increasing VD only effects the linear region of the Vi
versus time curve, as illustrated by the merging of curve for Vp2 into the
curve for VDi. Maximum threshold voltage levels in the saturated region
are unaffected by increased drain bias voltage levels. This is no longer the
case when the drain bias voltage is above Vgiji. The Vi derived from a
programming pﬁlse.of a constant duration at VD3, with Vp3 > Vgii, will be
greater than the Vy derived using VD1 and VD2. For example, near Vgj a
difference of 0.1 volt in VD can lead to a 0.2 - 0.25 volt difference in Vj.
Effective channel length, Lets, effects the value of Vgji. As the
effective channel length increases, so does Vgji. Effective chénnel length
also effects the drain voltage at which the linear region transitions to the
saturated region. Effective channel length varies as a result of the
fabrication process. Thus, effective channel length, the voltage Vg;j, and

the need to program within a reasonable time define a range of drain bias



refers to a physical device, such as a transistor illustrated in Figure 3,
and "bit" or "bits" refers to the |logical data stored within a nmenory cell.
The nunber of bits, B, stored within a nonvolatile nenory cell is related
to the nunber of states, S, by the equation S = 2B, where B is not '
restricted to integer values. The nunber of states that could be stored
within a nonvolatile nenory cell is |imted in practice by the ability to
pl ace states and to distinguish between those states at sone later tine.
Thus, if the sensing circuitry can detect the difference of a single

el ectron, then states may be defined in terd@-of a single el‘ectron. States
may be defined in terms of nmenory cell threshold voltage |level or drain
current. Menor yoiage levelsgppiogriatd toageodfamming idthé saturareentegida.ar e
approximately related to each other by the expression: IDaGnx (VG Vt)for
VD>VG Vt Gm i s eYicas may berttseethstienmanhiactsade pregiam wiltin thig seturseor v

cell gate volt age; . . .
region for a given minimum pulse duration. In one embodiment of flash

memory device 20, acceptable values of the drain bias voltage range
between 5.0 volts to 6.6 volts. Selecting an appropriate drain bias voltage
level within this range requires characterization of effective channel lengths
within a memory array during sort, subsequent to fabrication.

Given this explanation of memory cell programming behavior, now
consider in detail the method of programming illustrated in Figure 5.
Control engine 36 preferably begins by erasing memory array 22. This is
because regardless of the number of bits stored by each memory cell, state
0 is achieved by erasure of the memory cell. Within flash memory arrays, all
memory cells within a block are erased simultaneously. Stated another
way, flash memory cells cannot be erased individually. It is possible,
however, to program memory cells without prior erasure. Afterward, control
engine 36 branches to step 92.

Control engine 36 prepares to program memory celis to states other
than state 0 by initializing program variables in step 92. Control engine 36
sets the gate voltages of the memory cells to an initial programming level.
The initial programming gate voltage level chosen depends upon the
number of bits to be stored by each memory cell and the need to avoid
overshooting the state immediately adjacent state 0. The source voltage is

set to an initial value, such as ground, for ekample. During step 92 control



VD is the nenory cell drain voltage; and Vt is the nenory cell threshold

vol t age. - 13- For nenory cells storing nultiple bits of data, each of
the possible patterns of bits represents one state. In effect, the cell is
storing base S data, where S is the nunber of states the cell is capable of

storing. The bit pattern results fromdecoding the state data of one or
multiple cells. For exanple, for nenory cells storing two bits of data
there are four bit patterns: 00, 01, 10, and 11. Each of these bit patterns
is represented by a state. The particular state represented by a particul ar
pattern of bits depends upon the type of coé&Png used. Two conmonly used
types of coding are Gray coding and binary coding. The type of coding used
does not eff ectenigire 36 also sets the initial program pulse duration such that

programming occurs within the saturated region. The drain bias voltage
level to be used during programming has previously been trimmed to
ensure that programming will occur in the saturated region given the initial
pulse duration. For example, in one embodiment the initial programming
pulse is 4 pseconds. This done, control engine 36 branches to step 94.

Under the control of control engine 36, during stép 94 a
programming pulse is applied to all memory cells within the selected group,
regardless of the state to which the memory cells are to be progr_ammed.
Control engine 36 does so by bringing the drain voltages Vp of the selected
group of memory cells to a voltage level such that Vpg = 5-7 volis. Memory
cells that are not to be programmed are protected from programming by
coupling their bitlines to the source voltage level Vs so that Vpsg = 0. In one
embodiment, Vg = 0-3 volts. .

The maximum size of the selected group of memory cells
programmed at one time depends on a number of factors, and does not
effect the present method of programming.

Control engine 36 stops the programming of the selected memory
cells at step 96 by bringing the bitlines of the selected memory cells to Vs;
i.e., setting Vps to O volts. Thus, it will be understood that the time duration
of the programming pulse is controlled by the length of time Vps = 5-7 volts.

To illustrate the effect of steps 92-96, assume that the selected group

of memory cells includes memory cells 50, 52, and 54 of Figure 3. Assume



present nethods of programmng. States may be defined in a variety of ways.
They nmay be defined in terns of a range of threshold voltages Vt, a range
of drain currents Id, or a range of charge. 11I. Exact Pl acenent
Al gorithnms For Proaranmm ng Miultiple States Exact placenent al gorithns
program each nonvolatile nenory cell to a destination state that is defined
by a range of threshold voltages Vt, or drain currents Id or an anount of
charge. Figures 4A and 4B illustrate two definitions of four states for a
nonvol atile nmenory cell storing 2 bits of data. According to the definition
of Figure 4A, states 0, 1, 2, and 3 each oétupy a range of threshold
vol tages, Vt. The state representing the | owest threshold voltage, state O,
i s achi eved byjurthershaymenwmreet 5P iséd be pfograotrhed td ftete0smeneyy cetldtZes 1- 3,
are achi eved by Pro ramm ng the nenory cell. Figure _
- 10 state 1, and that state 3 is the destination state of memory cell 54. During
step 92 common source line 76 is coupled to Vg. Vg may range between
0-3 volts. Word line 62 is coupled to the initial gate voltage level because it
is coupled to the selected group of memory cells; e.g., cells 50, 52, and 54.
In contrast, wordline 64 is coupled to Vs. Bitlines 66, 68, and 70 are
coupled to Vg during step 92, thereby preventing programming of memory
cells 50, 52 and 54 because Vps = 0 volts. Control engine 36 brings
bitlines 68 and 70 up to 5-7 volis-above Vg during step 94, programming
memory celis 52 and 54 simuitaneously. After the period of time selected
for the initial programming pulse has elapsed, control engine 36 ends the
programming pulse at step 96 by bringing the voltage level coupled bitlines
68 and 70 to Vs. | |
Control engine 36 determines the success of the programming
operation at step 98 via program verification. If a memory cell has reached
its destination state, it is said to have verified. Conversely, if a memory cell
has not yet been programmed to its destination state (as indicated by its
drain current), then the memory cell is said to not have verified, or to have
failed verification. During verification, each memory cell is compared to a
reference representative of a destination state. For example, memory cell
52 is compared to a reference representative of state 1 and memory cell 54
is compared to a reference representative of state 3. Memory cell 52 will

verify it its threshold voltage, drain current, or amount of current represents



-14- 4B defines four states in terns of ranges of drain current.
representing the greatest amount of drain current, state O,

The state

I s achi eved by

erasing the nenory cell. The other three states, states 1-3, are achi eved
by progranm ng. Wen exactly placing states, however defined, the designer
may choose to programnultiple nenory cells in parallel; i.e.,

si nul taneously, or to program each nenory cell individually. Programm ng

multiple cells in parallel regardless of their destination states requires

using multiple program pulses to avoid overshooting states.

In contrast,

si ngke progranm ng pul se may be used when 'n%?rmry cells are programmed

- independently of each other. Both nmethods of exact placenent account for

program vari at $l@te ¢ awbie nismeryseelispuwiieeerdy ifvtertheashotd veltege, alaivipp

current, or amount of charge represents state 3. As a result of step 98,

control engine 36 will receive a group of verify signals, one for each

memory cell verified.

Verification complete, control engine 36 branches from step 98 to

step 100. At step 100, control engine 36 inhibits further programming of

memory cells that verified. Control engine 36 does so by coupling the

bitlines associated with the verified memory cells to Vg prior to, and during,

any subsequent programming pules. Other mechanisms of inhibiting

further programming of verified cells will be appropriate for array

architectures differing from that of memory array 22. The particular

mechanism for inhibiting further programming of cells that have reached

their destination state does not effect the present method of programming.

This done, control engine 36 branches to step 102.

Control engine 36 determines at step 102 if any further programming

pulses should be applied to memory array 22. This determination is based

upon examination of the verification signals. If any of these signal indicate

that a memory cell has not yet been programmed to its destination state,

then another programming pulse should be applied to memory array 22.

Control engine 36 responds by branching to step 104.

Control engine 36 increases the voltage applied to memory cell

gates by some amount, during step 104. Let us call that amount the "step

size." The choice of step size depends upon the initial gate voltage,-state

a



variation, tenperature variation, and cell-to-cell variation. Additionally,
exact placenent nethods of programm ng are robust. A Pr ogr anm ng

Mul ti pl e Nonvolatile Menory Cells in Parallel Using Exact Placenment Figure
5 illustrates in flow diagramforma nmethod of programm ng a nunber of
menory cells in parallel to nmultiple states representing a pattern of bits.
The nmethod illustrated prograns nenory cells as close as possible to
predefined states, whether those states are defined in terns of drain
current or threshold voltage. The follow ng discussion deals with the
programm ng of four states associated witha3wo data bits; however, the

-15 - nethod is equally applicable to storage of an arbitrary nunber of
bits of width, and the need to prevent overshooting states. As used herein, “state

width" refers to the range of drain currents, threshold voltages, or amount of
charge defining a state. Larger state widths permit larger step size and
thus require fewer programming pulses to program memory cells to the
various states. To illustrate, consider Figure 9, which graphs the number of
programming pulses required to program a group of memory cells in
parallel versus state width. Figure 9 shows that the number of
programming pulses required to program a group of multilevel memory
cells decreases as state width increases.

In any case, control engine 36 increases the gate voltage by a step
size up to a maximum, Vmay, at step 104. The maximum gate voitage is low
enough to prevent damaging the memory cell and varies depending upon
the process by which the memory cells are fabricated and the resulting
strength of the electric field across the memory cell gate oxide. That done,
control engine 36 branches to step 106.

