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(57) Abstract: An improved programming technique for non-volatile memory cell arrays, in which memory cells to be programmed
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grammed second. The technique reduces or eliminates the number of previously programmed cells from being adversely incrementally
programmed by an adjacent cell being programmed to higher program levels, and reduces the magnitude of adverse incremental pro-
gramming for most of the memory cells, which is caused by floating gate to floating gate coupling. The memory device includes an
array of non- volatile memory cells and a controller configured to identify programming values associated with incoming data, and
perform a programming operation in which the incoming data is programmed into at least some of the non-volatile memory cells in a
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SYSTEM AND METHOD FOR MINIMIZING FLOATING GATE TO FLOATING
GATE COUPLING EFFECTS DURING PROGRAMMING IN FLASH MEMORY

RELATED APPLICATION
[0001] This application claims the benefit of U.S. Patent Application No. 15/849,268,
filed December 20, 2017.

FIELD OF THE INVENTION
[0002] The present invention relates to non-volatile memory devices, and more

particularly to optimization of operational voltages.

BACKGROUND OF THE INVENTION
[0003] Non-volatile memory devices are well known in the art. For example, a split-gate
memory cell is disclosed in U.S. Patent 5,029,130 (which is incorporated herein by reference
for all purposes). This memory cell has a floating gate and a control gate disposed over and
controlling the conductivity of a channel region of the substrate extending between source
and drain regions. Various combinations of voltages are applied to the control gate, source
and drain to program the memory cell (by injecting electrons onto the floating gate), to erase
the memory cell (by removing electrons from the floating gate), and to read the memory cell
(by measuring or detecting the conductivity of the channel region to determine the

programming state of the floating gate).

[0004] The configuration and number of gates in non-volatile memory cells can vary.
For example, U.S. Patent 7,315,056 (which is incorporated herein by reference for all
purposes) discloses a memory cell that additionally includes a program/erase gate over the
source region. U.S. Patent 7,868,375 (which is incorporated herein by reference for all
purposes) discloses a memory cell that additionally includes an erase gate over the source

region and a coupling gate over the floating gate.

[0005] Historically, the above described memory cells were used in a digital manner,

meaning that the memory cells had two programmed states: the programmed state (i.e., the O
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state), and the unprogrammed state (i.e., the erased or 1 state). More recently, applications
have been developed for the above described memory cells in which the memory cells are
programmed and erased in an analog fashion so that each memory cell can be programmed to
a programmed state anywhere within a continuous analog program state range. Or, the
memory cells are programmed and erased in a digital fashion, where each memory cell can
be programmed to one of many possible programming states. Either way, the program and
erase operations are performed incrementally (e.g., using a series of program or erase pulses,
and measuring the program state between pulses) until the desired program state is achieved.

In both cases, the memory cells require precise programming of their programming states.

[0006] For all the above referenced memory cells, the memory cells are configured in an
array of rows and columns. The conventional technique of programming memory cells is
sequential, row by row, cell by cell, starting with the first memory cell in the row, and
moving on to the next memory cell, and so on one cell at a time, until the entire row is
programmed. However, as critical dimensions shrink, it has been discovered that cross
coupling between adjacent floating gates in the same row can result in the programming state
of one floating gate being adversely affected by the programming operation on an adjacent
memory cell. For example, if the first memory cell in the row is programmed, and then the
second memory cell in the row is programmed, the programming of the second memory cell
can change the programming state of the first memory cell through floating gate to floating
gate coupling, and so on, causing unwanted programming errors to occur in some memory
cells. The magnitude of adverse incremental programming is proportional to the level of
programming of the adjacent cell. The higher the programming level of any given cell, the

worse aggressor it becomes to its neighboring cells.

[0007] There is a need for a non-volatile memory array operational technique that
reduces the amount of programming errors caused by cross coupling between adjacent

memory cells.

BRIEF SUMMARY OF THE INVENTION
[0008] The aforementioned problems and needs are addressed by a memory device that

includes an array of non-volatile memory cells and a controller that is configured to identify
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programming values associated with incoming data, and perform a programming operation in
which the incoming data is programmed into at least some of the non-volatile memory cells

in a timing order of descending value of the programming values.

