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(57) ABSTRACT

Non-volatile memory that has non-volatile charge storing
capability such as EEPROM and flash EEPROM is pro-
grammed by a programming system that applies to a plu-
rality of memory cells in parallel. Enhanced performance is
achieved by programming each cell to its target state with a
minimum of programming pulses using a data-dependent
programming voltage. Further improvement is accom-
plished by performing the programming operation in mul-
tiphase where each successive phase is executed with a finer
programming resolution such as employing a programming
voltage with a gentler staircase waveform. These features
allow rapid and accurate convergence to the target states for
the group of memory cells being programmed in parallel,
thereby allowing each cell to store several bits of informa-
tion without sacrificing performance.
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NON-VOLATILE MEMORY WITH IMPROVED
PROGRAMMING AND METHOD THEREFOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of application
Ser. No. 11/126,044, filed on May 9, 2005, which in turn is
a continuation of application Ser. No. 10/804,770, filed on
Mar. 19, 2004, now abandoned, which in turn is a continu-
ation of application Ser. No. 09/793,370, filed on Feb. 26,
2001, now U.S. Pat. No. 6,738,289, which applications are
incorporated herein in their entirety by this reference.

FIELD OF THE INVENTION

[0002] This invention relates generally to non-volatile
semiconductor memory such as electrically erasable pro-
grammable read-only memory (EEPROM) and flash
EEPROM, and specifically to circuits and techniques for
programming their memory states.

BACKGROUND OF THE INVENTION

[0003] Solid-state memory capable of nonvolatile storage
of charge, particularly in the form of EEPROM and flash
EEPROM, has recently become the storage of choice in a
variety of mobile and handheld devices, notably information
appliances and consumer electronics products. Unlike RAM
(random access memory) that is also solid-state memory,
flash memory is non-volatile, retaining its stored data even
after power is turned off. In spite of the higher cost, flash
memory is increasingly being used in mass storage appli-
cations. Conventional mass storage, based on rotating mag-
netic medium such as hard drives and floppy disks, is
unsuitable for the mobile and handheld environment. This is
because disk drives tend to be bulky, are prone to mechani-
cal failure and have high latency and high power require-
ments. These undesirable attributes make disk-based storage
impractical in most mobile and portable applications. On the
other hand, flash memory is ideally suited in the mobile and
handheld environment because of its small size, low power
consumption, high speed and high reliability features.

[0004] EEPROM and electrically programmable read-
only memory (EPROM) are non-volatile memory that can
be erased and have new data written or “programmed” into
their memory cells.

[0005] An EPROM utilizes a floating (unconnected) con-
ductive gate, in a field effect transistor structure, positioned
over a channel region in a semiconductor substrate, between
source and drain regions. A control gate is then provided
over the floating gate. The threshold voltage characteristic of
the transistor is controlled by the amount of charge that is
retained on the floating gate. That is, for a given level of
charge on the floating gate, there is a corresponding voltage
(threshold) that must be applied to the control gate before the
transistor is turned “on” to permit conduction between its
source and drain regions.

[0006] The floating gate can hold a range of charge and
therefore an EPROM memory cell can be programmed to
any threshold voltage level within a threshold voltage win-
dow. The size of the threshold voltage window is delimited
by the minimum and maximum threshold levels of the
device, which in turn correspond to the range of the charges
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that can be programmed onto the floating gate. The threshold
window generally depends on the memory device’s charac-
teristics, operating conditions and history. Each distinct,
resolvable threshold voltage level range within the window
may, in principle, be used to designate a definite memory
state of the cell.

[0007] For EPROM memory, the transistor serving as a
memory cell is typically programmed to a programmed state
by accelerating electrons from the substrate channel region,
through a thin gate dielectric and onto the floating gate. The
memory is bulk erasable by removing the charge on the
floating gate by ultraviolet radiation.

[0008] FIG. 1A illustrates schematically a non-volatile
memory in the form of an EEPROM cell with a floating gate
for storing charge. An electrically erasable and program-
mable read-only memory (EEPROM) has a similar structure
to EPROM, but additionally provides a mechanism for
adding and removing charge electrically from its floating
gate upon application of proper voltages without the need
for exposure to UV radiation.

[0009] An array of such EEPROM cells is referred to as a
“Flash” EEPROM array when an entire array of cells, or
significant group of cells of the array, is electrically erased
together (i.e., in a flash). Once erased, the group of cells can
then be reprogrammed.

[0010] FIG. 1B illustrates schematically a non-volatile
memory in the form of a NROM cell with a dielectric layer
for storing charge. Instead of storing charge in a floating
gate, it has a dielectric layer for storing charge. For example,
U.S. Pat. Nos. 5,768,192 and 6,011,725 disclose a nonvola-
tile memory cell having a trapping dielectric sandwiched
between two silicon dioxide layers.