During step 106, control engine 36 sets the time duration of the
second and all subsequent programming pulses. Control engine 36
reduces the time duration of all subsequent pulses as compared to the time
duration of the initial programming pulse to reduce the change in threshold
voltage and drain current caused by increased total programmfng time,
which could lead to overshooting states. The increase in threshold voltage
from one programming pulse to the next arises from an increase in gate

voltage and an increase in total program duration. To illustrate, assume



data by a single nenory cell. Briefly described, according to the present
method all nmenory cells within a sel ected group are progranmred
si mul taneously, regardless of their destination states; i.e., regardl ess of
t he amount of charge to be placed.in each nenory cell. An initial
programm ng pulse is applied to all nmenory cells in the selected group.
Afterward, each nenory cell within the selected group is programverified
to determ ne whether it has been progranmed to its destination state. As
used herein, programverification refers to the process of determ ning
whet her & defined anbunt of charge has beer4placed in a nenory cell. No
addi ti onal. programm ng pul ses are applied to those nenory cells that
program ver i f ythal &n amiyalmrograynmoilg puise bf h skeosdd eicad gdtayvatgyedoidd molts
programverify, the wordline voltage of the progranmm ng pulse is increased.
Anot her progr dfn@PRlied i senemonhesll apglai satond progemmingopyise és Bepligd.ch did
not verify. The process of progranm ng, verifying, and increasing the gate
vol tage conti &ShisPNe ugerond in duration and has & gate voltage of 8.2 volts.
Referring to Figure 6, the threshold voltage after the first programming
pulse is 3.6 volts. An additional 1 usecond of programming at a gate
voltage of 8 volts would increase V; by approximately 0.25 voits and an
additional 0.2 volt on the gate should increase Vy by only 0.2 volt. Thus, Vi
would be increased by a total of 0.45 volts to 4.05 volts after the second
programming pulse.
The relationship between the program puise duration of all
subsequent pulses to the initial pulse can be expressed mathematically as:
ts = /M
where:
s denotes the time duration of all pulses subsequent to the initial
pulse;
ti denotes the time duration of the initial programming pulse; and
M is the ratio of the duration of subsequent programming pulses to
the duration of the initial programming pulse.
Selecting the ratio, M, is a function of the state width and gate
voltage step size. In general, a large state width allows a large step size,
which results in a small ratio M. Analogously, a small state width requires a
small step size and a larger ratio M. Stated another way, to avoid

overshooting states when using a large state width and large step size, the



menory cells verify or a maxi num gate voltage is reached. The progranm ng
met hod of Figure 5 steps the wordline voltage of each subsequent

programmi ng pul se rather than increasing the total programm ng duration of
each subsequent programm ng pul se, The rationale for this progranmm ng
strategy arises fromthe programm ng characteristics of nonvolatile nenory
cells. Figure 6 graphs nenory cell threshold voltage Vt versus the | og of
programming tine for four different - 16- gate voltages during

progranmm ng. The gate voltages are relevant as an indication of the )
relative strength of the electric field acrddss the gate oxide of the nenory
cell. Increasing gate voltage increases the strength of this electric field
during progranimagiur@icr ef 82th sLbstiueat eals¥tnesey sotshd greatly reduced.

However, when the state width and gate voltage step size are small, the
time duration of the subsequent programming pulses should be decreased
rapidly to avoid overshooting states.

For another embodiment, during step 106 control engine 36 may
reduce the duration of each subsequent program pulse as compared to the
duration of the immediately preceding program pulse.

After control engine 36 has reduced and set the program pulse
duration of subsequen*trprogramming pulses, control engine 36 branches to
step 108. During step 108, control engine 36 examines the gate voltage
level used during programming. {f the gate voltage has reached a
maximum value Vpax and every memory cell within the selected group has
not verified, then control engine 36 branches to step 110.

If the maximum gate voltage_has not been reached, control engine
36 branches from step 108 to step 94 to apply another programming pulse
to the selected group.

So long as a maximum number of pulses have not been applied,
control engine 36 branches through steps 94-110, applying programming
pulses until all memory cells have been programmed to their destination
states. When that occurs, control engine 36 branches from step 102 to step
112 and programming is complete.

Once the gate voltage has reached its maximum value Vpmax, control

engine 36 branches from step 108 to step 110. Step 110 permits control



given a gate voltage of 8 volts. Curve 122 illustrates Vt versus tine for a
gate voltage of 9 volts. Gate voltages of 10 volts and 11 volts results in
curves 124 and 126, respectively. Al four curves 120, 122, 124 and 126
show t hreshol d vol tage increasing exponentially in the |inear region to the
| eft of curve 119. (The linear region is so nanmed because when threshold
voltage is plotted on a linear tinme scale in this region threshold voltage
increases linearly.) That is to say, in the region to the left of line 11 9
the-threshol d voltage increases greatly given a small increase in
progranmi ng pul se duration. This behavior -i26 characteristic of nonvolatile
menory cells that use hot electron injection for progranm ng. Precise
control of Wt éesgidefdd wutdntinuerapplyegprograsinhingpulsesgevametier thet drstel | near
regi on. Exact programming of a menory cell is easier in the saturated
regi on of curvextageohas pched4tsamexitzen vahiectntil @ mexinhen mugheraff pusese 119.
This is because in the saturated region, Vt increases nore slowy, nearly
| ogarit hmi cal | J2v&Pedn @ppied.WhbBat pesigramiember is pesigrueheiee. Qafiedthe al |
nonvol atil e .

maximum number of pulses have been applied without successfully

programming the selected group, control engine 36 branches from step

110 to step 111.

Control engine 36 notes the failure of the programming operation
during step 111. Control engine 36 then branches to step 112, and the

programming operation is over.
B. Programming Multiple Nonvolatile Memory Cells
n ndentl ing Exact Placemen

Figure 10 illustrates in flow diagram form a method of independently
placing states in two memory cells. Stated another way.. Figure 10
il!'ustrates a method of_programming multiple memory cells to different well-
-deﬁned states independently of each other. For clarity, Figure 10 illustrates
the programming of only two memory cells. Expansion of the method to
larger number of memory cells will be apparent to one of ordinary skill in
the art.

Programming begins during step 130 by selecting an initial voltage
level to be applied to the gate, or wordline, of the first memory cell to be
programmed. The initial wordline voltage level is selected such that the
first memory cell will store the desired amount of charge representative of

the first memory cell's destination state. That state may be defined interms



menory cells exhibit this logarithmc increase in Vt with increasing
programm ng pul se duration regardless of whether they include a trapping
dielectric or a floating gate, and regardl ess of the programm ng nechani sm
used. -7- Progranmm ng of nenory cells while operating in the saturated .
region is slowif the gate voltage is maintained constant and tot al
programm ng pul se duration is increased. For exanple, curve 120 shows t hat
a programm ng pul se of nearly 10 [err]seconds duration is required to raise
a menory cell's threshold voltage from3 volts to 4 volts. Another 100
[err] seconds programm ng pul se woul d be rerq%ﬁred to raise the threshold
voltage from4 volts to 5 volts. In contrast, curves 120, 122, 124 and 126
of a range of threshold voltages V., drain currents lg, or amount of charge
as discussed previously.
The initial wordline voltage chosen, a programming pulse is applied
to the first memory cell. This is shown as step 132 in Figure 10. This done,
control engine 36 branches to step 134.
Control engine 36 adjusts the wordline voltage level in step 134 to a
level that will place the amount of charge desired within the next, or
second, memory cell. Varying the wordline voltage level during
programming thus provides a mechanism for placing differing discrete
amounts of charge within memory cells.
Control engines 36 then applies a programming pulse to the second
memory cell during step 136 using the wordiine voltage level selected

during step 134.

C. Program Verification of Nonvolatile Memo Ils_Storin

Muttiple Bits That Have Been Exactly Placed

Up to this point sensing of data stored in a memory cell storing
multiple bits and verification of that data have been described in general
terms. They will now be discussed in greater detail because these
processes are affected by the increase in the number of bits of data stored
in a single memory cell.

Figure 11 illustrates in block diagram form circuit 32a, which is part
of sensing circuitry 32. Circuit 32a senses and verifies the data stored in

one nonvolatile memory cell storing multiple bits of data. Circuit 32a also



reveal

nearly a one volt increase in Vt for each volt increase in the gate

vol tage when programming in the saturated region. As a result, nenory cells
can be nore quickly programmed by increasing the gate voltage of each

subsequent programm ng pul se than by maintaining a constant gate vol tage

and increasing total program pul se duration. Precise control of nmenory cell
programm ng via hot electron injection is achieved by choosing a
sufficiently long initial pulse width, i.e. pulse duration, to ensure that

progranm ng occurs in the saturated region of the WVt versus tine curve.
duration of a sufficiently long initial

devi ce because of process variations. Despite this variation, the sane

initial

pul se whatdlsGRE dPanUsRd

region if each device is approp?| ately trimedafter manufacture.
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The

pH2e-width varies fromdevice to

| evel used during progranmng. Figure 7 illustrates Vt versus tinme curves
at various draohsdnsisg ciotuind2, dreltlesndroberosfamefroec teélethat can be

simultaneously read, programmed or verified.

Data stored within a memory cell of memory array 22, such as
memory cell 22b, is sensed by applying a verify voltage to the cell gate,
coupling approximately 1 volt to the drain, and coupling the source to
ground, as is the common practice. Under these conditions, a current flows
through the drain of memory cell 22b that is indicative of the threshoid
voltage of memory cell 22b and of the state to which memory cell 22b has
been programmed. The drain of memory cell 22b is coupled to converter
142 to convert the state information of memory cell 22b into a bit pattern.
The number of bits included in bit data 141 depends updn the number of
states S memory cell 22b is capable of storing under the programming
regime-. The bit data 144 output from converter 142 is coupled to the rest of
memory device 20 and to data pins 26.

