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METHOD, SYSTEM AND CIRCUIT FOR PROGRAMMING A NON-VOLATILE

MEMORY ARRAY

FIELD OF THE INVENTION

[001] The present invention generally relates to the field of non-volatile
memory (“NVM”) cells. More specifically, the present invention relates to a
system, circuit and method for programming one or more NVM cells using a

multi-phase programming sequence or algorithm.

BACKGROUND OF THE INVENTION

[002] Non-volatile memory (“NVM”) cells are fabricated in a large variety of
structures, including but not limited to Poly-silicon floating gate, as shown in
FIG. 2A, and Nitride Read Only Memory (“NROM?”), as shown in FIG. 2B. As
is well known, an NVM cell's state may be defined and determined by its
threshold voltage, the gate to source voltage at which the cell begins to

significantly conduct current.

[003] Different threshold voltage ranges are associated with different logical
states, and a NVM cell’s threshold voltage level may be correlated to the
amount of charge (e.g. electrons) stored in a charge storage region of the
cell. Fig. 1A shows a voltage distribution graph depicting possible threshold

voltage distributions of a binary non-volatile memory cell, wherein vertical

_lines depict_boundary voltage values correlated with each of the cell's

possible states. Cells having Vt Lower than EV level are said to be erased
verified. Cells having Vt Higher than PV are said to be program verified.
These two limits define the completion of programming and erase sequences
that may be performed on a cell. A Program sequénce of programming
pulses may be used to drive the Vt of a cell higher than PV, while an erase
sequence may drive the cell's Vit lower than EV. Also visible in Fig. 1A are
vertical lines designating a Read Verify (RV) level and an Intermediate

1
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Program Verify voltage, PV, designating the start of regions before the
Program Verify threshold.

[004] FIG 1B shows a voltage distribution graph depicting possible threshold
voltage distributions in the charge storage region of a multi-level non-volatile
memory cell (“MLC”), wherein one set of vertical lines depict boundary values
correlated with each of the cell's possible Program Verify Threshold Voltages
(PV0O0, PV01, etc.), another set of vertical lines depict boundary values
correlated with the Read Verify level of each of the cell’'s possible Program
states (RV00, RV01, etc.), and yet another set depict boundary lines for
Intermediate Program Verify voltages (PV'00, PV'01, etc..) associated with

each of the states.

[005] The amount of charge stored in a charge storage region of an NVM
cell, may be increased by applying one or more programming pulses to the
cell. While the amount of charge in the cell may decrease by applying an
erase pulse to the NVM cell which may force the charge reduction in the cell’'s
charge storage region, and consequently may decrease the NVM's threshold

voltage.

[006] A simple method used for operating NVM cells (e.g. programming,
reading, and erasing) uses one or more reference structures such as
reference cells to generate the reference levels (i.e. PVs, EVs). Each of the
one or more reference structures may be compared against a memory cell
being operated in order to determine a condition or state of the memory cell
being operated. Generally, in order to determine whether an NVM cell is at a
specific state, for example erased, programmed, or programmed at one of
multiple possible program states within a multi-level cell ("MLC’), the cell's
threshold level ié compéred to that of a reference structure whose threshold
level is preset and known to be at a voltage level associated with the specific
state being tested for. Comparing the threshold voltage of an NVM cell to that
of a reference cell is often accomplished using a sense amplifier. Various
techniques for comparing an NVM's threshold voltage against those of one or
more reference cells, in order to determine the state(s) of the NVM's cells, are

well known.
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[007] When programming an NVM cell to a desired state, a reference cell
with a threshold voltage set at a voltage level defined as a “program verify”
level for the given state may be compared to the threshold voltage of the cell
being programmed in order to determine whether a charge storage area or
region of the cell being programmed has been sufficiently charged so as to be
considered “programmed” at the desired state. If after a programming pulse
has been applied to a cell, it has been determined that a cell has not been
sufficiently charged in order for its threshold voltage to be at or above a
“program verify” level (i.e. the threshold voltage of the relevant reference cell)
associated with the target program state, the cell is typically hit with another
programming pulse to try to inject more 6harge into its charge storage region.
Once a cell's threshold value reaches or exceeds the “program verify” level to
which it is being programmed, no further programming pulse should be

applied to the cell.

[008] Groups of cells within an NVM array may be programmed concurrently.
The group of NVM cells may consist of cells being programmed to the same
logical state, or may consist of cells being programmed to several possible
states, such as may be the case with MLC arrays. Since not all cells have the
same susceptibility to being programmed, cells may not program at the same
rate. Some cells may reach a target program state before other cells in the

same set of cells that are being programmed together.

[009] The need to increase NVM's performance dictates more aggressive
programming algorithm using stronger programming pulses. The stronger
pulses may cause the Vit of the NVM cell to change significantly hence
increasing the variations in the response of the different cells to the
programming algorithm. This is reflected in the programming tail that may
become larger using more aggressive algorithms. Larger Programming tails
may not be wanted since they reduce the endurance and retention figures of
an NVM cell.