Cell and Array Structure

[0011] FIG. 1C illustrates schematically a flash EEPROM
cell having both a select gate and a control or steering gate.
Memory devices having such a cell structure are described
in U.S. Pat. No. 5,313,421, which patent is incorporated
herein by reference. The memory cell 10 has a “split-
channel”12 between source 14 and drain 16 diffusions. A
cell is formed effectively with two transistors T1 and T2 in
series. T1 serves as a memory transistor having a floating
gate 20 and a control gate 30. The control gate will also be
referred to as a steering gate 30. The floating gate is capable
of storing a selectable amount of charge. The amount of
current that can flow through the T1’s portion of the channel
depends on the voltage on the steering gate 30 and the
amount of charge residing on the intervening floating gate
20. T2 serves as a select transistor having a select gate 40.
When T2 is turned on by a voltage at the select gate 40, it
allows the current in the T1’s portion of the channel to pass
between the source and drain.

[0012] FIG. 1D illustrates schematically another flash
EEPROM cell having dual floating gates and independent
select and control gates. Memory devices having such a cell
structure are described in co-pending U.S. patent application
Ser. No. 09/343,493, filed Jun. 30, 1999, which disclosure is
incorporated herein by reference. The memory cell 10' is
similar to that of FIG. 1C except it effectively has three
transistors in series. Between a pair of memory transistors,
T1-left and T1-right, is a select transistor T2. The memory
transistors have floating gates 20' and 20" and steering gates



US 2007/0091681 Al

30' and 30" respectively. The select transistor T2 is con-
trolled by a control gate 40'. At any one time, only one of the
pair of memory transistors is accessed for read or program.
When the storage unit T1-left is being accessed, both the T2
and T1-right are turned on to allow the current in the
T1-left’s portion of the channel to pass between the source
and the drain. Similarly, when the storage unit T1-right is
being accessed, T2 and T1-left are turned on. Erase is
effected by having a portion of the select gate polysilicon in
close proximity to the floating gate and applying a substan-
tial positive voltage (e.g. 20V) to the select gate so that the
electrons stored within the floating gate can tunnel to the
select gate polysilicon.

[0013] FIG. 2 is a schematic block diagram of an addres-
sable array of memory cells in rows and columns with
decoders. A two-dimensional array of memory cells 100 is
formed, with each row of memory cells connecting by their
sources and drains in a daisy-chain manner. Each memory
cell 50 has a source 54, a drain 56 and a steering gate 60 and
a select gate 70. The cells in a row have their select gates
connected to a word line 110. The cells in a column have
their sources and drains respectively connected to bit lines
124, 126. The cells in a column also have their steering gates
connected by a steering line 130.

[0014] When the cell 50 is addressed for programming or
reading, appropriate programming or reading voltages (Vg,
Vb, Veras Vi) must be supplied respectively to the cell’s
source 54 and drain 56, steering gate 60 and select gate 70.
A word line decoder 112 selectively connects a selected
word line to a select voltage Vg g. A bit line decoder 122
selectively connects the pair of bit lines 124, 126 in an
addressed column respectively to source voltage Vg and
drain voltage V. Similarly, a steering line decoder 132
selectively connects the steering line 130 in the addressed
column to a steering or control gate voltage Vgrg.

[0015] Thus, a specific cell of the two-dimensional array
of flash EEPROM cells is addressed for programming or
reading by a selection or decode in the column direction of
a pair of bit lines and a steering line, and in the row direction
of'a word line. In order to increase performance, the column
decoders 122 and 132 allow a group of columns to be
selected, and therefore a corresponding group or chunk of
cells to be accessed in parallel, thereby accessing the row of
cells chunk-by-chunk.

[0016] Previously, many flash EEPROM devices have had
a word line connecting all the control gates of cells along
each row. Thus, the word line essentially performs two
functions: row selection; and supplying control gate voltage
to all cells in the row for reading or programming. It is often
difficult to perform both of these functions in an optimum
manner with a single voltage. If the voltage is sufficient for
row selection, it may be higher than desirable for program-
ming. However, with a cell having independent steering gate
and select gate, the word line which is connected to the
select gates of cell in a row need only perform the selection
function while the steering line performs the function of
supplying optimum, independent control gate voltage to
individual cells in a column.

Cell Characteristics

[0017] In the usual two-state EEPROM cell, at least one
current breakpoint level is established so as to partition the

Apr. 26, 2007

conduction window into two regions. When a cell is read by
applying predetermined, fixed voltages, its source/drain cur-
rent is resolved into a memory state by comparing with the
breakpoint level (or reference current I;-r). If the current
read is higher than that of the breakpoint level or Iz, the
cell is determined to be in one logical state (e.g., a “zero”
state), while if the current is less than that of the breakpoint
level, the cell is determined to be in the other logical state
(e.g., a“one” state). Thus, such a two-state cell stores one bit
of digital information. A reference current source, which
may be externally programmable, is often provided as part
of'a memory system to generate the breakpoint level current.

[0018] In order to increase memory capacity, flash
EEPROM devices are being fabricated with higher and
higher density as the state of the semiconductor technology
advances. Another method for increasing storage capacity is
to have each memory cell store more than two states.

[0019] For a multi-state or multi-level EEPROM memory
cell, the conduction window is partitioned into more than
two regions by more than one breakpoint such that each cell
is capable of storing more than one bit of data. The infor-
mation that a given EEPROM array can store is thus
increased with the number of states that each cell can store.
EEPROM or flash EEPROM with multi-state or multi-level
memory cells have been described in U.S. Pat. No. 5,172,
338.