The bit data 144 output from converter 142 is also coupled to cell
verifier 146. Cell verifier 146 compares bit data 144 to the data that the
external user wishes memory cell 22b to store. This data, program
reference data 148 is stored in a data buffer, as is the common practice.
Cell verifier 146 compares the data stored by memory cell 22b, represented
by bit data 144, to program reference data 148. if bit data 144 matches

program reference data 148, then cell veritier 146 brings VERIFY signal



channel length. O her effective channel lengths will have a
different-famly - 18 - of curves. These curves show that progranm ng in
the saturated region for a selected initial pulse width is sinply a matter
of selecting an appropriate drain bias voltage, that is to say, a drain

bi as voltage level that forces the selected tinme to cause progranmng to
occur in the saturated region. Inpact ionization induced bipolar turn-on
voltage VBii limts the maxi numdrain bias voltage |evel that can be used
whil e progranm ng via hot electron inject8n. Turning on the parasitic

bi pol ar transi stor increases charge storage and makes preci se placenent of

states diffi d8DtactiFegindicalinglthasineaiorg deN@2ef igched syidssiumgn threshol d
voltage. For drain bias voltage levels less than VBii, increasing VD only
ef fects the pregrammedgitomtheofiedites dtate. Conversely, if bit data 144 is not the

same as program reference data 148, then cell verifier 146 brings VERIFY

150 inactive, indicating to control engine 36 that memory cell 22b has not

been programmed to the desired state.

Thus, methods and circuitry for programming nonvolatile memory
cells have been described that place discrete amounts of charge in a single
nonvolatile memory cell. Control of the wordlfne voltage level during
programming controls the amount of charge placed in the memory cell.

This allows multiple states to be defined in terms of charge amount, where
each state represents a pattern of data bits. Thus, the method and circuitry
described permit storage multiple bits of data in a single memory cell.

In the foregoing specification; the invention has been 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 as set
forth in the appended claims. The specification and drawings are,

accordingly, to be regarded in an illustrative rather than a restrictive sense.



versus tinme curve, as illustrated by the nerging of curve for VD2 into the
curve for VD1 . Maxi mumthreshold voltage levels in the saturated region
are unaffected by increased drain bias voltage | evels. Thi :
the case when the drain bias voltage is above VBii. Th@ s dﬁi‘rﬁlﬁﬂspjgﬂ:
progranm ng pul se of a constant duration at VD3, with tm > REBLACER) |
greater than the Vt derived using VD1 and VD2. For exanpte, near VBii a
difference of 0.1 volt in VD can lead to a 0.2 - 0.25 volt difference in

Wt. Effective channel length, Leff, effe@ps t he val ue
effective channel length increases, so does VBii. Eff @ 'It [ﬁngth
al so ef f ect LLABPrai n vol t age at whi ch the Iinear re to

the saturated region. Effective channel |length varies as a resul t of t he
fabrication procedbatphelgimastisecti ve channel |ength, the voltage VBii, and

the need to programwlthln a reasonable tine define a range of drain bias
A method of programming a memory cell to a one of at least three

113,

amounts of charge comprising the step of:
a) applying a programming pulse having a programming voltage
level to the memory cell, wherein an amount of charge stored by the

memory cell is increased by increasing the programming voltage level.
2. The method of claim 1, wherein the memory cell is volatile.
3. The method of claim 1, wherein the memory cell is nonvolatile.

4. The method of claim 1, wherein the programming pulse has a

duration sufficient to occur in a saturated region.

5. The method of claim 1, wherein the memory cell includes a bitline

and a wordline.

6. The method of claim 5, wherein step a) includes coupling the
programming voitage to the wordline and coupling a bitline voitage to the

bitline.
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--19--voltage | evels appropriate n the saturated region.
Devices may be trinmmed after manu]jmim lﬂﬁmmﬂ mw thin this saturated
region for a given mninmm pul se enbodi ment of flash

menory devi ce 20, acceptable values of the drain bias voltage range between

5.0 volts to 6.6 volts. Selecting an appropriate draingbi-gs—voit .
within this range requires characterization of effecti ér%%jgi% qgggr%ﬁs )
within a nenory array during sort, subsequent to fabri¢ati st

expl anation of nenory cell progranm ng betlavi or, now consider in detail the
met hod of programming illustrated in Figure 5. Control engine 36 preferably
begi ns by erasi ng/.néfemyetaodayf ckim iherdis the bilireevoltager idllessthain ame nunber
of bits stored by each nenory cell, state O is achieved by erasure of the
nenory cel | .IMgag m:at@@hbln@éxﬁﬁyrraw ypoHagal | menory cells within a bl ock
are erased sinultaneously. Stated another

8. The method of claim 5 wherein the programming pulse has a
duration, the method further comprising the step of:

b) trimming the bitline voltage such that the duration of the
programming pulse causes the memory cell to program in a saturated

region.

9. In a memory array including a first memory cell and a second
memory cell, a method of placing a first amount of charge in the first
memory cell and a second amount of charge in the second memory cell,
the method comprising the steps of:

a) applying a first programming pulse to the first memory cell, the first
programming pulse having a first programming voltage level; and

b) applying a second programming pulse to the second memory cell,
the second programming pulse having a second programming voltage

level different from the first programming voltage level.
10. The method of claim 9, wherein the memory cell is volatile.

11. The method of claim 9, wherein the memory cell is nonvolatile.
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way, flash nenory cells cannot be erased individually. It is possible,

however, to program nenory cel bhQud. oriqr ‘erasure. Afterward, control
engi ne 36 branches to.step 92. 'ﬂﬁ“& I(immjﬂm 6 prepares to program nmenory
cells to states other than state i #£2ing programvariables in

step 92. Control engine 36 sets the gate voltages JT ZRELERTRAY sEeN p to an
initial programmng level. The initial progranmm ng igate y¥phia@p | eve
chosen depends upon the nunber of bits to be storedby—eaet—renory-cell and
the need to avoid overshooting the state3? mediately adjacent state 0. The
source voltage is set to an initial value, such as ground, for exanple.
During step 92 codtrollhe methad of caigi hevizBerl e figst grogremiming ipalsepr ogr am

pul se duratjon such that , _
has a duration sufficient to cause programming to occur in a saturated

region.

13. The method of claim 9, wherein the nonvolatile memory array
includes a first bitline coupled to the first memory cell and a first wordline

coupled to the first memory cell.

14.  The method of claim 13, wherein step a) includes coupling the
first programming voltage to the first wordline and a first bitline voitage to

the first bitline.

15.  The method of claim 14, wherein the first bitline volitage is less

than an impact ionization bipolar turn-on voltage.

16. The method of claim 14, wherein the first programming pulse
has a first duration, the method further comprising the step of:
C) trimming the first bitline voltage such that the first
duration of the first programming pulse causes the first memory cell to

program in a saturated region.

17.  In a memory array including a memory cell, a method of
programming the memory cell to a selected state representing a pattern of

data bits, the method comprising the steps of:
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progranmm ng occurs within the saturated region. The drain bias voltage

| evel to be used during programing,.l ' been trimed to ensure
that programmng will occur int hemﬁmﬁm[ﬂ!‘m@‘ll given the initial pulse
duration. For exanple, in one enbodi i | I FW. s 4
gseconds. This done, control engine 36 branches to step 2 SHERHHAS (BFEN
control of control engine 36, during step 94 a progranm-ng 'fﬁﬁLéEEIPs appgl i ed
to all menory cells within the selected group, regardless of the state to
which the menory cells are to be progrand8d. Control engine 36 does so by
bringing the drain voltages VD of the selected group of nenory cells to a
vol tage | evel such tha) VDSpplyhng/apeddrammiagyiser) ihe mbaforpizerayothd o be
programmed are protected from programr ng by coupling their bitlines to the
sour ce vol t prrgresveing\sulse hakialg &pBgrathming woitegerdesli nent, Vs = 0-3 vol ts.
The maxi mum si ze of the selected group of nmenory cells prograrrrred at one

ti me depends on a nunber oBenattiogs verify siwed bycletermining whether the

memory cell has been programmed to the selected state;

C) increasing the programming voltage level if the verify
signal indicates that the memory cell has not been programmed to the
selected state; and

d) repeating steps a) through. c) until the verify signal

indicates that the memory cell has been programmed to the selected state.

18. The method of claim 17, wherein the programming pulse has
a program pulse duration having an initial value in step a) and wherein
step c) further comprises setting the program pulse duration to a second

value that is less than the initial value.

19.  The method of claim 18 wherein the initial value of the
program pulse duration is sufficient to cause programming of the memory

cell to occur in a saturated region.

20. The method of claim 18, wherein the memory cell includes a
bitline and the programming pulse includes a bitline voltage coupled to the

bitline.

21.  The method of claim 20, further comprising the step of:_
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effect the present nethod of prograrrm' ng _Control engine 36 stops the
programm ng of the selected rre 96 by bringing the
bitlines of the selected nenory ﬂ ﬂ“m setting VDS to O volts.
Thus, it wll be understood that L uratl on of the programm ng pul se

is controlled by the length of time VDS = 5-7 volts ﬂ:ﬁs KhE m\@thE,tj e
effect of steps 92-96, assune that the selected groyp of @m&{;m)ce I
i ncludes nenory cells 50, 52, and 54 of Figure 3. rt her

that menory cell 50 is to be programred t&* state 0, nenory ceII 52 to state
1, and that state 3 is the destination state of nmenory cell 54. During step
92 common source |ine &6 i srioonipgetietbitlive voNagersycht dregehd atiialedur@tiGn vol t s.
Wrd line 62 is coupled to the initial gate voltage | evel because it

of the programming pulse in step a) causes the memory cell to program in a

saturated region.

22. The method of claim 17, wherein the selected state represents

a pattern of two bits.

23. The method of claim 17, wherein the selected state represents

a pattern of three bits.

24. The method of claim 17, wherein the selected state represents

a pattern of 3.5 bits.

25.  The methad of claim 17, wherein the selected state represents

a pattern of four bits.

26. The method of claim 17, wherein the selected state represents

a noninteger number of bits.

27. The method of claim 17, wherein the selected state is

represented by a range of threshold voltages.