[0010] With MLC arrays the situation is finer. The voltage threshold
boundaries which define a given logical state in an MLC cell (e.g. between
two read levels) are usually considerably smaller than those for a binary NV

cell. FIG. 1B, to which reference is now made, illustrates four regions of an
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MLC, where each region is associated with one of the programmed states of
the MLC. Because in an MLC a fixed range of potential threshold voltages
(e.g. 3 Volts to 9 Volts) needs to be split into several sub-ranges or regions,
the size of each sub-range or region in an MLC is usually smaller than a
region of a binary NVM cell, as seen comparing FIG. 1A to 1B. Programming
algorithms for MLC arrays may take into account that a programming tail

should not exceed the read verify reference level above it.

[0011] The simple solution of reducing the steps of a programming
algorithm to smaller and smaller steps does not assure the similar reduction of
the PGM tail voltage distribution. This is due to practical limitations of array
non uniformities in many parameters (e.g. physical dimensions, resistances of
current paths, number of cells that need programming pulses simultaneously,
etc...). Since cells are programmed in groups, the applied voltages
experiences by each cell may different to some extent from the pulse voltage

as supplied by power supplies.

[0012] There is a need in the field of semiconductors for improved
systems, circuits and methods for the programming of NVM cells in a NVM
array that has more control of the PGM rates hence the variations in the

programming tail.

[0013] Algorithms for programming MLC cells are known. U.S. Patent
Application Serial No. 10/354,050, filed on January 30, 2003, assigned to the
same assignee as the present invention, teaches several programming
algorithms for MLC memory arrays. The specification of U.S. Patent
Application Serial No. 10/354,050, is hereby incorporated by reference in its

entirety into the present application.

SUMMARY OF THE INVENTION

[0014] The present invention is a method circuit and system for
programming non-volatile memory (“NVM") cells in an NVM array. According
to some embodiments of the present invention, one or more NVM cells of a
memory array may be programmed using a controller or programming circuit

adapted to provide a first programming phase and a second programming
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phase, wherein programming pulses associated with the second programming

phase may induce lower programming rate, hence lower programming

variations.

[0015] According to some embodiments of the present invention, one
or more NVM cells of a memory array may be programmed using a controller
or programming circuit adapted to provide a first programming phase and a
second programming phase, wherein programming pulses associated with the
second programming phase may induce relatively greater threshold voltage
changes in cells having less stored charge than in cells having relatively more
stored charge. According to some embodiments of the present invention, the
second programming phase may induce relatively greater threshold voltage
changes in cells having relatively lower threshold voltages after the first phase

programming.

[0016] According to some embodiments of the present invention, a first
set of NVM cells to be programmed to a first target threshold voltage level
may receive first phase programming pulses until one or more of the cells in
the first set reaches or exceeds a first intermediate threshold voltage level,
after which the cells in the first set may receive second phase programming
pulses until one or more, or substantially all, of the cells in the first set reach

the first target threshold voltage.

[0017] According to some embodiments of the present invention, a
second set of NVM cells to be programmed to a second target threshold
voltage level may be programmed with first phase programming pulses whose
initial voltage levels may correspond to initial voltage levels associated with
the second phase programming of the first set of cells. The second set may
receive first phase programming pulses until one or more of the cells in the
second set reaches or exceeds a second intermediate threshold voltage level,
after which the cells in the second set may receive second phase
programming pulses until one or more, or substantially all, of the cells in the

second set reach the second target threshold voltage.

[0018] According to some embodiments of the present invention, a third

set of NVM cells may be programmed to a third target threshold voltage in a
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manner similar and corresponding to that describer for the first and second
sets above. This process can be extended to arbitrary large number of sets of

cells, associated an arbitrarily large number of target threshold voltages.

[0019] According to some embodiments of the present invention, first
phase programming may be characterized by applying to a terminal of one or
more NVM cells of a set of NVM cells incrementally increasing programming
pulses in concert with pulses of substantially fixed voltage to a gate of the one
or more NVM cells. According to some embodiments of the present invention,
second phase programming may be characterized by applying to a terminal of
one or more cell of the set programming pulses of substantially fixed voltage
in concert with gate pulses of incrementally increasing voltage. According to
an alternative embodiment of the present invention, second phase
programming may be characterized by applying to a terminal of one or more
cells programming pulses of incrementally increasing voltage in concert with
gate pulses of a relatively reduced and substantially fixed voltage. According
to some embodiments of the present invention, initial second phase gate and
drain voltage levels may be deduced from a verify process of the cells during

the first phase.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The subject matter regarded as the invention is particularly
pointed out and distinctly claimed in the concluding portion of the
specification. The invention, however, both as to organization and method of
operation, together with objects, features and advantages thereof, may best
be understood by reference to the following non limiting detailed description

when read with the accompanied drawings in which:

[0021] FIG. 1A shows a voltage distribution graph depicting possible
threshold voltage distributions in the charge storage region of a binary
non-volatile memory cell, wherein vertical lines depict boundary values or
voltage threshold level correlated with the Program Verify, Read Verify and
Intermediate Program Verify levels for each of the cell’s possible program

states;
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[0022] FIG. 1B shows a voltage distribution graph depicting possible
threshold voltage distributions in the charge storage region of a multi-level
non-volatile memory cell (“MLC”), wherein sets of vertical lines depict
boundary values or voltage threshold levels correlated with the Program
Verify, Read Verify and Intermediate Program Verify levels for each of the

cell's possible states;