[0020] In practice, the memory state of a cell is usually
read by sensing the conduction current across the source and
drain electrodes of the cell when a reference voltage is
applied to the control gate. Thus, for each given charge on
the floating gate of a cell, a corresponding conduction
current with respect to a fixed reference control gate voltage
may be detected. Similarly, the range of charge program-
mable onto the floating gate defines a corresponding thresh-
old voltage window or a corresponding conduction current
window.

[0021] Alternatively, instead of detecting the conduction
current among a partitioned current window, it is possible to
determine the threshold voltage at the control gate that
causes the conduction current to just “trip” or transverse a
fixed reference current. Thus, the detection is performed on
a threshold voltage among a partitioned threshold voltage
window.

[0022] FIG. 3 illustrates the relation between the source-
drain current ID and the control gate voltage Vs for four
different charges Q1-Q4 that the floating gate may be
selectively storing at any one time. The four solid I, versus
Vgrg curves represent four possible charge levels that can be
programmed on a floating gate of a memory cell, respec-
tively corresponding to four possible memory states. As an
example, the threshold voltage window of a population of
cells may range from 0.5V to 3.5V. Six memory states may
be demarcated by partitioning the threshold window into
five regions in interval of 0.5V each. For example, if a
reference current, Iz of 2 pA is used as shown, then the cell
programmed with Q1 may be considered to be in a memory
state “1” since its curve intersects with I in the region of
the threshold window demarcated by Vg1g0.5V and 1.0V.
Similarly, Q4 is in a memory state “5”.

[0023] As can be seen from the description above, the
more states a memory cell is made to store, the more finely
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divided is its threshold window. This will require higher
precision in programming and reading operations in order to
be able to achieve the required resolution.

[0024] U.S. Pat. No. 4,357,685 discloses a method of
programming a 2-state EPROM in which when a cell is
programmed to a given state, it is subject to successive
programming voltage pulses, each time adding incremental
charge to the floating gate. In between pulses, the cell is read
back or verified to determine its source-drain current relative
to the breakpoint level. Programming stops when the current
state has been verified to reach the desired state. The
programming pulse train used may have increasing period or
amplitude.

[0025] Prior art programming circuits simply apply pro-
gramming pulses to step through the threshold window from
the erased or ground state until the target state is reached.
Practically, to allow for adequate resolution, each partitioned
or demarcated region would require at least about five
programming steps to transverse. The performance is
acceptable for 2-state memory cells. However, for multi-
state cells, the number of steps required increases with the
number of partitions and therefore, the programming preci-
sion or resolution must be increased. For example, a 16-state
cell may require on average at least 40 programming pulses
to program to a target state.

SUMMARY AND OBJECTS OF THE
INVENTION

[0026] Accordingly, it is a general object of the present
invention to provide high density and high performance, yet
low cost memory device.

[0027] In particular, it is a general object of the present
invention to provide high performance flash EEPROM that
can support memory states substantially greater than two.

[0028] It is another general object of the present invention
to provide flash EEPROM semiconductor chips that can
replace magnetic disk storage devices in computer systems.

[0029] Tt is an object of the present invention to provide
improved programming circuits and methods for flash
EEPROM devices.

[0030] It is also an object of the invention to provide
programming circuits that are simpler and easier to manu-
facture and have improved accuracy and reliability over an
extended period of use.

[0031] These and additional objects are accomplished by
improvements in programming circuits and techniques for
nonvolatile floating gate devices. Various aspects of the
present invention help to increase performance while
achieving the required fine programming resolution. One
feature of the present invention is to use programming
pulses with magnitudes optimized for the data to be pro-
grammed (target state) so that within the first step or first few
steps, the cell is programmed as close to the target state as
possible without overshooting. A second feature is to iterate
the programming through a series of operation phases,
where with each phase the programming waveform pro-
duces increasing finer programming steps. Another feature is
to implement the first two features in a programming opera-
tion applicable to a group of cells in parallel. In this way,
both high resolution and rapid convergence to the target state

Apr. 26, 2007

can be achieved at the same time while parallel operation
further improves performance.

[0032] According to one aspect of the invention, in a
memory device with multistate cells, the improvement
includes a programming circuit and method that can be
applied to a group of memory cells in parallel. The pro-
gramming pulses applied to each of the cells in parallel are
optimized for the data to be stored in that cell. In this way,
each of the cells is programmed to its target state with a
minimum of programming pulses. In the preferred embodi-
ment, this is accomplished by provision of a programming
voltage bus supplying a plurality of voltage levels and the
programming circuit for each cell in the group able to select
from the voltage bus an optimum voltage level appropriate
for programming each cell to its target state.

[0033] According to another aspect of the invention, the
programming pulses are applied over a plurality of program-
ming operation phases, with increasingly finer programming
resolution. In the preferred embodiment, during each phase,
a programming voltage in the form of a staircase waveform
is applied to each of the cells in parallel. A cell in the group
is excluded from further programming when it has been
programmed to pass a predetermined level offset short of the
target level corresponding to the target state. The offset is
such that a programming pulse that programs a cell past the
predetermined level does not overshoot the target level by
more than a predetermined margin. The predetermined mar-
gin is implicitly set by the size of the programming steps.
During the last phase, the predetermined level is the same as
the target level with the offset being zero. In this way, rapid
convergence to the target state is possible while achieving
high resolution.