[0009] A memory device includes an array of non-volatile memory cells, and a controller
that is configured to identify programming values associated with incoming data, associate
each data of the incoming data with one of a plurality of data groups based on the
programming value associated therewith, wherein each of the data groups is associated with a
unique programming value or a unique range of programming values, and perform a
programming operation in which the data groups of incoming data are programmed into at
least some of the non-volatile memory cells in a timing order of descending value of the
unique programming values or the unique range of programming values of the plurality of

data groups.

[0010] A method of operating a memory device which comprises an array of non-volatile
memory cells includes identifying programming values associated with incoming data, and
performing a programming operation in which the incoming data is programmed into at least
some of the non-volatile memory cells in a timing order of descending value of the

programming values.

[0011] A method of operating a memory device which comprises an array of non-volatile
memory cells includes identifying programming values associated with incoming data,
associating each data of the incoming data with one of a plurality of data groups based on the
programming value associated therewith, wherein each of the data groups is associated with a
unique programming value or a unique range of programming values, and performing a
programming operation in which the data groups of incoming data are programmed into at
least some of the non-volatile memory cells in a timing order of descending value of the
unique programming values or the unique range of programming values of the plurality of

data groups.

[0012] Other objects and features of the present invention will become apparent by a

review of the specification, claims and appended figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Fig. 1 is a side cross sectional view of a first split gate non-volatile memory cell.

[0014] Fig. 2 is a side cross sectional view of a second split gate non-volatile memory

cell.
[0015] Fig. 3 is a side cross sectional view of a third split gate non-volatile memory cell.

[0016] Fig. 4 is a plan view of the memory device architecture of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0017] The present invention is directed to an improved programming technique for non-
volatile memory cell arrays, in which memory cells to be programmed with higher
programming values are programmed first, and memory cells to be programmed with lower
programming values are programmed second. With this technique, memory cells that are
adversely incrementally programmed from adjacent cells (which are being programmed to a
higher programming value) will most likely not yet be programmed to their full
programming value, and will reach that full programming value in subsequent programming.
Memory cells that already have been programmed and are subjected to adverse incremental
programming from adjacent cells being programmed may still be adversely affected, but the
magnitude of the adverse effect is lessened because the adjacent cells are being programmed
to a lesser or equal programming value than the adversely affected cell. This technique
reduces or eliminates the number of previously programmed cells from being adversely
incrementally programmed by an adjacent cell being programmed to the highest program
levels, and reduces the magnitude of adverse incremental programming for most of the

memory cells.

[0018] The programming technique of the present invention begins by performing an
iterative search of the data to be programmed to any given row, to identify which memory
cells are to be programmed at the highest programming level, which memory cells are to be
programmed at the next highest programming level, and so on. Then, the row of memory
cells is programmed as follows. First, the memory cells to be programmed at the highest

programming level are programmed first. Then, the memory cells to be programmed at the
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next highest programming level are programmed next, and so on. The process continues
until the memory cells to be programmed at the lowest programming level are programmed.
This means that incoming data associated with the highest programming value (to store the
data in the memory cells) is programmed first, following by incoming data associated with
the next highest programming value is programmed next, and so on, until the incoming data
associated with the lowest programming value is programmed last. In this manner, adverse
incremental programming of previously programmed memory cells from subsequently

programming memory cells is minimized.

[0019] As described in further detail below, memory cells are often configured in pairs
extending in the column direction, sharing a common source line. Therefore, there can also
be adverse incremental programming between memory cells in the column direction (across
the common source line). Therefore, as a first alternate embodiment, the programming
technique of the present invention can begin by performing an iterative search of the data to
be programmed to any two rows sharing a common source line, to identify which memory
cells are to be programmed at the highest programming level, which memory cells are to be
programmed at the next highest programming level, and so on. Then, the two rows memory
cells are programmed as follows. First, the memory cells in both rows to be programmed at
the highest programming level are programmed first. Then, the memory cells in both rows to
be programmed at the next highest programming level are programmed next, and so on. The
process continues until the memory cells in both rows to be programmed at the lowest
programming level are programmed. Again, this means that incoming data associated with
the highest programming value (for storing the data in the memory cells) for the two rows is
programmed first, following by incoming data associated with the next highest programming
value for the two rows is programmed next, and so on, until the incoming data associated
with the lowest programming value for the two rows is programmed last. In this manner,
adverse incremental programming of previously programmed memory cells from
subsequently programming memory cells is minimized both in the row direction and in the

column direction.