[0023] FIG. 2A shows a block diagram depicting a side cross sectional

view of a floating gate memory cell;

[0024] FIG. 2B shows a block diagram depicting a side cross sectional
view of a Nitride Read Only Memory (“NROM”) cell having to distinct

programming charge storage regions;

[0025] FIG. 3 shows a block diagram of controller and related circuits

required for programming memory cells in an array of NVM cells;

[0026] FIG. 4A shows a time domain voltage graph illustrating a
possible arrangement of programming pulses (e.g. Vds) to be applied to a
terminal of an NVM cell during a first programming phase according to some

embodiments of the present invention;

[0027] FIG. 4B shows a time domain voltage graph, substantially
aligned with the graph of FIG. 4A, and illustrating a possible arrangement of
first phase gate pulses (Vg) corresponding to first phase programming pulses

according to some embodiments of the present invention;

[0028] FIG. 4C shows a time domain graph, substantially time aligned
with the graphs of FIGS. 4A and 4B, and illustrating a change in threshold
voltage of a first NVM cell receiving the pulses (e.g. Vds and Vg) of FIGS. 4A
and 4B;

[0029] FIG. 4D shows a time domain graph, substantially time aligned
with the graphs of FIGS. 4A and 4B, and illustrating a change in threshold
voltage of a second NVM cell receiving the pulses of FIGS. 4A and 4B, thus
illustrating the possible variance of responses between to cells to the same

set of pulses;
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[0030] FIG. 5A shows a basic flow chart diagram depicting steps by
which a set of NVM cells may be programmed to an intermediate and then a
target threshold voltage as part of to a two phase programming method

according to some embodiments of the present invention;

[0031] FIG. 5B is a graph illustrating a change in threshold voltage of a
first NVM cell receiving programming pulses as part of the first and second

programming phases of FIG. 5A;

[0032] FIG. 5C is a graph illustrating a change in threshold voltage of a
second NVM cell receiving programming pulses as part of the first and second
programming phases of FIG. 5A, and which cell has relatively greater
changes in Vt in response to second phase programming pulses than those
the cell of Fig. 5B;

[0033] FIG. 6A shows two time aligned voltage graphs illustrating gate
pulses (Vg) and programming pulses (Vds) to be applied to an NVM cell
according to some embodiments of the present invention;

[0034] FIG. 6B shows two time aligned voltage graphs illustrating gate
pulses (Vg) and programming pulses (Vds) to be applied to an NVM cell

according further embodiments of the present invention;

[0035] FIG. 7 shows two sets of time aligned voltage graphs, each set
illustrating the gate pulses (Vg) and programming pulses (Vds) to be applied
to an NVM cell according to some embodiments of the present invention,
wherein the first set of graphs illustrates pulses to be applied to an NVM cell
being programmed to a first térget threshold voltage (i.e. a first program state)
while the second set illustrates pulses to be applied to an NVM cell being
programmed to a second intermediate threshold voltage, where the initial Vds
and Vg of the second cell is related to the final Vds and Vg of the of the first

cell;

[0036] FIG. 8 shows first and second time aligned threshold voltage
graphs depicting possible changes in the threshold voltages of a first and
second NVM cell, where the first NVM cell was programmed with pulses
depicted in the first set of graphs in FIG. 7 and the second NVM cell is
programmed with pulses depicted in the second set of graphs in FIG. 7. The
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target threshold voltage for each cell is the program verify threshold voltage to
which the cell is being programmed, and the intermediate threshold voltage
may be, but does not have to be, the Read Verify threshold voltage

associated to the given Program Verify threshold voltage;

[0037] FIG. 9 is a flow chart illustrating steps of a first programming

phase according to some embodiments of the present invention;

[0038] FIG. 10A is flow chart illustrating steps of a second
programming phase according to some embodiments of the present invention;
[0039] FIG. 10B is a flow chart illustrating steps of a second
programming phase according to a further embodiment of the present
invention.

[0040] It will be appreciated that for simplicity and clarity of these

non-limiting illustrations, elements shown in the figures have not necessarily
been drawn to scale. For example, the dimensions of some of the elements
may be exaggerated relative to other elements for clarity. Further, where
considered appropriate, reference numerals may be repeated among the

figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION OF THE INVENTION

[0041] In the following detailed description, numerous specific details
are set forth in order to provide a thorough understanding of the invention.
However it will be understood by those of ordinary skill in the art that the
present invention may be practiced without these specific details. In other
instances, well-known methods and procedures have not been described in

detail so as not to obscure the present invention.

[0042] The present invention is a method circuit and system for
programming non-volatile memory (“NVM”) cells in an NVM array. According
to some embodiments of the present invention, one or more NVM cells of a
memory array may be programmed using a controller or programming circuit
adapted to provide a first programming phase and a second programming

phase, wherein programming pulses associated with the second programming
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phase may induce relatively greater threshold voltage changes in cells having

less stored charge than in cells having relatively more stored charge.