[0034] The improved programming circuits and tech-
niques allow the range of conduction states or threshold
voltages of the cell to be finely partitioned to support higher
density storage. In the preferred embodiment, a flash
EEPROM cell with 16 distinct states can be programmed
within about 10-20 programming steps. When the improved
features of data-dependent programming voltages and mul-
tiphase programming are implemented in a massively par-
allel operation, a high density and high performance, yet low
cost flash EEPROM is possible.

[0035] Additional objects, features and advantages of the
present invention will be understood from the following
description of its preferred embodiments, which description
should be taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0036] FIG. 1A illustrates schematically a non-volatile
memory in the form of an EEPROM cell.

[0037] FIG. 1B illustrates schematically a non-volatile
memory in the form of a NROM cell.

[0038] FIG. 1C illustrates schematically a flash EEPROM
cell having both a select gate and a control or steering gate.

[0039] FIG. 1D illustrates schematically another flash
EEPROM cell having dual floating gates and independent
select and control gates.

[0040] FIG. 2 is a schematic block diagram of an addres-
sable array of memory cells in rows and columns with
decoders.
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[0041] FIG. 3 illustrates the relation between the source-
drain current I(t) and the control gate voltage V¢ for four
different charges Q1-Q4 that the floating gate may be storing
at any one time.

[0042] FIG. 4 is a block diagram illustrating a program-
ming system for programming a group of memory cells in
parallel, according to a preferred embodiment of the present
invention.

[0043] FIG. 5 shows in more detail the multiphase pro-
gram voltage generator and the cell program controller of
the multiphase programming circuit of FIG. 4.

[0044] FIGS. 6(a)-6(e) are timing diagrams for the sample
and hold operation of the multiphase program voltage gen-
erator of FIG. 5.

[0045] FIGS. 7(a)-7(i) are timing diagrams for the first
phase’s operation of the multiphase program voltage gen-
erator shown in FIG. 5.

[0046] FIGS. 8(a)-8()) are timing diagrams for the second
phase’s operation of the multiphase program voltage gen-
erator shown in FIG. 5.

[0047] FIG. 9 is a flow diagram of the multiphase, parallel
programming of a group of memory cells, according to a
preferred embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0048] FIG. 4 is a block diagram illustrating a program-
ming system for programming a group of memory cells in
parallel, according to a preferred embodiment of the present
invention. The programming system 200 comprises a bank
of multiphase programming circuits 210, . . . , 210" for
supplying optimized individual programming voltages
Vera(Ds - . ., Vera(k) to the steering gates 60, . . ., 60' of
a group of k memory cells, 50, . . ., 50". In one preferred
embodiment, a chunk size of k=4096 cells is programmed in
parallel.

[0049] The multiphase programming circuit 210 essen-
tially supplies a series of programming voltage pulses to the
steering gate of cell 50. When the cell 50 is to be pro-
grammed to a target state S, the supplied voltage pulses are
optimized to program the cell to S, accurately and quickly.
In one preferred embodiment, the threshold window of each
cell 50 is partitioned to designate one of sixteen states. For
example, a cell spanning a threshold voltage window
between 0.5-3.5V would require partitioning into approxi-
mately 0.2V intervals to demarcate 16 states. This is
approximately one order of magnitude higher than the
resolution used in a 2-state partitioning.

[0050] A multi-voltage bus 220 is driven by a power
supply 222 to provide a plurality of optimum starting
voltages V,, for programming and reading the partitioned
states. In general, the more voltages available, the finer is the
optimization of the starting voltages. In the preferred
embodiment, the multi-voltage bus will supply voltages
approximately the same as each of the partitioned threshold
voltages. In the present example, the bus comprises 16
power lines with voltages being 0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6,1.8,2.0,2.2,24,26,2.8, 3.0, 3.2, and 3.4V.

[0051] When the cell 50 is to be programmed to a target
state S,, the data is stored in a data latch 232. A voltage

Apr. 26, 2007

selector 230, responsive to the target state data D(S,) (which
may be multiple bits) in the data latch 232, selects one of the
bus line voltages, V,(S;) which is optimized for program-
ming the cell to the target state S,.

[0052] As described earlier, programming is accomplished
by alternately applying a programming pulse to the cell
followed by reading back to determine the resultant memory
state of the cell. During verify (read back) operations, the
voltage V(S,) is applied to the cell’s steering gate 60.
During programming the voltage V(S,) forms the basis for
constructing a programming voltage having a predetermined
waveform profile. Depending on the desired programming
rate, the waveform profile can be a flat one to increasing
ones resulting in increasing rate of programming. In one
preferred embodiment the predetermined waveform profile
is a staircase waveform.

[0053] During a verify operation, a signal VERIFY
enables a path 234 for V(S,) from the voltage selector 230
to be supplied to the steering gate 60 of the cell 50. The
resultant source-drain current is compared to a reference
current by a sense amplifier 240. Prior to the start of
programming, the cell 50 is in an erased state where the
source-drain current is larger than the reference current. As
the cell 50 is progressively being programmed, charges
accumulate on the floating gate thereby diminishing the field
effect of the steering gate’s V(S,) on the channel so that the
source-drain current decreases until it drops below that of
the reference current, Iy during verify. At that point the
cell has been programmed to a desired level, and the event
is signaled by an output signal PASSED* from the sense
amplifier 240 going LOW.