28. The method of claim 17, wherein the selected state is

represented by a range of drain currents.
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is coupled to the sel ected group_of..nerory-celtsr-e.g., cells 50, 52, and
54. In contrast, wordline 64 is co W“‘mmﬂ\ ‘I nes 66, 68, and 70 are
coupled to Vs duri ng step 92, '_ther m\‘ﬂ \g ogranmmi ng of menory
cells 50, 52 and 54 because VDS = 0 wolts' Cont¥ ol engrre~36-hrings
bitlines 68 and 70 up to 5-7 volts above Vs during step '$4S SBERIyHASTBERg
menory cells 52 and 54 sinultaneously. After the period.of_ tRERRAGED ecte
for the initial programm ng pul se has el apsed, control engine 36 ends the
progranmi ng pul se at step 96 by bringi ng3%he voltage |evel coupled bitlines
68 and 70 to Vs. Control engine 36 determ nes the success of the

progranm ng oper 28i onTat métapd B cldid 17, agiarginvaeiseicaéd etate i§ a nmenory cel |
has reached its destination state, it is said to have verified. Conversely,
i f a menor yreeseniad byoan patountohcparggr anmed to its destination state (as

indicated by its drain current), then the nenory cell is said to not have
verified, ot to have failed verification. During verification, each nenory
cell is conpared fo a

30." In a memory array including a first memory cell and a second
memory cell, a method of programming the first memory cell to a first state
and programming the second memory to a second state, the first state
representing a first pattern of bits and the second state representing a
second pattern of bits, the first state having a first threshold voltage level,
the second state having a second threshold voltage level that is greater
than the first threshold voltage level, the method comprising the steps of:

a) applying a first programming pulse to the first memory
cell, the first programming pulse having a first programming voltage level;
and

b) applying a second programming pulse to the second
memory cell, the second programming pulse having a second voltage level

that is different than the first programming voltage level.
31. The method of claim 30, wherein the first memory cell is volatile.

32. The method of claim 30, wherein the first memory cell is

nonvolatile.
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ref erence representative of a destina For exanpl e, menory cell
52 is conpared to a reference re M\%‘\E&ﬂ&ﬁl tate 1 and nenory cell 54
is conpared to a reference repre sstate 3. Menory cell 52 will
verify if its threshold voltage, araln current, or En.t of —current

represents - 22 - state 1, while nmenory cel| 54 wi | THIY SHEET/ Hi$ BEES
threshol d voltage, drain current or amount of charg enrEPEACED st at § 3.
As a result of step 98, control engine 36 will receive a group of Verify
signals, one for each menory cell verifid@: Verification conplete, control
engi ne 36 branches fromstep 98 to step 100. At step 100, control engine 36
i nhibits further 3gr ogﬁ’amfhetgodfofrda'tmr%(),mareintthatﬁrstesa'lédtedi.Steqbnt rol engine

36 does so by coupling the
répresents a pattern of three bits.

34. The method of claim 30, wherein the first selected state

represents a pattern of 3.5 bits.

35. The method of claim 30, wherein the first selected state

represents a pattern of a noninteger number of states.

36. The method of claim 30, wherein the selected state represents

a pattern of two bits.

37. The method of claim 30, wherein the selected state represents

a pattern of four bits.

38. In a memory array including a first memory cell and a second
memory cell, a method of programming the first memory cell to a first state
and programming the second memory cell to a second state, the first state
representing a first pattern of a multiplicity of bits and the second state
representing a second pattern of the multiplicity of bits, the method
comprising the steps of:

a)  applying a programming puise to the memory array, the

programming pulse having a programming voltage level; -
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bitlines associated with the verified-neppory-cetis-to VS prior to, and
during, any subsequent programm n I u)michani sns of inhibiting
further programm ng of verified c Imu m‘ulmgﬁl opriate for array
architectures differing fromthat of rfembry arfay 22. The particul ar

mechani sm for inhibiting further programm ng of cel Waghed
their destination state does not effect the present net'$ SHEGF HpﬁcﬁgEIarfm' ng.
Thi s done, control engine 36 branches to_step 102. CantrfEPEAGERe 36 §
determ nes at step 102 if any further pr%ramﬂ ng pul ses shoul d be applied
to menory array 22. This determ nation is based upon exam nation of the
verification signals. b)f aggnefatingestrstieiiiisignalindicativenalt whethenthrgy cel |
has not yet be rogramred to its destination state, then another

pr ogr anm ng fifdl 'E%‘%%G?‘Hh%bﬁ%’bpf%a’ﬂ“@%%f"? fﬁ$‘r%§1922 Control engine 36

responds by branching to ste 4. Contro I ne ncreases t he vol t age
applied to nemory cel ICS gat QQRBS?%QSr?es n‘fer‘qg %Ef:}"’fcﬂf kl‘_%‘g €ls call

that amount f g S Memory cell has been programmed to the second state:

d) increasing the programming voltage level if the first
verify signal indicates that the first memory cell has not been programmed
to the first state or the second verify signal indicates that the second
memory cell has not been programmed to the .second state;

e) inhibiting further programming of the first memory cell if
the first verify signal indicates that first memory cell has been programmed
to the first state;

f) inhibiting further prog'ramming of the second memory
cell if the second verify signal indicates that second memory cell has been
programmed to the second state; and

g) repeating steps a) through f) until the first verify signal
indicates that the first memory cell has been programmed to the first state
and the second verify signal indicates that the second memory cell has

been programmed to the second siate.

39. The method of claim 38, wherein the muitiplicity of bits equals

two.

40. The method of claim 38, wherein the multiplicity of bits equals

four. . -
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size.” The choice of step size depends upon the initial gate voltage,-state
- 23 - wdth, and the need to pr g states. As used herein,
"state wwdth" refers to the ranggim[mﬂmﬂﬂ@ﬂ:n Fts t hreshol d vol t ages, or
anount of charge defining a stat rastate-w di-hs_pernmit | arger step
size and thus require fewer progranmm ng pul ses to pLG@ﬂ%WMAysg@Hs to
the various states. To illustrate, consider Figure 9, whiRERL&TEPhS t e
nunber of programm ng pul ses required toé;%rograma group of nmeEmory Tells in
paral | el versus state wi dth. Figure 9 sh t hat the number of programm ng

pul ses required tg ram
state width incrébses

vol t age by AhidEP

cetgs decr eases as

40t 8alt ol Whete She BURP e PLbls SOURE oot e

42.  The method of claim 38, wherein the multiplicity of bits equals

3.5.

43. The method of claim 38, wherein the multiplicity of bits is

equal to a noninteger number.
44. The method of claim 38, wherein the first memory cell is volatile.

45. The method of claim 38, wherein'the first memory cell is

nonvolatile.

46. The method of claim 38, wherein the first and second states

are each represented by a range of threshold voltages.

47. The method of claim 38, wherein the first state and the second

state are each represented by a range of drain currents.

48. The method of claim 38, wherein the first state and the second

state are each represented by an amount of charge.

49. The method of claim 38, wherein the memory array includes a

first bitline coupled to the first memory cell, a second bitline coupled to the
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Ssize up to a maxi num Vmax, at step—384—The maxi.mum gate voltage is | ow

enough to prevent damagi ng the menﬂ'mmw“mmmnm}]es dependi ng upon the

process by which the nmenory cells
of the electric field across the nehory éelt gate oxid That done. cont
engi ne 36 branches to step 106. During step 106, contr gl TRISGHEET 3RSSBHES
time duration of the second and all subsequent progranm ng pRERaEEDCONt r pl

engi ne 36 reduces the time duration of all subsequent pulses as conpare
the time duration of the initial program3thg pul se to reduce the change i

threshol d voltage and drain current caused by increased total

time, which seadnd ineawbry cwedyvams boedrdige sbapled to Tiefirstenerasyy cell amd eshol d

vol tage from one progranm ng

gat e vol t ageth@repcendimemeageelln total programduration. To illustrate,

assune

) 50. The method of claim 49, wherein step a) includes coupling the

programming voltage to the wordline and a second voltage to the first

bitline and a third voltage to the second bitline.

51.  The method of claim 49, wherein the second voltage and third

voltage are below an impact ionization bipolar turn on voltage.

52. The method of claim 49, wherein the programming pulse has
a duration, the method further comprising the steps of:
h) trimming the second voltage and the third voltage such
that programming of the first memory cell and the second memory cell

occurs in a saturated region.

53. The method of claim 49, wherein step e) comprises coupling
the first bitline to a fourth voltage during application of programming pulses

to the memory array.
54. The method of claim 53, wherein the fourth voltage is ground.

55.  The method of claim 38, wherein the programming voltage
level ranges from a minimum of approximately 6 volts to a maximum of

approximately 12 volts.
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-24 - that an initial progranm ng pulse of 1 [err]seconds at a gate voltage

of 8 volts is applied to a nenory ¢ programm ng pul se is
applied, which is one [err]second |E'I! GB@ mﬂmums a gate vol tage of 8.2
volts. Referring to Figure 6, the t af tes

programing pulse is 3.6 volts. An additional 1 [err] secéﬁlf YIRSy ’f%‘?ﬁﬁ }g
at a gate voltage of 8 volts would increase Vt by approkinnt 8E-A5E yalds
and an additional 0.2 volt on the gate should increase Vt by onIy 0.2 volt.
Thus, Vt woul d be increased by a total ef00.45 volts to 4.05 volts after

t he second progranm ng pul se. The rel ationship between the program pul se
duration of all Sﬁﬁ)sequ@memdvm@ﬁas@nélb@inbfﬁ filsemamibiyecetiahdg sespngssed

mat hematically as: ts = ti/Mwhere:
memory cell, a method of programming the first memory cell to a first state

and programming the second memory cell to a second state, the first state
representing a first pattern of a multiplicity of bits and the second state
representing a second pattern of the multiplicity of bits, the method
comprising the stepﬁ o.f:.

a) applying a programming pulse to the memory array, the
programming pulse having a program voltage level and a duration, the
duration having an initial value;

b) generating a first verify signal indicative of whether the
first memory cell has been programmed to the first state;

c) generating a second verify signal indicative of whether
the second memory cell has been programmed to the second state;

d) increasing the program voitage level of the
programming pulse by a step size and setting the duration to a subsequent
value that is less than the initial value if the first verify signal indicates that
the first memory cell has not been programmed to the first state or if the
second verify signal indicates that the second memory cell has not been
programmed to the second state;

e) inhibiting further programming of the first memory cell if
the first verily signal indicates that first memory cell has been programmed

to the first state;
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ts denotes the tine duration of all pul ses subsequent to the initial pulse;
ti denotes the tine duration. of the-ini-tial programming pulse; and Mis the

ratio of the duration of s ng pul ses to the duration of
the initial programm ng_pug ﬂmrlwﬂmﬂ “Wen ratio, is a function of the

state width and gate volta ep smzes |h general, a Iarr&cf%& widih

allows a large step size, which results in a small ratio |IMHARIESHUS| BEENa
smal | state width requires a small step size and a |arger| ratiBEMAGEDat ed
anot her way, to avoid overshooting stat edlvhen usi ng a large state wdth
and | arge step size, the - 25 - time duration of each subsequent pul se
need not be greatly rdpucednhibiting further programming of the second memory

cell if the second verify signal indicates that second memory cell has been
programmed to the second state; and

g) repeating steps a) through f) until the first verify signal
indicates that the first memory cell has been programmed to the first state
and the second verify signal indicates that the second memory cell has

been programmed to the second state.