[0043] According to some embodiments of the present invention, a first
set of NVM cells to be programmed to a first target threshold voltage level
may receive first phase programming pulses until one or more of the cells in
the first set reaches or exceeds a first intermediate threshold voltage level,
after which the cells in the first set may receive second phase programming
pulses until one or more, or substantially all, of the cells in the first set reach

the first target threshold voltage.

[0044] According to some embodiments of the present invention, a
second set of NVM cells to be programmed to a second target threshold
voltage level may be programmed with first phase programming pulses whose
initial voltage levels may correspond to initial voltage levels associated with
the second phase programming of the first set of cells. The second set may
receive first phase programming pulses until one or more of the cells in the
second set reaches or exceeds a second intermediate threshold voltage level,
after which the cells in the second set may receive second phase
programming pulses until one or more, or substantially all, of the cells in the

second set reach the second target threshold voltage.

[0045] According to some embodiments of the present invention, a third
set of NVM cells may be programmed to a third target threshold voltage in a
manner similar and corresponding to that describer for the first and second
sets above. This process can continue to complete a large number of sets of

cells to be programmed.

[0046] According to some embodiments of the present invention, first
phase programming may be characterized by applying to a terminal of one or
more NVM cells of a set of NVM cells incrementally increasing programming
pulses in concert with pulses of substantially fixed voltage to a gate of the one
or more NVM cells. According to some embodiments of the present invention,
second phase programming may be characterized by applying to a terminal of
one or more cell of the set programming pulses of substantially fixed voltage

in concert with gate pulses of incrementally increasing voltage. According to

10
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an alternative embodiment of the present invention, second phase
programming may be characterized by applying to a terminal of one or more
cells programming pulses of incrementally increasing voltage in concert with

gate pulses of a relatively reduced and substantially fixed voltage.

[0047] Turning now to FIG. 3, there is shown a block diagram of a NVM
cell array connected to controller 110 and to related circuits required for
programming memory cells according to some embodiments of the present
invention. The array 100 may be comprised of either single-storage-region
NVM cells or multi-storage-region (e.g. dual bit) NVM cells. The controller
110 may be adapted to operate each charge storage region of each cell in the
array 100 as either a dual level NVM cell or as a multi-level NVM cell.
Furthermore, the array may be an array of multi-level cells in each of the

above mentioned configurations.

[0048] Data to be stored on the NVM array 100 may be first received in
a buffer 120 (e.g. Static Random Access Memory — SRAM) and may then be
read by the controller 110, which may respond by instructing a charge pump
circuit 130 to produce first and second phase programming pulses
corresponding to the data to be stored. The controller 110 may determine to
which set of NVM cells in the NVM array 100 to store the data and in what
format (e.g. dual-level/binary-level, multi-level format) the data is to be stored
on the selected set of cells. The controller 110 may instruct a cell selection
and masking circuit 140 to provide the charge pump circuit 130 with access to
the selected cells. A program verify circuit 150 may be used by the controller
110 to determine when a cell reaches or exceeds a given threshold voltage,
for example, either the final target threshold voltage level associated with a
logical state of a binary or MLC cell, or an intermediate threshold voltage

associated with the above mentioned logical states.

[0049] Turning now to Fig. 4A, there is shown a time domain voltage
graph illustrating a possible arrangement of programming pulses (e.g. Vds,
etc.) to be applied to a terminal of an NVM cell during a first programming
phase according to some embodiments of the present invention. While FIG.
4B shows a time domain voltage graph, substantially aligned with the graph of
FIG. 4A, illustrating a possible arrangement of first phase gate pulses (Vg)

11
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corresponding to first phase programming pulses according to some
embodiments of the present invention. As visible from the graphs, first phase
programming pulses according to some embodiments of the present invention
may be characterized by incrementally increasing programming pulses (e.g.
Vsd) in concert with pulses of substantially fixed gate voltage (e.g. Vg= 9.5
Volts). For clarity, the verify conditions of the terminals Vds and Vg are not
shown though one must understand that they exists. Same holds for the

exact time correlation between the rise and fall of the two set of pulses.

[0050] Turning now to FIG. 4C, there is shown a time domain graph,
substantially time aligned with the graphs of FIGS. 4A and 4B, and illustrating
a change in threshold voltage of a first NVM cell receiving the pulses of FIGS.
4A and 4B. Similarly, FIG. 4D shows a time domain graph, substantially time
aligned with the graphs of FIGS. 4A and 4B, and illustrating a change in
threshold voltage of a second NVM cell receiving the pulses of FIGS. 4A and
4B. These graphs, and more specifically the difference between them,
illustrates how differently two cells may respond to the same set of
programming pulses. Therefore, according to some embodiments of the
present invention, first phase programming pulses may be applied to a cell or
group of cells until one or more of the cells reaches an intermediate threshold
level, as shown in FIGS. 4A and 4B.