[0020] In a second alternate embodiment, all memory cells in the row or pair of rows can

be pre-programmed to a certain intermediate value (e.g., to 50% of their target programming
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values for storing the incoming data) in any order, including a sequential cell order. Then,
the memory cells complete their programming according to the above described
methodology, with the memory cells to be programmed at the highest programming value
being programmed first, then the memory cells to programmed at the next highest
programming value being programmed next, and so on. In this manner, the magnitude of any

adverse sequential programming is further reduced.

[0021] While it is preferable to program the memory cells in descending sequential order
of programming value as dictated by the incoming data, the goals of the present invention
can be achieved by grouping the memory cells in two or more groups, where the first group
that is programmed has associated programming values in a range that is greater than the
programming value range of the next group, and so on. This grouping does not change
which cells store which data, it only dictates the timing order in which the cells are
programmed. This means that incoming data is grouped in two or more groups based upon
the programming value ranges associated therewith needed to store the data in the memory
cells. The group of incoming data associated with the highest range of programming values
is programmed first, followed by the group of incoming data associated with the next highest
range of programming values is programmed next, and so on, until the group of incoming
data associated with the lowest range of programming values is programmed last. Again, this
grouping does not change which data goes with which cell, it only dictates the timing order
in which the incoming data is programmed. The higher the number of groups, the more
granular the incoming data is grouped, and the more that the magnitude of adverse sequential
programming can be minimized. The magnitude of adverse sequential programming should
be fully minimized when the number of groups equals the number of data in the incoming
data (i.e., each group is just one of the data for one of the cells, which is the most granular
that the incoming data can be grouped, and results in the programming by descending

sequential order of programming value as discussed above).

[0022] The technique of minimizing adverse sequential programming can be
implemented in any non-volatile memory cell design. For example, Fig. 1 illustrates a split
gate memory cell 10 with spaced apart source and drain regions 14/16 formed in a silicon

semiconductor substrate 12. A channel region 18 of the substrate is defined between the
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source/drain regions 14/16. A floating gate 20 is disposed over and insulated from a first
portion of the channel region 18 (and partially over and insulated from the source region 14).
A control gate (also referred to as a word line gate or select gate) 22 has a lower portion
disposed over and insulated from a second portion of the channel region 18, and an upper
portion that extends up and over the floating gate 20 (i.e., the control gate 22 wraps around

an upper edge of the floating gate 20).

[0023] Memory cell 10 can be erased by placing a high positive voltage on the control
gate 22, and a reference potential on the source and drain regions 14/16. The high voltage
drop between the floating gate 20 and control gate 22 will cause electrons on the floating gate
20 to tunnel from the floating gate 20, through the intervening insulation, to the control gate
22 by the well-known Fowler-Nordheim tunneling mechanism (leaving the floating gate 20
positively charged — the erased state). Memory cell 10 can be programmed by applying a
ground potential to drain region 16, a positive voltage on source region 14, and a positive
voltage on the control gate 22. Electrons will then flow from the drain region 16 toward the
source region 14, with some electrons becoming accelerated and heated whereby they are
injected onto the floating gate 20 (leaving the floating gate negatively charged — the
programmed state). Memory cell 10 can be read by placing ground potential on the drain
region 16, a positive voltage on the source region 14 and a positive voltage on the control
gate 22 (turning on the channel region portion under the control gate 22). If the floating gate
is positively charged (erased), electrical current will flow from source region 14 to drain
region 16. The more the floating gate 20 is negatively charged (i.e., the more it is
programmed), the less conductive the channel region under the floating gate will be. By

sensing current flow, the programming state of the memory cell can be sensed.

[0024] Fig. 2 illustrates an alternate split gate memory cell 30 with same elements as
memory cell 10, but additionally with a program/erase (PE) gate 32 disposed over and
insulated from the source region 14 (i.e. this is a three gate design). Memory cell 30 can be
erased by placing a high voltage on the PE gate 32 to induce tunneling of electrons from the
floating gate 20 to the PE gate 32. Memory cell 30 can be programmed by placing positive
voltages on the control gate 22, PE gate 32 and source region 14, and a current on drain

region 16, to inject electrons from the current flowing through the channel region 18 onto
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floating gate 20. Memory cell 30 can be read by placing positive voltages on the control gate

22 and drain region 16, and sensing current flow.