57. The method of claim 55, wherein each of the first state and the

second state is represented by a range of threshold voltages.

58. The method of claim 586, wherein each of the first state and the

second state is represehted by a range of drain currents.

59. The method of claim 56, wherein each of the first state and the

second state is represented by an amount of charge.
60. The method of claim 56, wherein the memory array is volatile.

61. The method of claim 56, wherein the memory array is

nonvolatile.

62. The method of claim 56, wherein the multiplicity of bits equals
three.
' 63.  The method of claim 56, wherein the multiplicity of bits equals

3.5.
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However, when the state width and gate voltage step size are small, the
time duration of the subsequent programm ng—pulses should be decreased

rapidly to avoid overshooting st enbodi ment, during step
106 control engine 36 nmay reduce]iﬂgll(ﬂﬁ “Iﬂ mEH“each S ‘
pul se as conpared to the duratio e Imed dtely preF@dlmng’rdgxamaEN
pul se. After control engine 36 has reduced and set the pfrogramEPLAGED
duration of subsequent programm ng pul seéz control engine 36 branches to
step 108. During step 108, control engi né=36 exami nes the gate voltage

| evel used duri ng pro&éarrm ng. if the gate voltage has reached a nmaxi num
val ue VMAX and e®éry rrBadnothed af aiaithbe wherelelnechulipticiuyl bitsseqisils
verified, then control engine 36 branches to step 110. If the naxi mum gate
vol t age has W&t been reached, control engi ne 36 branches fromstep 108 to
step 94 to apply anot her prograrrm' ng pul se to the sel ected group.

B 65. The method of claim 56, wherein the multiplicity of bits equals

four.

66. The method of claim 56, wherein the multiplicity of bits equals

a noninteger number.

67. The method of claim 56, wherein the memory array includes a
first bitline coupled to the first memory cell, a second bitline coupled to the
second memory cell and a wordline coupled to the first memory cell and the

=

second memory cell.

68. The method of claim 56, wherein step a) includes coupling the
programming voltage to the wordline, a second voitage to the first bitline

and a third voltage to the second bitline.

69. The method of claim 68, wherein the second voltage and third

voltage are below an impact ionization bipolar turn on voltage.

70. The method of claim 69, wherein the second voltage is less

than 6.6 volts.

71.  The method of claim 69, wherein the second voltage is

greater than 5.1 volts.
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So | ong as a maxi num nunber of pul ses have not been applied, control engine
36 branches through steps 94-1 10, —applyin ng pul ses until all
menory cells have been programmed to m @gim n states. Wen that
occurs, control engine 36 branches fr St ep ,
programing i s conplete. Once the gate' voI t age has reachEaH?St%ﬁ%ﬂ#ﬁﬁﬁEN
val ue VMAX, control engine 36 branches fromstep 108 to 11.0
permts control - 26 - engine 36 to continue applying programm ng pul ses
even after the gate voltage has reached s maxi num val ue until a maxi num

nunber of pulses_have been applied. That maxi mum nunmber is a design choice.
Once t he nmaxi num/Bunbdheaneihodsd claianes, emrempipeitbidd woltageis essdeasf ul | y

6.6 volts,

73.  The method of claim 72, wherein the third voltage is greater

than 5.1 volts.

74.  The method of claim 68, wherein step e) comprises setting the

second voltage equal to a fourth voltage.
75.  The method of claim 74, wherein the fourth voltage is ground.

76.  The method of claim 68, wherein step f) comprises setting the

third voltage equal to a fifth voltage.
77. The method of claim 76, wherein the fifth voltage is ground.

78.  The method of claim 56, wherein the programming voltage
level ranges from a minimum of approximately 6 volts to a maximum of

approximately 12 volts.

79.  The method of claim 56, wherein the step size is between 0.1

volts and 0.5 vols.

80. The method of claim 56, wherein the duration is sufficient to
program in a saturated region of the first memory cell and the second

memory cell.
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programm ng the sel ected group, control engine.36-branches fromstep 110 to
step 111. Control engine 36 notes-the fail { programm ng operation
during step 111. Control engine 36 ‘ m&mﬁm’\\ﬂ“\astep 11 2, and the
progranm ng operation is over. B. gsMuktiple Nonvolatile Menory
Cel I's I ndependently Using Exact Placénent Figure 10 | —1 W

di agram form a nmethod of independentl|y placing state$ THiS SEEET P cdl | s.
Stated another way, Figure 10 illustrates a method of prod¥& g pl e
nmenory cells to different well- defined sf4tes independently of each other.
For clarity, Figure 10 illustrates the programm ng of only two nmenory

cell s. Expansion 8fl.t hé metrosyl desickarogeprisingtber of menory cells will be

apparent to one of ordinary skill in the art. Progranm ng begins during
step 130 by sel ecting &h i nBtmemopotrayéncluding a first memory cell and a

second memory cell, the first and second memory cells each storing

discrete amounts of charge; and

b).  programming circuitry for programming the first memory
cell to a first discrete amount of charge by applying a first programming
pulse having a first programming voltage to the first memory cell and
programming the second memory cell to a second discrete amount of
charge by applying a second programming pulse having a second
programming voltage level to the second memory cell, the second
programming voltage level differing from the first programming voltage

level.
82. The method of claim 81, wherein the memory array is volatile.

83. The method of claim 81, wherein the memory array is

nonvolatile.

84. The memory device of claim 81, wherein the memory array
further includes:
a) a first bitline coupled to the first memory cell; and

b) a first wordline coupled to the first memory cell.

85. The memory device of claim B4 wherein the programming

circuitry includes:
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level to be applied to the gate, or wordline, of the first menory cell to
be programmed. The initial wordline-voltage |evel- is-sel ected such that the

first nmenory cell will store the desL'lmm“mm"lm'Marge representative of
the first nenory cell's destination may be_defined in

terns - 27 - of a range of threshold Vol'tades®VI; drai n| s SHEET HAs BEEN
amount of charge as discussed previously. The initial wordiine vebtage:
chosen, a programmng pulse is applied to the first menory cell. TRATS™TS

shown as step 132 in Figure 10. This don#®-control engine 36 branches to
step 134. Control engine 36 adjusts the wordline voltage level in step 134
to a level that wll p)acecirtistraiercduptingcthafigs pdegianeding tdilagettbe next, or

the first wordline and a second voitage to the first bitline.

86. The memory device of claim 85, wherein the first wordline is

coupled to a gate of the first memory cell.

87. The memory device of claim 85, wherein the first bitline is

coupled to a drain of the first memory cell.

88. A memory device comprising:

a) a memory array including a first memory cell and a
second memiory cell, the first and second memory cells each storing
discrete amounts of charge; and

b) a control engine for programming of the first memory
cell to a first range of charge and the second memory cell 1o a second
range of charge by applying a first programming pulse having a first
programming voltage level to the first memory cell and by applying a
second programming pulse having a second programming voitage level to
the second memory cell, the second programming voltage level being

different than the first programming voltage level.

B89. The memory device of claim 88 further comprising:
C) sensing and verification circuitry coupled to the
nonvolatile memory array for generating a first verify signal and a second

verify signal, the first verify signal indicating whether the first memory celi
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second, nenory cell. Varying the wordli.ne.-volt-age-tevel during progranm ng
t hus provides a nmechanismfor placin ' ' ' ete anounts of charge
within menory cells. Control engi nesjﬂi‘“mgﬂulnﬂmtﬁmla programm ng pul se to
the second nenory cell during step 1 usi ng the Swrdline voltage |evel
selected during step 134. C. Program Verification of Nohvfladhdg METREN
Cell's Storing Multiple Bits That Have Been Exactly Pl acedj Up t @gbhiegol nt
sensing of data stored in a nmenory cell storing rmultiple brts—and
verification of that data have been descrifed in general terms. They will
now be discussed in greater detail because these processes are affected by
t he i ncr easehasnbeer pragraemed withinstheffirdlatamgstafcbdrgen the seoepdvesiyory cel | .
Figure 11 illustrates in block diagramformcircuit 32a, which is part of
sensi ng ci r cigRglindigaticg mhathersthy saspadgnamery eell hasbeeRoraatam@edred in

within the second range of charge; and

wherein in response to the first verify signal indicating that the first
memory cell has not been pr'ogrémrﬁed within the first range of charge the
control engine increases the first programming voltage level and applies
again the first programming pulse to the first memory cell and wherein in
response to the second verify signal indicating that the second memory cell
has not been programmed within the second range of charge the control
engine increases the second programming voltage leve!l and applies again

the second programming pulse to the second memory cell.

90. A computer system comprising:
a) a processing means; and
b) memory means coupled to the processing means, the
memory means including:

1) a memory array including a first memory cell, the
first memory cell storing a first discrete amount of charge within a range of
charge representing a first state, the first state representing a pattern of a
multiplicity of bits;

2) programming circuitry for programming the first
memory cell to the first discrete amount of charge by applying a
programming puise having a wordline voltage level, the programming

circuitry responding to a verify signal indicating that the first memory cell

This Sheet Has Been Replaced
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one nonvol atile menory cell storing multiple bits of data. Circuit 32a.al so
- 28 - controls the drain voltage‘a menory cell 22b during
programmi ng. The number of circuits mﬂ‘! ﬁm [ﬁl’ng circuitry 32
determnes the width of sensing circu nunber of menory cells
that can be simultaneously read, prograrmed or verified. a—St-or-ed—w-Hhi
a menory cell of memory array 22, such as nenory cell 22b] THS §%?%'%HA%PEFN
applying a verify voltage to the cell gate, coupling approximat#ASEY o) 1
to the drain, and coupling the source td@rbund, as is the conmmon practi ce.
Under these condltlons a current flows through the drain of nenory cell
22b that is |$§dﬂ@fa?¢%P6?9f@ﬁ‘énQ¢1Wé§ﬁb$daw phefaree bydpsreastd the22p” and of

the state to vvhd
WOr

line vmftgg(rey CeIlan applymg another programming pulse to the first
memory cell; and .

3) verify circuitry for generating the verify signal
indicative of whether the first memory cell has been programmed within the

range of charge.

91.  The computer system of claim 90 further comprising:
4) inhibiting means for inhibiting further
programming of the first memory cell if the verify signal indicate that the first

memory cell has been programmed within the range of charge.