[0051] The actual threshold voltage defined as an ‘“intermediate
threshold voltage level” for a cell or set of cells depends on the program state
to which the cell(s) is to bé charged. For example, if the cell or set of cells is
to be charged to first program state defined by a threshold voltage (program
verify voltage) of 4.5 Volts, the target threshold voltage may be 4.5 Volts while
the intermediate threshold voltage may be anywhere between 4.0 to 4.5 Volts.
Likewise, if the cell or set of cells is to be charged to a second program state
defined by a threshold voltage (program verify voltage) of 6 Volts, the target
threshold voltage may be 6 Volts while the intermediate threshold voltage may

be anywhere between 5.5 to 6 Volis.
[0052] As visible from FIG. 5A, which shows a basic flow chart diagram

depicting steps by which a set of NVM cells may be programmed to a target

threshold voltage as part of to a two phase programming method according to

12
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some embodiments of the present invention, once one or more of the cells of
the set have reached or exceeded an intermediate threshold voltage level
corresponding to the target threshold voltage level to which the cells are being
programmed, first phase programming pulses may be followed with second
phase programming pulses. Second phase programming pulses according to
some embodiments of the present invention may induce greater relative
threshold voltage changes in cells having less stored charge (i.e. having a
lower threshold voltage) than in cells having relatively more stored charge (i.e.
having higher threshold voltage).

[0053] Turning now to FIG. 5B, there is shown a graph illustrating a
change in threshold voltage of a first NVM cell receiving programming pulses
as part of the first and second programming phases of the method shown in
FIG. 5A, while FIG. 5C is a graph, time/pulse aligned with FIG. 5B, illustrating
a change in threshold voltage of a second NVM cell receiving programming
pulses as part of the first and second programming phases of the method
shown in FIG. 5A. While the first cell shown in FIG. 5B may charge more
quickly during the first phase of programming (i.e. absorb more charge in
response to each programming pulse) than the second cell shown in FIG. 5C,
according to some embodiments of the present invention, the second cell
shown in FIG. 5C may charge more quickly during second phase
programming than the first cell. That is, the second cell may absorb more
charge in response to each programming pulse of the second phase than may
the first cell. According to some embodiments of the present invention, the
second phase programming pulses may be adapted to induce weaker vertical
fields than those induced by first phase programming pulses, and thus the
second phase programming pulses may induce greater relative charging in
cells having less internally stored charge, which internally stored charge may

act to cancel out portions of the induced vertical fields.

[0054] Turning now to FIG. 6A, there are shown two time aligned
voltage graphs illustrating gate pulses (Vg) and programming pulses (Vds) to
be applied to an NVM cell according to both phases of some embodiments of
the present invention. During a first programming phase, one or more cells of

a set of cells to be programmed to a target threshold voltage level may

13
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receive programming pulse (Vds) of incrementally increasing voltage in
concert with pulses of substantially fixed voltage applied to gates of the one or
more NVM cells. Once one or more cells in the set reaches or exceeds an
intermediate voltage corresponding to the target threshold voltage for the set,
second phase programming pulses of substantially fixed voltage may be
applied in concert with gate pulses of incrementally increasing voltage.
According to some embodiment of the present invention, the substantially
fixed voltage of the programming pulses during the second phase may be at
the same or related by a function to the voltage level as the last programming

pulse applied during the first phase.

[0055] Turning now to FIG. 6B, there are shown two time aligned
voltage graphs illustrating gate pulses (Vg) and programming pulses (Vds) to
be applied to an NVM cell according further embodiments of the present
invention. The first phase programming pulses of FIG. 6B are substantially
identical to those of FIG. 6A. However, the second phase programming
pulses depicted in FIG. 6B show an alternate second phase programming
approach, where the programming pulses (Vds) continue to be incremented,
but only the voltage level of the gate pulses are reduced. Vg of the second
phase may be correlated to Vg in the first phase while Vd increments can be

changed between the first and second phases.

[0056] According to some embodiments of the present invention, a first
set of cells to be charged/programmed to a first target threshold voltage
receive first phase programming pulses until one or more of the cells of the
first set reach or exceed an first intermediate threshold voltage level
correspond to the first target threshold voltage level. Once one or more cells
of the first set reach to exceed the first intermediate threshold voltage level,
some or all of the cells of the first set receive second phase programming
pulses. According to further embodiments of the present invention, a second
set of cells to be programmed to a second target threshold voltage level may
receive first phase programming pulse, where the voltage level of the second
set's programming first phase programming pulses are a function of the last
programming pulse applied to the cells of the first set during first phase

programming. Turning now to FIG. 7, there is shown two sets of time aligned

14
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voltage graphs, each set illustrating the gate pulses (Vg) and programming
pulses (Vds) to be applied to an NVM cell according to some embodiments of
the present invention, wherein the first set of graphs illustrates pulses to be
applied to an NVM cell in a first set of cells and being programmed to a first
target threshold voltage (i.e. a first program state), while the second set of
graphs illustrates pulses to be applied to an NVM cell in a second set of cells
and being programmed to a second target threshold voltage (i.e. a second
program state). According to the embodiment of the present invention
depicted in FIG. 7, the second cell in the second set may begin first phase
programming after the first cell in the first set has completed its first phase
programming, and the first programming pulse applied to the second set may
be of substantially the same or less or greater voltage as the last
programming pulse applied to the first cell during the first programming phase.
The cell belonging to the second set may be programmed to a level close but

not exactly to the intermediate level of the first set.