[0054] During a programming operation, a multiphase
program voltage generator 250 uses V,(S, ) to form the basis
for generating various waveforms to be supplied to the
steering gate 60 of the cell. The multiphase program voltage
generator 250 generates different waveforms under different
operating phases and is controlled by a cell program con-
troller 260 that is responsive to the state of the local cell 50
as well as the states of all the cells in the group of k cells.

[0055] The cell program controller 260 is also responsive
to the output signal of the sense amplifier 240. As described
above, when the cell is programmed to a desired level, the
sense amplifier’s output signal, PASSED*, goes LOW
which in turn causes the controller 260 to output a signal
PGM,* to enable a program inhibit circuit 280. When
enabled, the program inhibit circuit 280 essentially inhibits
the cell 50 from further programming by applying appro-
priate voltages to the drain and steering gates.

[0056] For programming k cells in parallel, a bank of
multiphase programming circuits, 210, . . . , 210' is
employed, one programming circuit for each cell. A parallel
program controller 290, responsive to the status PGM, *, . .
., PGM,* from each of the k multiphase programming
circuit cells, coordinates the programming operations of the
bank of programming circuits. As will be described in more
detail later, a new phase begins after all the k cells have been
programmed to their respective desired levels, equivalent to
each cell tripping its sense amplifier’s reference current.
This results in PGM,* to PGM, * all having become LOW.

[0057] FIG. 5 shows in more detail the multiphase pro-
gram voltage generator 250 and the cell program controller
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260 of the multiphase programming circuit 210 of FIG. 4.
The operation of the various components is best described in
combination with the timing diagrams shown in FIGS. 6-8.

[0058] Essentially, the multiphase program voltage gen-
erator 250, in an initial phase of the operation as designated
by a control signal SAMPLE pulsing HIGH, samples and
stores the optimized voltage V(S,) in a sample-and-hold
circuit 300. The sample-and-hold circuit 300 has an output
node 307 where voltages from other sources (such as 330,
350 to be described below) are summed to form a resultant
voltage, VLast. This voltage, VLast, then drives a source
follower 310 to provide the programming voltage Vg g(1) at
the steering gate of the cell 50.

[0059] The sample-and-hold circuit 300 comprises an
input gated by two series transistors 302, 304 with a com-
mon node 303 in between and the output node 307. The
common node 303 can be set to a voltage Vo gated by
another transistor 308.

[0060] In the preferred embodiment, the other sources of
voltages that are summed at the output node 307 to produce
VLast are generated by a first-phase waveform generator
320 with an associated AC coupler 330 and a second-phase
waveform generator 340 with an associated AC coupler 350.

[0061] FIGS. 6(a)-6(e) are timing diagrams for the sample
and hold operation of the multiphase program voltage gen-
erator of FIG. 5. In operation, the parallel program controller
290 (see FIG. 4) asserts the SAMPLE signal that turns on the
two series transistors 302 and 304 to allow input voltage
V,(S,) to be sustained across a capacitor C, of the AC
coupler 330. In the sample and hold operation, the waveform
generators 320 and 340 do not contribute to Vlast as their
paths are blocked by the gating signals G, and G, (FIG. 6(c))
respectively. Thus, the voltage, Vlast, at the output node 307
initially assumes the value of V(S,) (FIG. 6(e)). Thereafter,
the two series transistors are turned off with SAMPLE going
LOW (FIG. 6(a)) and the common node 303 is allowed to
acquire the voltage Vo p after a signal HOLD (FIG. 6(5))
is asserted on the gate of the transistor 308. This debiasing
arrangement reduces the leakage of VLast back through
transistor 304 by several orders of magnitude and ensures
the accuracy of the sampled voltage stored at the node 307.

[0062] The cell program controller 260 shown in FIG. 5
comprises a Set/Reset latch 262. When the cell 50 has been
programmed to have its conduction current below a refer-
ence current level, the sense amplifier outputs the signal
PASSED* going from HIGH to LOW. This is used to set the
set-reset latch 262 to change a latched output signal PGM, *
from HIGH to LOW, which in turn enables the program
inhibit circuit 280.

[0063] FIGS. 7(a)-7(i) are timing diagrams for the first
phase’s operation of the multiphase program voltage gen-
erator shown in FIG. 5. In the preferred embodiment, a
verify operation is performed prior to programming. A
RESET signal resets the set-reset latch 262 so that the
latched output signal PGM, * is HIGH. A verify operation is
enabled whenever the VERIFY signal goes HIGH. Con-
versely, a programming operation can take place when the
VERIFY signal is LOW. If the cell 50 is properly erased, the
sense amplifier 240°s output signal PASSED* will be HIGH,
which allows programming to take place because it will not
activate the program inhibit circuit 280. (See also FIG. 4.)