92. A computer system comprising:

a) a central processing unit; and

b) memory device coupled to the central processing unit,
the memory device including:

1) a memory array including a first memory cell and

a second memory cell coupled to a wordline, the first memory cell storing a
first amount of charge representative of a first state, the second memory cell
storing a second amount of charge representative of a second state, the
first state representing a first pattern of a multiplicity of data bits and the
second state representing a second pattern of the multiplicity of data bits;

and
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been programred. The drain of nmenory cell 22b is coupled to converter 142
to convert the state information o IT 22b into a bit pattern. The
nunber of bits included in bit dat m& n the nunber of states S
menory cell 22b is capable of stori @i gra [
data 144 output from converter 142 is coupl ed to the re Rﬁ;‘gt@(@w devijce
20 and to data pins 26. The bit data 144 output from cqg A2-1s al so
coupled to cell verifier 146. Cell verifier 146 conpares bit data 144 to
the data that the external user w shes n‘e‘iﬁ)ry cell 22b to store. This data,
programreference data 148 is stored in a data buffer, as is the common
practice. Cell verifier 1462fonparcestrolhengise forqirogednmingeitbeyfirstel | 22b,
represented by bit data 144, to programreference data 148. |If bit data 144
mat ches pr ogP@men¥icelidadee et stataandithe seeend mesmoryicell ta Aee 5econgs VERI FY

si gnal

state by applying a programming pulse to the wordline, the programming
pulse having a programming voltage level which the control engine
increases if a first verify signal indicates that the first memory cell has not
been programmed to the first state or a second verify signal indicates that
the second memory cell has not been programmed to the second state, the
control engine inhibiting further programming of the first memory cell if the
tirst verify signal indicates that the first memory cell has been programmed
to the first state and inhibiting further programming of the second memory
cell if the second verify signal indicates that the second memory cell has

been programmed to the second state.

93. A nonvolatile memory device comprising:

a) a memory array including a first nonvolatile memory
cell and a second nonvolatile memory cell, the first and second memory
cells each storing discrete amounts of charge; and

b) a contro!l engine for programming of the first memory
cell to a first range of charge and the second memory cell to a second
range of charge by applying a programming pulse having a programming
voltage level to the memory array, the control engine increasing the
programming _voitage level and applying another programming pulse to the
memory array if a first verify signal or a second verity signal is inactive, the

control engine inhibiting further programming of the first memory cell if the



- 29°- 150 active, indicating that nenDry cel l_ 22b ‘has been successfully

progranmed to the desired state. Co data 144 is not the
same as programreference data 148, mﬂ m r 146 brings VERI FY
rmry cel | _

150 inactive, indicating to control
been programmed to the desired state. Thus rret hods a

di screte anounts of charge in a single nonvolatile ne of
the wordline voltage | evel during prografmying controls the armunt of charge
placed in the nenory cell. This allows nmultiple states to be defined in

t erms - of chétrgteV%rﬁmmnalwmmeIeemmtam@ fusihes pepgremuanipgtal dhe seconit a bits.
Thus, the nethod and circuitry described permt storage nultiple bits of
data in a sﬁﬂ@‘i"é’%ﬁ%ﬁ;}h%éﬁpomﬁ Mefifesignal iyaftig: 8pEci fi cation, the invention
has been descri bed w tct}

sensing and verification circuitry coupled to the
nonvolatile memory array for generating the first verify signal and the
second verify signal, the sensing and verification circuitry bringing the first
verify signal active to indicate that the first memory cell has been
programmed within the first range of charge and bringing the first verify
signal inactive to indicate that the first memory cell has not been
programmed within the first range of charge, the sensing and verification
circuitry bringing the second verify signal active to indicate that the second

- memory cell has been programmed within the second range of charge and
bringing the second verify signal inactive to indicate that the second

memory cell has not been programmed within the second range of charge.

)

o p\aced

“\\iiii\\\\\\\\\\\\\\\\\\\



reference to specific exenplary enbodi nents thereof. It will, however, be
evi dent that various nodifications and changes may be nmade thereto w t hout
departing fromthe broader spirit and scope of the invention as set forth
in the appended clains. The specification and drawi ngs are, accordingly, to
be regarded in an illustrative rathebOthan a restrictive sense. 1IN THE

CLAI MS 1. In a nenory array including a nenory cell, a nethod of
pr ogr anmi ngﬂ“lﬁ)@ %F@‘g@@?‘f B HORBIG P mﬂ@%%@ﬁ?%&w pattern of
data bits, SIEEMNRREY EEMPYS sing the steps of: a)  applying a progranm ng
pul se to th 4 array, the programm ng pul se having a progranmm ng
vol tage | e\@g—fﬁg\—%‘[
A method and circuitry for programming a memory cell to one of at
least three amounts of charge. The amount of charge placed in the
memory cell is increased by increasing the vottage level of a programming

pulse applied to the memory cell.

(Figure 6)



sel ected state;

sel ected state;
i ndi cates that the nmenory cel

and d)

MONITOR

KEYBOARD

1A

J4T
SRR

in a saturation region.

b)

progranm ng pul se, the progranm ng pul se having a duration sufficient to
cause programm ng to occur
by determ ni ng whet her the nenory cel
i ncreasi ng the programm ng vol tage | evel
i ndi cates that the nenory cell 1hbs not been programmed to the
repeating steps a) through c) until
has been programmed to the sel ected
The nethod of claim 1, wherein the progranm ng pul se has an
pul se duration in step a) and wherein step c) further conprises
setting the program pul se duration to a second val ue that
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UNIT
(CPu)

MEMORY
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' MEMORY 1
1 DEVICE 1

______ - -

20

generating a verify
has been programmed to the
if the verify

the verify

is less than the




2'3.  The method of claim2 wherein the initial value of the program pul se
duration is sufficient to cause progranm ng of the nmenory cell to occur in

the saturation region. 4. The .net hod of claim 2, wherein the nenory cel
includes a bitline and the programm ng pul se includes a bitline voltage
coupled to the bitline. 5. The met hod of claim4, further conprising the

step of: e) triming the bitline vfilage such that the initial duration
of the programming pulse in step a) causes the nenory cell to programin
t he saturation region. 6. The met hod of claim 1, wherein the selected
state represents a pattern of two bits.
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7. The nethod of claim1, wherein the selected state represents a pattern
of three bits. 8. The nethod of claim1, wherein the selected state
represents a pattern of 3.5 bits. 3 9. The nethod of claim1, wherein
the selected state represents a pattern of four bits. 10. The nethod of
claim1l1, wherein the selected state represents a noni nteger nunber of bits.
11. ° The nethod of claim1, wherein the selected state is represented by a
range of threshold voltages. 12. Th% net hod of claim 1, wherein the
selected state is represented /11
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76 38
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The nmethod of claim 1, wherein the

selected state is represented by an anmount of charge. 14. In a nenory
array including a first nmenory cell and a second nenory cell, a method of
to a first state and programm ng the

programm ng the first nenory cel
second nmenory cell to a second state, the first state representing a first .
pattern of a multiplicity of bits and/the second state representing a

second pattern of the multiplicity of bits, the nmethod conprising the steps
of : a) appl ying a programm ng pulse to the nenory array, the progranm ng

pul se having a programm ng voltage | evel and a 4

by a fange of drain currents. 13.
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progranmm ng pul se,

cause programm ng to occur

verify signal

programmed to the first state; c)
I ndi cati ve of whether the second nenory cell
lng the programgg ng vol tage |evel
hat the first kefrory cell

second state; d)
verify signal

i ncre
i ndi cat es
to the first state or th

éherati ng

sEEOREATBAY f y| si gnal

menory cell has not beeniprogrammed to fhe seco
further progranm ng of the first| nenory cell if
i ndi cates that the first—rmeroryJeell_has _been p
state; f) i nhi biting [ {TAEF PROGRNMANNG of t
second verify signal inHicat&84RAB4ES t he gecond
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. has. been programmed to the second state; and Q) repeati ng steps a)

through f) until the first verify signal indicates that the first nenory
cell has been programmed to the first state and the second verify signal
indicates that the second nenory cell has been progranmed to the second

state. 15. The nethod of claim 14, wherein the nmenory array includes a
first bitline coupled to the first®éihory cell, a second bitline coupled to
t he 5 second nenory cell, and a wordline coupled to the first nenory
cell and the second nenory cell. 16. The nmethod of claim 15, wherein step

a) includes coupling the programm ng voltage to the wordline and a second
voltage to the first bitline
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and a third voltage to the second bitline. 17. The nmethod of claim 15,
wherein the second voltage and third voltage are bel ow an i npact ionization
bi pol ar turn on voltage. 18. The nethod of claim 15, wherein the

programm ng pul se has a duration, the method further conprising the steps
of : h) trimm ng the second voltage and the third vol tage such that
occurs in

programmi ng of the first nenory cell and the second nenory cel
19. The met hod’6¥ clai m 15, wherein step e)

t he saturated region.

conprises coupling the first bitline to a fourth voltage during application
of programm ng pulses to the nmenory array. 20. The nethod of claim 19,
wherein the fourth voltage is ground. 21. The nmethod of claim 14, wherein
t he progranm ng voltage | evel ranges froma m ni num of approximtely 6
volts to a maxi mum of approxi mately 12 volts.
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22. In a nenory array including a first nenory cell and a second nmenory
cell, a nethod of programm ng the second nenory cell to a second state, the
first state representing a first. pattern of a multiplicity of bits and the
REPLACEMENT SHEET 6 second state representing a second pattern of the
multiplicity of bits, the nethod conprising the steps of: a) applying a
progranmi ng pul se to the nenory arrag$/1lk he progranm ng pul se having a
program voltage | evel and a duration, the duration having an initial val ue
sufficient to programin a saturated region of the first nmenory cell and

i ndi cative of

t he second nenory cell; b) generating a first verify signa
whet her the
7 +
[ e T
Vi(v)
5 4+

Vb1< Vpa < Vps

Vp3 > Vg

LOG TIME

FIGURE 8



first menory cell has been programed to the first state; c) generati ng

a second verify signal indicative of whether the second nenory cell has

been programmed to the second state; d) i ncreasi ng the program vol t age

| evel of the programm ng pul se by a step size and setting the duration to a

subsequent value that is less than the initial value if the first verify
has not been programred to the

signal indicates that the second menoryikel |
second state; e) i nhibiting further programm ng of the first nenory cel
has been

if the first verify signal indicates that the first nmenory cel
programmed to the first state; f) i nhibiting further programm ng of the

second nenory cell if the second verify signal indicates that the second
menory cell and g) repeati ng

has been progranmed to the second state;
steps a) through f) until the first verify signal indicates that the first

menory cell has beequrogranned to the first
—n~+TvhH4~***h~**%-~rn~*+,ﬁ,T?H~+*%~T~*v_F~*vh~*Fr