[0057] Turning now to FIG. 8, there are shown first and second time
aligned threshold voltage graphs depicting possible changes in the threshold
voltages of a first and second NVM cell, where the first NVM cell was
programmed with pulses depicted in the first set of graphs in FIG. 7 and the
second NVM cell is programmed with pulses depicted in the second set of
graphs in FIG. 7. As should be obvious to anyone of ordinary skill in the art
the concepts and methods related to FIGS. 7 and 8, as they relate to the
present invention are not limited to two sets of cells. According to some
embodiments of the present invention, there may be a third set of cells to be
programmed to a third target threshold voltage, fourth, and a fifth, etc., where
the first phase programming pulses of each phase are at least partially a
function of the last first phase programming pulse applied the previous set of

cells.

[0058] Turning now to FIG. 9, there is shown a flow chart illustrating the
steps of a first programming phase according to some embodiments of the
present invention. According to the exemplary embodiment of FIG. 9, initial
voltage levels for first phase programming pulses to be applied to a first set of

cell which are to be programming to a first intermediate threshold voltages
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may be set to Vg = 9.5 and Vd = 4 Volts. After each of the one or more cells
from the first set receive a programming pulse, which pulse may be comprise
of a Vd and Vg pulse as shown in FIGS. 4A & 4B, the cell's Vt may be
checked to determine whether any of the cells have reached or exceeded the
first intermediate threshold voltage. If none of the cells have reached the
intermediate Vt, the Vd value may be incremented, for example by 100mVolts,
another programming pulse may be applied to the cells. This cycle may

continue until one or more of the cells reaches the first intermediate Vi.

[0059] Once one or more of the cells of the first set reach the first
intermediate Vt, the first set of cells may begin receiving second phase
programming pulses, and a second set of cells may start receiving first phase
programming pulses, where the initial Vd of the second set's first phase
programming pulses may be related to the (e.g. substantially equal) to the find
\Vd applied to the first set during first phase programming. According to some
embodiment of the present invention, the second set of cells may continue
receiving programming pulses with an incrementing Vd until one or more cells
in the second reach a second intermediate Vi. According to some
embodiments of the present invention, there may be multiple intermediate and
target threshold voltages, where each target threshold voltage is associated
with a different logical state of an MLC array. Thus, there may be a third set,
a fourth set, etc., where the voltage of the first phase programming pulses of
each set of cells may be partially a function of the results of the programming

of the previous set of cells.

[0060] FIG. 10A is flow chart illustrating steps of a second
programming phase according to some embodiments of the present invention.
After one or more cells of a set of cells has reached a given intermediate
threshold voltage level (e.g. a first intermediate Vt), the set may receive
second phase programming pulse so as to program the cells to the target
threshold voltage level associated with the given intermediate level.
According to the exemplary second phase programming algorithm of FIG 10A,
Vg may be reduced by several volts (e.g. Vg = Vg -2) and Vd may continue to
be incremented or incremented at different incremental steps and applied to

one or more cells of the set (See FIG. 6B) until the desired target threshold
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voltage is reached. As each cell reaches the target Vi, it may be masked and
may be blocked from receiving any more programming pulses. When all the
cells have been masked, the second phase programming for the give set may

terminate.

[0061] Turning now to FIG. 10B, there is shown a flow chart illustrating
steps of a second programming phase according to a further embodiment of
the present invention. According to the algorithm embodied FIG 10B, and as
graphically depicted in FIG. 6A, Vd may be fixed at the last Vd applied to the
set during first phase programming or Vd can be changed with respect to that
voltage, and Vg is substantially reduced. Vg may then be incremented
between pulse (e.g. Vg = Vg + 200mVolts) until the cells in the set have
reached the relevant target threshold voltage level, after which second phase
programming for thét phase is terminated and second phase programming for

a second set may begin.

[0062] While certain features of the invention have been illustrated and
described herein, many modifications, substitutions, changes, and equivalents
will now occur to those of ordinary skill in the art. It is, therefore, to be
understood that the appended claims are intended to cover all such

modifications and changes as fall within the true spirit of the invention.
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CLAIMS
What is claimed:

1. A multi-phase method of programming an array of non-volatile memory

(“NVM”) cells, said method comprising:

Applying to a first set of NVM cells first phase programming

pulses; and

upon one or more NVM cells of the first set of cells reaching or
exceeding a first intermediate threshold voltage level, applying to a
terminal of one or more cells in the first set of cells second phase
programming pulses adapted to induce relatively greater threshold
voltage changes in cells having less stored charge than in cells having

relatively more stored charge.

2. The method according to claim 1, wherein applying first phase
programming pulses to one or more NVM cells of the first set of cells
comprises applying to a terminal of one or more NVM cells of the first
set of NVM cells incrementally increasing programming pulses in
concert with pulses of substantially fixed voltage applied to gates of the

one or more NVM cells; and

wherein applying second phase programming pulses, comprises
applying to a terminal of the one or more cells programming pulses of
substantially fixed voltage in concert with gate pulses of incrementally

increasing voltage.