Apr. 26, 2007

[0064] During the first phase of the programming opera-
tion, the first waveform generator 320 is enabled by a control
signal @, (FIG. 7(e)) from the parallel program controller
290. It then generates V,(t) (FIG. 7(%)) in the form of one or
more staircase pulses when the pass-gate signal G, is
enabling. The initial rise of the first pulse is preferably
ramped to moderate the otherwise steep rise thereby tem-
pering any undesirable stress to the memory cell. Each
successive pulse of the waveform will move the pro-
grammed level of the cell towards a target level, which is set
to be a preferred level designating the target state for the cell.
Because of the discrete nature of the programming steps,
there will be a statistical distribution of programmed levels
designated to be representing a given memory state. In the
present embodiment, a cell is considered to be programmed
to a given memory state when the programmed threshold
level falls within the range of programmed levels associated
with that state. The range of programmed levels is delimited
at the low end by the target level and at the high end by the
predetermined margin associated with that state.

[0065] In order to avoid overshooting the range of pro-
grammed levels, the programming circuit uses a predeter-
mined level, short of the range, to gauge when to halt
programming during each phase. This predetermined level is
offset short of the target level such that when a programming
pulse moves the programmed level past the predetermined
level, it will not exceed the target level by more than the
associated predetermined margin. In other words, once the
predetermined level is passed, the cell is programmed to a
level not exceeding the high end of the program level range
for that state. In that event, the programming pulses of the
current phase will no longer be applied. Thus, the consid-
erations for the rate of increase of the staircase waveform
and the first-phase predetermined level are as follows. The
target level is approached with successive pulses as quickly
as possible but no single pulse will cause the memory cells’
threshold to pass both the first-phase predetermined level
and the associated predetermined margin beyond the target
level.

[0066] V,(t)is enabled at a node 333 by the control signal
PGM, * being HIGH and is added via the AC coupler 330 to
the output node 307. (See FIGS. 7(d), 7(h).) Thus, the
voltage at the output node 307 is VLast=V(S;)+b,V,(1)
(where b, is a coupling ratio near unity) and it passes
through the source follower 310 to become the voltage
supplied to the steering gate of the cell 50. (See FIG. 7(i).)
As programming pulses are successively applied, eventu-
ally, the cell 50 is programmed to the predetermined level
for the first phase. At this point the signal PASSED* (FIG.
7(c)) goes LOW and in turn causes the signal PGM, * to go
LOW (FIG. 7(d)) which in turn enables the program inhibit
circuit 280 to inhibit the cell 50 from further programming.
At the same time, PGM,* going LOW causes G, to go LOW
(FIG. 7(f)), which cuts off the AC coupler 330 from the first
waveform generator 320, thereby freezing V, at the ampli-
tude of the waveform at the time of cutoff. If T ; is the time
when PGM,* goes LOW, then V| =V (T ), so that VLast
(T19=Vo(S)+b, Vi (T1 9.

[0067] In the meantime, parallel programming for other
cells in the chunk continues while more and more of the cells
reach their associated first-phase predetermined level and
drop out of the parallel programming operation. As each cell
drop out, each of their associated VL ast retains the corre-
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sponding voltage applied to the steering gate at the time of
program inhibition. Eventually, all cells in the chunk
become programmed to the corresponding predetermined
levels and this event is signaled by PGM,* to PGM_* all
having become LOW. This will prompt the parallel program
controller 290 to initiate the next phase.

[0068] FIGS. 8(a)-8()) are timing diagrams for the second
phase’s operation of the multiphase program voltage gen-
erator shown in FIG. 5. The second phase is similar to the
first phase, starting with verify performed prior to program-
ming, except the first waveform generator is disabled by the
control signal @, being LOW (FIG. 8(e)). Instead, the
second waveform generator 340 is enabled by a control
signal @, (FIG. 8(f)) from the parallel program controller
290 and generates V,(t) in the form of one or more staircase
pulses (FIG. 8(i)). Each successive pulse of the waveform
will move the programmed level of the cell towards a
second-phase predetermined level offset from the target
level. The rate of increase of the staircase waveform and the
second-phase predetermined level are such that the target
level is approached with successive pulses as quickly as
possible but no single pulse will cause the memory cells’
threshold to pass both the second-phase predetermined level
and the associated predetermined margin beyond the target
level. In general the rate of increase of the staircase wave-
form and the predetermined level will be much finer than
those of the first phase.

[0069] V,(t) is enabled at a node 335 by a reset control
signal PGM | * being HIGH (FIG. 8(d)) (with all the SR
latches having been reset at the start of the second phase
(FIG. 8(a)) and is added via the AC coupler 350 to the node
333. Thus, the voltage at the output node 307 is VL ast=
Vo(S)4b, [V (T, p+b,[V,(1)-V,;], where b, is another cou-
pling ratio, and V,; is the value of V, when G1 goes LOW
and is a predetermined offset (e.g. ~0.4V) applied before the
end of the first phase. VLast passes through the source
follower 310 to become the voltage supplied to the steering
gate of the cell 50. (See FIG. 8(j).) As programming pulses
are successively applied, eventually, the cell 50 is pro-
grammed to the predetermined level for the current phase. At
this point the signal PASSED* (FIG. 8(¢)) goes LOW and in
turn causes the signal PGM, * to go LOW (FIG. 8(d)) which
in turn enables the program inhibit circuit 280 to inhibit the
cell 50 from further programming. At the same time, PGM, *
going LOW causes G, to go LOW (FIG. 8(g)), which cuts
off the AC coupler 350 from the second waveform generator
340 by disabling control signal G,, thereby freezing V, at
the amplitude of the waveform at the time of cutoff. If T,
is the time when PGM,* goes LOW, then V,=V,(T,)), so
that VLast (T,)=Vo(S)+b, V(T )+by[V,(Top)-Vo]

[0070] Similarly, parallel programming for other cells in
the chunk continues while more and more of the cells reach
their target states and drop out of the parallel programming
operation and each of their VLast retains the voltage applied
to the steering gate at the time of program inhibition.
Eventually, all cells in the chunk have been programmed to
the predetermined level and this event is signaled by PGM, *
to PGM,* all having become LOW. This will prompt the
parallel program controller 290 to initiate the next phase.