10 + y

STATES
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7 state and second verify signal indicates that the second nenory cell has
been programred to the second state. 23. A nenory device conprising: a)

a nenory array including a first .menory cell and a second nenory cell, the
first and second nenory cells each storing discrete anounts of charge; and
b) programming circuitry for progradffihg the first menory cell to a first
di screte anmount of charge by applying a first programm ng pul se having a
first programm ng voltage to the first nenory cell and progranm ng the
second nmenory cell to a second discrete amount of charge by applying a
second progranmm ng pul se having a second

SET WORDLINE
VOLTAGE LEVEL TO AN
INITIAL VOLTAGE LEVEL

S

4 132

APPLY A FIRST '/
PROGRAMMING PULSE TO
A FIRST MEMORY CELL

CHANG ; | L
E WORDLINE
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ITS INITIAL VOLTAGE
LEVEL

J’ 136

APPLY A SECOND o
PROGRAMMING PULSE TG
A SECOND MEMORY CELL

DONE

FIGURE 10



programm ng voltage level to the second nenory cell, the second progranmm ng
differing fromthe first programm ng voltage |evel, wherein

vol tage | eve
each of the first and second programm ng pul ses has sufficient duration to
24. The nethod of claim

cause progranming to occur in a saturation region.

23, wherein the nenory array is volatile. 25. The nethod of claim 23,
wherein the nenory array is nonvol atile. 8 26. The nenory device of
claim 23, wherein the menory array f&tfHer includes: a) a first bitline

coupled to the first menory cell; and
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b) aflrst wor dl i ne coupledtotheflrst n:egmd cell. 27. The nenory
devi ce of cl ai-m.26 V\/nerel n the progra Q?f try includes: a) a
citcuitry for c }Iﬁ ‘the Fi-rst progranm oItage to the first wordline

37 Shorein the /tmmu Om; o €1 e ' <apey el g, gt ™

27, mhereln t'he

ceII The nenory ‘deVli ce claim27, wherein the fifst bbi | ne_i 9
coup}ed to a drain of the first nenDry3peII 30. A ne 'yzé% 1097
conprising: a) a menory array including a first nmenoyyicell _and a _sgcdnd
menory cell, the first and second nenory cells each stpring discrete
anount s of ENITHE CBAIMS a control engine for progr Lng-of the fir
menory cell to a first range of charge and the second nenory cell to a

second range of _
1 In a memory array including a memory cell, a method of

—+

programming the memory cell to a selected state representing a pattern of
data bits, the method comprising the steps of:

a)  applying a programming pulse to the memory array, the
programming pulse having a programming voltage level and a
progranuning pulse, the programming pulse having a duration
sufficient to cause programming to occur in a saturation region.

b)  generating a verify signal by determining whether the
memory cell has been programmed to the selected state;

¢)  increasing the programming voltage level if the verify
signal indicates that the memory cell has not been programmed to the
sélectéd state; and

d)  repeating steps a) through c) until the verify signal
indicates that the memory cell has been programmed to the selected

state.

2, The method of claim 1, wherein the programming pulse has an
initial pulse duration in step a) and wherein step ¢} further comprises setting
the program pulse duration to a second value that is Jess than the initial

value,

AMENDED SHEET




charge by applying a first progr having a first progranm ng

vol tage level to the first mmdmmﬂﬂwﬁ taﬂ plying a second programi ng
pal se having a second progranmmi I : Wto the second nenory. celﬁi",,""{
9 the second progranmm ng voltage | evel being different than the first: "
programmi ng vol tage | evel, wherein each of the first and segcond_ progranm ng
pul ses has sufficient duration to cause progranm ng to occyr indd UCL 1337 l
saturation region. 31. The menory dewice of claim30 furtherlcopprising. |
c) Sewi ng and verification circuitry coupled to the non- |volatile nenory
array for generat3 ng gHe methotbf tlaisi Ddderaintihe inAGIRAIYE

first verify signal indicating whether the first nenory cell has
pulse duration is sufficient to cause programming of the memory cell to occur

in the saturation region.

4. The method of claim 2, wherein the memory cell includes a
bitline and the programming pulse includes a bitline voltage coupled to the

bitline.

5. The method of claim 4, further comprising the step of:
e)  trimming the bitline voltage such that the initial duration
of the programming pulse in step a) causes the memory cell to program in the

saturation region.

6. The method of claim 1, wherein the selected state represents a

pattern of two bits.

7. The method of ¢laim 1, wherein the selected state represents a

pattern of three bits.

8. The method of claim 1, wherein the selected state represents a

pattern of 3.5 bits.

_AMENDED  SHEET |
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been programed within the fi rst of “charge;—t he second verify signal
i ndi cati ng whet her the second rrejt’ﬁ"iwﬂ” pr ogrrarm %
second range of charge; and \Wer I ﬂ'l’ o t he fii Rgﬁw\ é‘tlm
indicating that the first menory cel I has ot been progr hee
first range of charge the control engine increases the fh HE@ nc

vol tage | evel and applies again the first programm ng puj s to the f| rs
menory cel-l and wherein in response t® the second veri fy signal
t hat t-he second nenory cell has not been programmed within the_ s
of charge the cofitrol Theghethodnof damed, wmr&adhetselxtagrsi represeintsage | evel
and applies again the second progranmm ng pulse to the second nenory cell.

A conppg%rﬁﬁﬂ&{pmmpri sing: a) a processor; and b) a menory
deV|ce coupled to the processing device, the nmenory neans i ncl uding:

i ndicatin

10.  The method of claim 1, wherein the selected state represents a

noninteger number of bits,

11.  The method of claim 1, wherein the selected state is represented

by a range of threshold voltages.

12.  The method of claim 1, wherein the selected state is represented

by a range of drain currents,

13.  The method of claim 1, wherein the selected state is represented

by an amount of charge.

14. In a memotry array including a first memory cell and a second
memory cell, a method of programming the first memory cell to a first state
and programming the second memory cell to a second state, the fixst state
representing a first pattern of a multiplicity of bits and the second state
representing a second pattern of the multiplicity of bits, the method
comprising the steps of:

a)  applying a programming pulse to the memory array, the

prograouming pulse having a programming voltage level and a

AMENDED ~ SHEET




10 1) a menory array including_a_nenory. cell  the nmenory cell storing a

di screte anount of charge within a f r epr eseftimyg—a—state;
the state representing a patternﬂ‘!ﬂ“}g@ﬂmﬂmgilﬁm of bits; BERLASEMENT SHEET
_ €ell to the fdrscrete
anount of charge by applying a first programm ng pul se having 2 $ipEL g7
wordl ine voltage level to the menory cell, the programmingjcijrcuitry
increasing.the programming pulse to a sgcond wordline vol t pge Tever—arh

programmng circuitry for progra y

appl ying a second programm ng pul se to the nenory cell

i f

he nmenory cel |

has not “been pr o 3agRiinthg gulld) ths PR6ErHmElpaRe IRRIRS S ALAHTS ST o)

wher ei n each progranmm ng pu

sufficient to cause programming to occur in a saturation region;

b)  generating a first verify signal indicative of whether the

first memory cell has been programmed to the first state;

€)  generating a second verify signal indicative of whether

the second memory cell has been programmed to the second state;

d)  increasing the programuning voltage level if the first

verify signal indjcates that the first memory cell has not been

programmed to the first state or the second verify signal indicates that

the second memory cell has not been programmed to the second state;

e)  inhibiting further programming of the first memory cell if

the first verify signal indicates that the first memory cell has been

programmed to the first state;

f) inhibiting further programming of the second memory

cell if the second verify signal indicates that the second memory cell

has been programmed to the second state; and

g)  repeating steps a) through £} until the first verify signal

indicates that the first memory cell has been programmed to the first

state and the second verify signal indicates that the second membry cell

has been programmed to the second state.

15.  The method of claim 14, wherein the memory array includes a

first bitline coupled to the first memory cell, a second bitline coupled to the
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sufficient duration to cause progranmng tooccur in a sa
33. "A conputer system conpri SI I“]lllﬁ mﬂ ﬁ procesp
menory devi ce coupled to the ce ﬂ ﬂ ,!Ilunlt t he
i ncl udi ng: 1) a nenory array inclGdihg™ firdt nenmory c

menory cell coupled to a wordline, the first menory cell
anount of charge representative of a first state, the sec

IUII |

LAGEMEN

'gr‘ﬁdﬂrés]'

stpring a f

m mory device

el | arp BESewong

irst

ond MENDTY

storing a“second anmobunt of charge representative of a se

ond st at e,

tett
t he

first ‘stategfopreienidry%ddl, hhAs widififd Bndbled to thd first memory cell and the

second memory cell,

16. The method of claim 15, wherein step a) includes coupling the

programming voltage to the wordline and a second voltage to the first bitline

and a third voltage to the second bitline.

17.  The method of claim 15, wherein the second voltage and third

voltage are below an impact ionization bipolar turn on voltage.

18,  The method of claim 15, wherein the programming pulse has a

duration, the method further comprising the steps of:

h)  trimming the second voltage and the third voltage such

that programming of the first memory cell and the second memory cell

occurs in the saturated region.

19,  The method of claim 15, wherein step €) comprises coupling the

first bitline to a fourth voltage during application of programming pulses to

the memory array.