3. The method according to the claim 2, wherein applying to a terminals
of the one or more cells of the first set second phase programming
pulses of substantially fixed voltage in concert with gate pulses of
incrementally increasing voltage is repeated until one or more of the

cells of the first set reaches a first target threshold voltage level.

4. The method according to claim 3, wherein the second phase

programming pulses of substantially fixed voltage are at a voltage
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corresponding to the voltage of the programming pulse which first
succeeded in raising the threshold voitage of one or more cells of said

first set to or beyond the first intermediate threshold voltage.

5. The method according to claim 3, wherein the initial value of the
second phase gate pulses are at a voltage corresponding to the gate
voltage of the programming pulse which first succeeded in raising the
threshold voltage of one or more cells of said first set to or beyond the

first intermediate threshold voltage.

6. The method according to claim 4, wherein the NVM cell is a multi-level

cell.

7. The method according to claim 6, further comprising applying to a
terminal of one or more NVM cells of a second set of NVM cells to be
programmed to a second target threshold voltage first phase
programming pulses of incrementally increasing voltage in concert with
pulses of substantially fixed voltage applied to a gate of each of said
NVM cells of said second set, wherein the first programming pulse
applied to a terminal of the one or more NVM cells in the second set
has a voltage corresponding to the voltage of the programming pulse
which first succeeded in raising the threshold voltage of a cell in the

first set to or beyond the first intermediate threshold voltage.

8. The method according to claim 7, further comprising upon one or more
NVM cells of said second set reaching or exceeding a second
intermediate threshold voltage, applying to a terminal of one or more
cells of the second set second phase programming pulses of
substantially fixed voltage in concert with gate pulses of incrementally

increasing voltage.
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9. The method according to claim 8, wherein applying to a terminal of one
or more cells of said second set second phase programming pulses of
substantially fixed voltage in concert with gate pulses of incrementally
increasing voltage is repeated until said cell of said second set reaches

the second target threshold voitage.

10. The method according to claim 1, wherein first phase programming
comprises applying to a terminal of one or more NVM cells of a first set
of NVM cells incrementally increasing programming pulses in concert
with pulses of substantially fixed voltage applied to a gate of the one or

more NVM cells; and

wherein applying second phase programming pulses to one or
more cells in the first set comprises applying to a terminal of the one or
more cells programming pulses of incrementally increasing voltage in
concert with gates pulses of a relatively reduced and substantially fixed

voltage.

11. The method according to the claim 10, wherein applying to a terminal
of one or more cells of a first set programming pulses of incrementally
increasing voltage is repeated until all of the one or more cells of said

first set reaches a first target threshold voltage.

12.  The method according to claim 11, wherein the NVM cell is a

multi-level cell.

13. The method according to claim 12, further comprising applying to a
terminal of one or more NVM cells of a second set of NVM cells to be
programmed to a second target threshold voltage first phase
programming pulses of incrementally increasing voltage in concert with
pulses of substantially fixed voltage applied to a gate one or more cells

of the second set, wherein the first phase programming pulse applied
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to a terminal of the one or more NVM cells in the second set has a
voltage corresponding to the voltage of the programming pulse which
first succeeded in raising the threshold voltage of one or more cells in

the first set to or beyond the first intermediate threshold voltage.

14. The method according to claim 1, wherein the NVM cell is selected
from the group consisting of Nitride Read Only Memory (“NROM”),
multi-level cell (“MLC"), dual charge trapping region NROM, and dual
charge trapping region MLC NROM.

15. A multi-phase method of programming an array of non-volatile memory

(“NVM") cells, said method comprising:

applying to a first set of NVM cells first phase programming

pulses; and

upon one or more NVM cells of the first set of cells reaching or
exceeding a first intermediate threshold voltage level, applying to the
first set of cells second phase programming pulses having a
characteristics such that substantially all of the cells in the first set of
cell substantially reach a target threshold voltage after receiving

substantially the same number of second phase programming pulses.

16. The method according to claim 15, wherein applying first phase
programming pulses to one or more NVM cells of the first set of cells
comprises applying to a terminal of one or more NVM cells of the first
set of NVM cells incrementally increasing programming pulses in
concert with pulses of substantially fixed voltage applied to gates of the

one or more NVM cells; and

wherein applying second phase programming pulses, comprises
applying to a terminal of the one or more cells programming pulses of
substantially fixed voltage in concert with gate pulses of incrementally

increasing voltage.
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17. The method according to the claim 16, wherein applying to a terminals
of the one or more cells of the first set second phase programming
pulses of substantially fixed voltage in concert with gate pulses of
incrementally increasing voltage is repeated until one or more of the

cells of the first set reaches a first target threshold voltage level.

18. The method according to claim 17, wherein the second phase
programming pulses of substantially fixed voltage are at a voltage
corresponding to the voltage of the programming pulse which first
succeeded in raising the threshold voltage of one or more cells of said

first set to or beyond the first intermediate threshold voltage.

19. The method according to claim 17, wherein the initial value of the
second phase gate pulses are at a voltage corresponding to the gate
voltage of the programming pulse which first succeeded in raising the
threshold voltage of one or more cells of said first set to or beyond the

first intermediate threshold voltage.

20. The method according to claim 18, wherein the NVM cell is a

multi-level cell.