[0071] Similar arrangement applies to higher phases,
where a waveform generator produces a voltage that is
added to the level of VLast frozen at the end of the previous
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phase. At the last phase, the predetermined level is the same
as the target level corresponding to the target state.

[0072] In another embodiment, VLast is generated by one
multi-phase waveform generator.

[0073] The implementation of multiphase programming
allows for different rates of increase of the staircase wave-
form during the different phases. The target state to be
programmed is approached by a hierarchy of programming
steps, with the first phase being the coarsest, approaching the
target state in the fewest steps without over-shooting, then
following by the next phase with a series of finer steps,
again, approaching further the target state in the fewest steps
without over-shooting, and so on. In this way, a series of
increasing programming pulses is applied to the steering
gate 60 of the cell 50, with the rate of increase during each
phase being optimized for rapid convergence to the target
state.

[0074] As described above, for each phase short of the
final phase, a level short of the target state is used as the
target, such that crossing it in a programming step for that
phase will not lead to overshooting the actual target state. In
the final phase, the target is the actual target state. In the
preferred embodiment, the phase-dependent level is imple-
mented by shifting down a predetermined amount the volt-
age applied to a steering gate Vg during the verify
operation. This will result in the sense amplifier 240 (see
FIG. 4) tripping before the actual target state is reached. The
power source 222, (see FIG. 4), responsive to the state of the
phase, adjusts the voltages on the multi-voltage bus 220
accordingly.

[0075] In an alternative embodiment, the phase-dependent
verifying is accomplished by adjusting the reference current
Iz zr employed by the sense amplifier 240, shown in FIG. 4,
to incrementally lower values.

[0076] In yet another embodiment, the phase-dependent
verifying is accomplished by a combination of shifting down
a predetermined amount the voltage applied to the steering
gate during the verify operation and adjusting the reference
current employed by the sense amplifier.

[0077] A number of embodiments have been found to
allow programming to converge to a target state within about
10-20 steps or so for a cell partitioned into 16 states. For
example, one preferred embodiment has a two-phase pro-
gramming operation, the first phase having a first increasing
waveform followed by a second phase with a second more
gently increasing waveform. Another embodiment has a
three-phase operation with the first being a single pulse,
followed by two series of staircase waveforms. Various
combinations are possible and are contemplated by the
invention.

[0078] One advantage of the programming system 200
described is even though a large group of cells are being
programmed in parallel, the cells can all share the same
power bus 220 to realize data-dependent programming volt-
ages. Similarly, the phase-dependent waveform generators
such as 320, 340, . . . are shared by all the cells in the group.

[0079] FIG. 9 is a flow diagram of the multiphase, parallel
programming of a group of memory cells, according to a
preferred embodiment of the present invention.
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[0080] Step 400: BEGIN INITIALIZATION, Set Phase=
0, PhaselLast=2 (as an example)

[0081] Step 410: BEGIN GETTING DATA-DEPEN-
DENT VOLTAGE

[0082] Step 412: Do the chunk of cells, i=1 to k, in parallel
[0083] Step 414: Latch D(S)), the ith cell’s target state.

[0084] Step 416: Use D(S)) to select an initial voltage,
Vo(D(8,)), optimized for programming the ith cell to
D(S).

[0085] Step 418: Store V,(D(S))) to be used as a baseline
voltage for the steering gate voltage, i.e., VLast(i)=
Vo(D(S,).

[0086] Step 420: BEGIN NEW PHASE OF PARALLEL
PROGRAMMING

[0087] Step 422: Phase=Phase+1

[0088] Step 430: BEGIN CHUNK PROGRAMMING,
i=1 to k in parallel

[0089] Step 432: Set steering gate voltage to a phase-
dependent waveform relative to the baseline VLast(i).

[0090] Step 434: Continue programming the chunk of
cells in parallel.

[0091] Step 436: Verify to see if the ith cell has been
programmed to within a predetermined level of the target
state. The level is phase dependent and sufficiently short
of the target state such that a programming step that
crosses the level does not overshoot the target state. If the
level has been passed, proceed to Step 440, if not continue
to Step 438.

[0092] Step 438: Apply a programming pulse Vy5(i) to
the ith cell. Return to Step 436.

[0093] Step 440: Inhibit ith cell from further programming
during the current phase.

[0094] Step 442: Store the current programming voltage,
i.e. VLast(i)=Vg15(i) as a baseline voltage for the next
phase.

[0095] Step 450: Are all cells programmed past the level
for the current phase? If that is the case, proceed to Step
460. Otherwise return to Step 434 to continue program-
ming the remaining cells in the chunk until the last one
has passed the level of the current phase. If programming
has passed a predetermined maximum allowed number of
pulses, a predetermined exception handling is initiated
and where typically an error handling routine sets in.