[0025] Fig. 3 illustrates an alternate split gate memory cell 40 with same elements as
memory cell 10, but additionally with an erase gate 42 disposed over and insulated from the
source region 14, and a coupling gate 44 over and insulated from the floating gate 20.
Memory cell 40 can be erased by placing a high voltage on the erase gate 42 and optionally a
negative voltage on the coupling gate 44 to induce tunneling of electrons from the floating
gate 20 to the erase gate 42. Memory cell 40 can be programmed by placing positive
voltages on the control gate 22, erase gate 42, coupling gate 44 and source region 14, and a
current on drain region 16, to inject electrons from the current flowing through the channel
region 18 onto floating gate 20. Memory cell 30 can be read by placing positive voltages on
the control gate 22 and drain region 16 (and optionally on the erase gate 42 and/or the

coupling gate 44), and sensing current flow.

[0026] The architecture of the memory device of the present invention is illustrated in
Fig. 4. The memory device includes an array 50 of non-volatile memory cells, which can be
segregated into two separate planes (Plane A 52a and Plane B 52b). The memory cells can
be of the type shown in Figures 1-3, formed on a single chip, arranged in a plurality of rows
and columns in the semiconductor substrate 12. Adjacent to the array of non-volatile
memory cells are address decoders (e.g. XDEC 54 (row decoder), SLDRV 56, YMUX 58
(column decoder), HVDEC 60) and a bit line controller (BLINHCTL 62), which are used to
decode addresses and supply the various voltages to the various memory cell gates and
regions during read, program, and erase operations for selected memory cells. Controller 66
(containing control circuitry) controls the various device elements to implement each
operation (program, erase, read) on target memory cells. Charge pump CHRGPMP 64
provides the various voltages used to read, program and erase the memory cells under the
control of the controller 66. The controller 66 determines from the incoming data the tiing
order in which memory cells are to be programmed with that incoming data, and implements

programming of the memory cells according to that timing order, as discussed herein.

[0027] It is to be understood that the present invention is not limited to the

embodiment(s) described above and illustrated herein. For example, references to the present
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invention herein are not intended to limit the scope of any claim or claim term, but instead
merely make reference to one or more features that may be covered by one or more claims.
Materials, processes and numerical examples described above are exemplary only, and
should not be deemed to limit the claims. Further, as is apparent from the claims and
specification, not all method steps need be performed in the exact order illustrated. Lastly,
single layers of material could be formed as multiple layers of such or similar materials, and

vice versa.

[0028] It should be noted that, as used herein, the terms “over” and “on” both inclusively
include “directly on” (no intermediate materials, elements or space disposed therebetween)
and “indirectly on” (intermediate materials, elements or space disposed therebetween).
Likewise, the term “adjacent” includes “directly adjacent” (no intermediate materials,
elements or space disposed therebetween) and “indirectly adjacent” (intermediate materials,
elements or space disposed there between), “mounted to” includes “directly mounted to” (no
intermediate materials, elements or space disposed there between) and “indirectly mounted
to” (intermediate materials, elements or spaced disposed there between), and “electrically
coupled” includes “directly electrically coupled to” (no intermediate materials or elements
there between that electrically connect the elements together) and “indirectly electrically
coupled to” (intermediate materials or elements there between that electrically connect the
elements together). For example, forming an element “over a substrate” can include forming
the element directly on the substrate with no intermediate materials/elements therebetween,
as well as forming the element indirectly on the substrate with one or more intermediate

materials/elements therebetween.
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What is claimed is:

1. A memory device, comprising:
an array of non-volatile memory cells, and
a controller configured to:
identify programming values associated with incoming data;
perform a programming operation in which the incoming data is
programmed into at least some of the non-volatile memory cells in a timing order

of descending value of the programming values.

2. The memory device of claim 1, wherein the non-volatile memory cells are
arranged in rows and columns, and wherein the at least some of the non-volatile memory

cells is one of the rows of the non-volatile memory cells.

3. The memory device of claim 1, wherein the non-volatile memory cells are
arranged in rows and columns, and wherein the at least some of the non-volatile memory

cells is two of the rows of the non-volatile memory cells.