21.  The method according to claim 20, further comprising applying to a
terminal of one or more NVM cells of a second set of NVM cells to be
programmed to a second target threshold voltage first phase
programming pulses of incrementally increasing voltage in concert with
pulses of substantially fixed voltage applied to a gate of each of said
NVM cells of said second set, wherein the first programming pulse
applied to a terminal of the one or more NVM cells in the second set

has a voltage corresponding to the voltage of the programming pulse
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which first succeeded in raising the threshold voltage of a cell in the
first set to or beyond the first intermediate threshold voltage.

22.  The method according to claim 21, further comprising upon one or
more NVM cells of said second set reaching or exceeding a second
intermediate threshold voltage, applying to a terminal of one or more
cells of the second set second phase programming pulses of
substantially fixed voltage in concert with gate pulses of incrementally

increasing voltage.

23. The method according to claim 22, wherein applying to a terminal of
one or more cells of said second set second phase programming
pulses of substantially fixed voltage in concert with gate pulses of
incrementally increasing voltage is repeated until said cell of said

second set reaches the second target threshold voltage.

24. The method according to claim 15, wherein first phase programming
comprises applying to a terminal of one or more NVM cells of a first set
of NVM cells incrementally increasing programming pulses in concert
with pulses of substantially fixed voltage applied to a gate of the one or

more NVM cells; and

wherein applying second phase programming pulses to one or
more cells in the first set comprises applying to a terminal of the one or
more cells programming pulses of incrementally increasing voltage in
concert with gates pulses of a relatively reduced and substantially fixed

voltage.

25.  The method according to the claim 24, wherein applying to a terminal
of one or more cells of a first set programming pulses of incrementally
increasing voltage is repeated until all of the one or more cells of said

first set reaches a first target threshold voltage.
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26.

27.

28.

29.

The method according to claim 25, wherein the NVM cell is a

multi-level cell.

The method according to claim 26, further comprising applying to a
terminal of one or more NVM cells of a second set of NVM cells to be
programmed to a second target threshold voltage first phase
programming pulses of incrementally increasing voltage in concert with
pulses of substantially fixed voltage applied to a gate one or more cells
of the second set, wherein the first phase programming pulse applied
to a terminal of the one or more NVM cells in the second set has a
voltage corresponding to the voltage of the programming pulse which
first succeeded in raising the threshold voltage of one or more cells in

the first set to or beyond the first intermediate threshold voltage.

The method according to claim 15, wherein the NVM cell is selected
from the group consisting of Nitride Read Only Memory (“NROM?),
multi-level cell (‘MLC”), dual charge trapping region NROM, and dual
charge trapping region MLC NROM.

A System for programming an array of non-volatile memory (“NVM")

cells, said system comprising:

a controller adapted to cause a charge circuit to produce first
phase programming pulses and to determine when one or more NVM
cell of a first set of cells receiving the first phase programming pulses
reaches or exceeds a first intermediate voltage, and to then cause said
charge pump circuit to apply to a terminal the one or more cells in the
first set second phase programming pulses adapted to induce
relatively greater threshold voltage changes in cells having less stored

charge than in cells having relatively more stored charge.
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30. The system according to claim 29, wherein said controller is adapted to
cause said charge pump circuit to initially apply to a terminal of one or
more NVM cells of the first set of NVM cells first phase programming
pulses having incrementally increasing voltage levels in concert with
pulses of substantially fixed voltage applied to a gate of the one or
more NVM cells, and once the threshold voltage of a one or more cells
reaches or exceeds an intermediate threshold voltage level, said
controller adapted to cause said charge pump circuit to apply to a
terminal of one or more cells second phase programming pulses of
substantially fixed voltage in concert with gate pulses of incrementally

increasing voltage.

31. The system according to claim 30, wherein said controller is adapted to
cause said charge pump circuit to initially apply to a terminal of one or
more NVM cells of the first set of NVM cells first phase programming
pulses of incrementally increasing voltage in concert with pulses of
substantially fixed voltage applied to a gate of the one or more NVM
cells, and once the threshold voltage of one or more cells reaches or
exceeds an intermediate threshold voltage level said controller
adapted to cause said charge pump circuit to apply to a terminal of one
or more cells second phase programming pulses of incrementally
increasing voltage in concert with gate pulses of substantially fixed and

reduced voltage.

32. A multi-phase method of programming an array of non-volatile memory

(“NVM") cells, said method comprising:

Applying to a first set of NVM cells first phase programming

pulses; and

upon one or more NVM cells of the first set of cells reaching or
exceeding a first intermediate threshold voltage level, applying to a

terminal of one or more cells in the first set of cells second phase
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programming pulses adapted to induce deterministically lower

programming rate for all cells in first set.

33. A System for programming an array of non-volatile memory (“NVM")

cells, said system comprising:

a controller adapted to cause a charge circuit to produce first
phase programming pulses and to determine when one or more NVM
cell of a first set of cells receiving the first phase programming pulses
reaches or exceeds a first intermediate voltage, and to then cause said
charge circuit to apply to a terminal of the one or more cells in the first
set second phase programming pulses adapted to induce a

deterministically reduced programming rate.
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