[0096] Step 460: Is Phase=Phasel.ast? If not, proceed to
Step 420 to begin the next phase. Otherwise proceed to
Step 470.

[0097] Step 470: DONE. Programming of the chunk of
cells i=1 to k is completed.

[0098] The embodiments of the present invention have
been discussed in reference to non-volatile semiconductor
memory that contains a charge storing floating gate or
dielectric layer. However, the various aspects of the present
invention may be applied to any type of non-volatile
memory where precise programming may be performed
through the application of state-dependent, optimally con-
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trolled voltage programming pulses. For example, this meth-
odology can be applied to multi-dielectric storage devices,
such as Metal Nitride Oxide Silicon (MNOS) or Polysilicon
Nitride Oxide Silicon (SONOS) devices. Similarly, it is
applicable to MROM devices.

[0099] While the embodiments of this invention that have
been described are the preferred implementations, those
skilled in the art will understand that variations thereof may
also be possible. Therefore, the invention is entitled to
protection within the full scope of the appended claims.

What is claimed is:

1. A method of programming a group of memory cells in
parallel, each memory cell having a charge storage individu-
ally programmable to a target charge level corresponding to
a target memory state among a plurality of memory states
thereof, comprising:

providing a plurality of voltage levels for programming a
memory cell to one of said plurality of memory states;

selecting one of said plurality of voltage levels for each
memory cell of the group, the selected voltage level
being a function of the memory cell’s target memory
state;

generating a programming voltage as function of the
selected voltage for each memory cell; and

programming the group of memory cells in parallel.
2. A method as in 1, further comprising:

generating a programming voltage waveform for each cell
of said group, each said programming voltage wave-
form having an initial amplitude which is a function of
said voltage level selected for each cell.

3. A method as in 2, wherein said programming voltage
waveform includes a series of voltage pulses.

4. Amethod as in 3, wherein applying an initial one of said
series of voltage pulses programs each cell substantially
towards but not overshooting its target memory state.

5. A method as in 3, wherein said series of voltage pulses
has an amplitude that increases with time.

6. A method as in 3, further comprising:

(a) programming said group of memory cells in parallel
by applying to each cell a pulse from said series of
voltage pulses of the programming voltage waveform
associated with each cell,;

(b) verifying said group of memory cells in parallel by
determining if each cell has been programmed to a
predetermined level associated with the target state of
each memory cell,

(c) inhibiting any cell from said group from further
programming when said any cell has been programmed
to its predetermined level; and

(d) repeating (a), (b) and (c) until all cells in said group
have been programmed to their respective predeter-
mined levels.

7. A method as in 6, wherein said repeating step also
terminates when it has iterated more than a predetermined
number of times.

8. A method as in 6, wherein said repeated cycling of
(a)-(d) until termination constitutes one programming phase,
and said method further comprises one or more additional
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programming phases, each with its associated series of
voltage pulses and predetermined levels.

9. A method as in 8, wherein each successive phase
employs a series of voltage pulses that produce a finer
programming step from the previous phase.

10. A method as in 8, wherein each successive phase
employs predetermined levels that are closer to the target
states.

11. A method as in 8, wherein a predetermined last phase
employs predetermined levels that have each cells of the
group programmed to their respective target states.

12. A method as in 8, wherein each cell receives no more
than twenty programming pulses.

13. A method as in anyone of claims 1-12, wherein each
cell stores one of two memory states.

14. A method as in anyone of claims 1-12, wherein each
cell stores more than two memory states.

15. A method as in anyone of claims 1-12, wherein each
cell stores one of sixteen memory states.

16. A nonvolatile memory, comprising:

an array of memory cells, each memory cell having a
charge storage individually programmable to an asso-
ciated target charge level corresponding to a target
memory state among a plurality of memory states
thereof;

a power bus supplying a plurality of voltages in parallel
for programming a memory cell to one of said plurality
of memory states; and

a parallel programming system for programming a group
of memory cells in parallel, said parallel programming
system having a plurality of programming circuits, one
for each cell in the group, each programming circuit
further comprising:
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a voltage selector selecting one of the plurality of voltages
from said power bus, the selected voltage being a
function of the target state of the associated memory
cell such that the selected voltage is optimum for said
programming circuit to produce a programming volt-
age for programming the memory state towards its
target memory state.

17. A nonvolatile memory as in 16, wherein said pro-

gramming circuit further comprising:

a first programming voltage waveform generator coupled
to receive said selected voltage to generate a first
programming voltage waveform having an initial
amplitude which is a function of the selected voltage;

a sense amplifier for determining the programmed state of
the memory cell; and

a program inhibit circuit responsive to the sense amplifier
for inhibiting further programming of the cell whenever
the programmed state of the memory cell has passed a
first predetermined level.

18. A non-volatile memory as in 17, further comprising:

a storage element for saving the last programming voltage
that causes the programmed state of the associated cell
to pass the first predetermined level;

a second programming voltage waveform generator
responsive to said last programming voltage saved for
generating a second programming voltage; and

a controller for enabling said second programming volt-
age waveform generator after all memory cells in the
group have passed the first predetermined level.
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