4. The memory device of claim 1, wherein the controller is further configured to:
pre-program each of the at least some of the non-volatile memory cells to an

intermediate program value before the performing of the programming operation.

5. A memory device, comprising:
an array of non-volatile memory cells, and
a controller configured to:
identify programming values associated with incoming data;
associate each data of the incoming data with one of a plurality of data
groups based on the programming value associated therewith, wherein each of the
data groups is associated with a unique programming value or a unique range of

programming values;

10



10

15

20

25

30

WO 2019/125650 PCT/US2018/060850

perform a programming operation in which the data groups of incoming
data are programmed into at least some of the non-volatile memory cells in a
timing order of descending value of the unique programming values or the unique

range of programming values of the plurality of data groups.

6. The memory device of claim 5, wherein the plurality of data groups is two
data groups.
7. The memory device of claim 5, wherein the plurality of data groups is equal to

a number of data in the incoming data.

8. The memory device of claim 5, wherein the non-volatile memory cells are
arranged in rows and columns, and wherein the plurality of data groups is equal to a number

of the non-volatile memory cells in one of the rows of the non-volatile memory cells.

9. The memory device of claim 5, wherein the non-volatile memory cells are
arranged in rows and columns, and wherein the plurality of data groups is equal to a number

of the non-volatile memory cells in two of the rows of the non-volatile memory cells.

10. The memory device of claim 5, wherein the non-volatile memory cells are
arranged in rows and columns, and wherein the at least some of the non-volatile memory

cells is one of the rows of the non-volatile memory cells.

11. The memory device of claim 5, wherein the non-volatile memory cells are
arranged in rows and columns, and wherein the at least some of the non-volatile memory

cells is two of the rows of the non-volatile memory cells.
12. The memory device of claim 5, wherein the controller is further configured to:

pre-program each of the at least some of the non-volatile memory cells to an

intermediate program value before the performing of the programming operation.

11
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13. A method of operating a memory device that includes an array of non-volatile
memory cells, the method comprising:

identifying programming values associated with incoming data; and

performing a programming operation in which the incoming data is programmed into
at least some of the non-volatile memory cells in a timing order of descending value of the

programming values.

14. The method of claim 13, wherein the non-volatile memory cells are arranged
in rows and columns, and wherein the at least some of the non-volatile memory cells is one

of the rows of the non-volatile memory cells.

15. The method of claim 13, wherein the non-volatile memory cells are arranged
in rows and columns, and wherein the at least some of the non-volatile memory cells is two

of the rows of the non-volatile memory cells.

16. The method of claim 13, further comprising:
pre-programming each of the at least some of the non-volatile memory cells to an

intermediate program value before the performing of the programming operation.

17. A method of operating a memory device that includes an array of non-volatile
memory cells, the method comprising:

identifying programming values associated with incoming data;

associating each data of the incoming data with one of a plurality of data groups
based on the programming value associated therewith, wherein each of the data groups is
associated with a unique programming value or a unique range of programming values;

performing a programming operation in which the data groups of incoming data are
programmed into at least some of the non-volatile memory cells in a timing order of
descending value of the unique programming values or the unique range of programming

values of the plurality of data groups.

12
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18. The method of claim 17, wherein the plurality of data groups is two data

groups.

19. The method of claim 17, wherein the plurality of data groups is equal to a

number of data in the incoming data.

20. The method of claim 17, wherein the non-volatile memory cells are arranged
in rows and columns, and wherein the plurality of data groups is equal to a number of the

non-volatile memory cells in one of the rows of the non-volatile memory cells.

21. The method of claim 17, wherein the non-volatile memory cells are arranged
in rows and columns, and wherein the plurality of data groups is equal to a number of the

non-volatile memory cells in two of the rows of the non-volatile memory cells.

22. The method of claim 17, wherein the non-volatile memory cells are arranged
in rows and columns, and wherein the at least some of the non-volatile memory cells is one

of the rows of the non-volatile memory cells.

23. The method of claim 17, wherein the non-volatile memory cells are arranged
in rows and columns, and wherein the at least some of the non-volatile memory cells is two

of the rows of the non-volatile memory cells.
24. The method of claim 17, further comprising:

pre-programming each of the at least some of the non-volatile memory cells to an

intermediate program value before the performing of the programming operation.

13
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