20.  The method of claim 19, wherein the fourth voltage is ground.

21.  The method of claim 14, wherein the programming voltage

level ranges from a minimum of approximately 6 volts to a

approximately 12 volts.

maximum of

22,  In a memory array including a first memory cell and a second

memory cell, a method of programming the second memory cell to a second

state, the first state representing a first pattern of a multiplicity of bits and the
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mul t &
pat t
progr &
menory cel |
pul s&
| evel

pul se™if the first menory cell has not
or the second nmenpry cell has, not been progranmed tq the secg%%g tate,

wherein the

i'?ty of data bits and the second.state.representir

g8~ oecomn
f the multiplicity of dat Lt a controBgB%fﬁMToﬁHEET
ing of the first menory ce*ﬂ'lill;ﬂiﬂm[rﬂllﬁi;mlstate and ffhe second
to the second state by sapplyLnge

-t0. the wordline, each progranmm ng pul se having a prlogrammi ng vol t age
whi ch the control engine increaseats) for each subsequgnt progranm ng
e

sseguence of |prlog? amBiERgI997

en programmed tofthe first state

tatewppreseniinges secqad patiedh Shthemytiphety o

fficient

duration to cause progranmmng to occur in a saturation region. 34. A
met hod of pr owpthotticognprisingothg seegsioff n a seni conduct or device to a one of
at least three anmbunts of charge conprising the step of:

a)  applying a programming pulse to the memory array, the
programming pulse having a program voltage level and a duration,
the duration having an initial value sufficient to program in a
saturated region of the first memory cell and the second memory cell;

b)  generating a first verify signal indicative of whether the
first memory cell has been programmed to the first state;

) generating a second verify signal indicative of whether
the second memory cell has been programmed io the second state;

d)  increasing the program voltage level of the programming
pulse by a step size and setting the duration to a subsequent value that
is less than the initial value if the first verify signal indicates that the
second memory cell has not been programmed to the second state; |

e)  inhibiting further programming of the first memory cell if
the first verify signal indicates that the first memory cell has been
programmed to the first state;

b inhibiting further programming of the second memory
cell if the second verify signal indicates that the second memory cell
has been programmed to the second state; and |

g repeating steps a) through f) until the first verify signal

indicates that the first memory cell has been programmed to the first
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a) appl yi ng a programm ng pul se having programr-rg-vol tage |l evel to the
menory cell in the sem conduct or dev:_lw mmzmm unt of charge stored
by. the menory cell is increased by ird8 ”'E"ﬂg‘r)amn ng vol t age

| evel , and wherein the programing pul'se ‘has a" dur ati on suf frerent—totause
progranming to occur in a saturated regi on. 35. The met hod| GEPERGEVEEY SHEET

wherein the nenory cell is volatile. 12 36. The nethod| of Tt 347
wherein the nmenory cell is nonvolatile.737. In a nenory ray2indJbBidiss]d a
first menory cell and a second nenory cell in a sem conductof device, a

net hod of pl acing stafel arsd seoomdnterifyy signal indicates that the secorgl memory cell has

been programmed to the second state.

23. A memory device comprising:

a)  amemory array including a first memory cell and a
second memory cell, the first and second memory cells each storing
discrete amounts of charge; and

b)  programming circuitry for programming the first memory
cell to a first discrete amount of charge by applying a first programming
pulse having a first programming voltage to the first memory cell and
programming the second memory cell to a second discrete amount of
charge by applying a second programming pulse having a second
programming voltage level to the second memory cell, the second
programming voltage level differing from the first programming
voltage level, wherein each of the first and second programming
pulses has sufficient duration to cause programming to occur in a

saturation region.
24.  The method of claim 23, wherein the memory array is volatile.

- 25.  The method of claim 23, wherein the memory array is

nonvolatile.
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charge in the first menory cell and a-second-amount—of charge in the
et IR AR T 1T v Tl

first duration, wherein the first progranm ng pul se has
sufficient to cause programmng to occur in a saturated
appl ying a second programm ng pul se to Bhe second nenory ice

seni conduct or devige, &-ﬂge@gﬁ%’gﬂ c{%ﬁg&;(?}@%&g 28Ul 38R \hE

progranm ng vol t age gréa rograming vo a%g-gm

second duration, | ess tgaq the first duration. 38. 1In a nenory array

incl udi ng a f#5tBer #AslBAes:cel | and a second nmemory cell in a sem conduct or
device, a nethod of programmng the first menory cell to a first state and
programm ng the secondahenoayfirsebitline coupled to the first memory cell; and

b) a first wordline coupled to the first memory cell

27.  The memory device of claim 26 wherein the programming
circuitry includes:
a)  a circuitry for coupling the first programming voltage to

the first wordline and a second voltage to the first bitline.

28.  The memory device of claim 27, wherein the first wordline is

coupled to a gate of the first memory cell.

29.  The memory device of claim 27, wherein the first bitline is

. coupled to a drain of the first memory cell.

30. A memory device comprising:

a) a memory array including a first memory cell and a
second memory cell, the first and second memory cells each storing discrete
amounts of charge; and .

b)  a conirol engine for programming of the first memory cell
to a first range;of charge and the second memory cell to a second range of
charge by applying a first programming pulse having a first programming
voltage level to the first memory cell and by applying a second programming
pulse having a second programming voltage level to the second memory cell,
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second state, the first state represepiing a fiTst-patt PO D ISdThe
g fo REPLAGEMENT SRkET

second sate representing a second pat umc mu’mm’mura“s S dg a

first threshold voltage |evel the sec A
vol t age 13 level that is greater than the flfrst threghpl g ¥dDEGES? qvdl ,

t he met hod conprising the steps of: a) applying a firpt{programm ng gulise

to the first menory cell in the seniconductor device, the Tirst progrannijng
pul se having a first programm ng voltade |evel and a dufation sufficient |to
cause progranmng to occur in a saturated region; and b applying a

second progr dmrsegpnsdupragramming veltagedewelioring chifferenh thare e firstonduct or

~devi ce, the second progranm n(i; )
programming voltage level, wherein each of the first and second

programming pulses has sufficient duration to cause programming to oceur

in a saturation region,

31.  The memory device of claim 30 further comprising:

c) Sensing and verification circuitry coupled to the non-
volatile memory array for generating a first verify signal and a second verify
signal, the first verify signal indicating whether the first memory cell has
been programmed within the first range of charge, the second verify signal
indicating whether the second memory cell has been programmed within the
second range of charge; and

Wherein in response to the first verify signal indicating that the first
memory cell has not been programmed within the first range of charge the
control engine increases the first programming voltage level and applies
again the first programming pulse to the first memory cell and wherein in
response to the second verify signal indicating that the second memory cell
has not been programmed within the second range of charge the control
engine increases the second programming voltage level aﬁd applies again the

second programming pulse to the second memory cell.

32. A computer system comprising:
a) a processor; and -
b)  a memory device coupled to the processing device, the

memory means including:
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pul s& having a second program ng voltage level—that is different than the

(@)

first-programm ng vol tage |evel. yst em COypl hStaRehT &UEET
processor; and a circuit includi r@ﬂl‘!&j m“gm storin w{ﬁt@%\?%?ega untt

of charge within a range of charg

resemtihg a state,|the st )
representing a pattern of a multiplicity of bits; and pr¢g aitrd i?ggui
for programm ng the nenory cell to the discrete anount of ¢harge.by

tr

applying first and second progranm ng jpul ses to the nenogy cell,

wher ei n

each programm ng pul se has a sufficient duration to caus¢_programing—t-oe

occur in a saturation region.

a memory array including a memory cell, the
memory cell storing a discrete amount of charge within a range of charge
representing a state, the state representing a pattern of a multiplicity of bits;
and

2)  programming circuitry for programming the
memory cell to the discrete amount of charge by applying a first programming
pulse having a first wordline voltage level to the memory cell, the |
programming circuitry increasing the programming pulse to a second
wordline voltage level and applying a second programming pulse to the
memory cell if the memoxy cell has not been programmed within the range
of charge representing the state, wherein each programming pulse has a

sufficient duration to cause programming to occur in a saturation region.

33. A computer system comprising:

a) a central processing unit; and

b)  memory device coupled to the central processing unit, the

memory device including: |

1)  amemory array including a first memory cell and a
second memory cell coupled to a wordline, the first
memory cell storing a fixst amount of charge
representative of a first state, the second memory cell
storing a second amount of charge representative of a

second state, the first state representing a first pattern of a
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multiplicity of data bits and the second state representing a
second pattern of the multiplicity of data bits; and

2)  a control engine for programming of the first memory cell

to the first state and the second memory cell to the second
state by applying a sequence of programming pulses to the
wordline, each programming pulse having a
programming voltage level which the control engine
increases for each subsequent programming pulse if the
first memory cell has not been programmed to the first
state or the second memory cell has not been programmed
to the second state, wherein the control engine causes
each programming pulse to have sufficient duration to
cause programming to occur in a saturation region.
34. A method of programming a memory cell in a semiconductor

device to a one of at least three amounts of charge comprising the step of:

2) applying a programming pulse having programming
voltage level to the memory cell in the semiconductor device, wherein
an amount of charge stored by the memory cell is increased by
increasing the programming voltage levei,' and wherein the
programming pulse has a duration sufficient to cause programming to

occur in a saturated region, |

35. The method of claim 34, wherein the memory cell is volatile,

AMENDED  SHEET




[

2 2 DEC 997

12

36. The method of claim 34, wherein the memory cell is

nonvolatile.

37. In a memory array including a first memory cell and a second
memory cell in a semiconductor device, a method of placing a first amount of
charge in the first memory cell and a second amount of charge in the second
memory cell, the method comprising the steps of :

a}  applying a first programming pulse to the first memory

cell in the semiconductor device, the first programming pulse having a

first programming voltage level and a first duration, wherein the first

programming pulse has a duration sufficient to cause programming to
occur in a saturated region; and

b)  applying a second programming pulse to the second
memory cell in the semiconductor device, the second programming
pulse having a second programming voltage greater than the first
programming voltage level and a second duration less than the first

duration.

38. Ina memory array including a first memory cell and a second
memory cell in a semiconductor device, a method of programming the first
memory cell to a first state and programming the second memory cell to a
second state, the first state representing a first pattern of bits and the second
sate representing a second pattern of bits, the first state having a first

threshold voltage level, the second state having a second threshold voltage
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level that is greatex than the first threshold voltage level, the method
comprising the steps of:
a)  applying a first programming pulse to the first memory
cell in the semiconductor device, the first programming pulse having a
first programming voltage level and a duration sufficient to cause
programming to occur in a saturated region; and
b)  applying a second programming pulse to the second
memory cell in the semiconductor device, the second programming
pulse having a second programming voltage level that is different than

the first programming x}oltage level.

39. A computer system comprising:
a processor; and
a circuit including:
a memory cell storing a discrete amount of charge within
a range of charge representing a state, the state representing a pattern of
a multiplicity of bits; and
programming circuitry for programming the memory cell
to the discrete amouint of charge by applying first and second
programming pulses to the memory cell, wherein each programming
pulse has a sufficient duration to cause programming to occur in a

saturation region.
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