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(57) Abrégée/Abstract:
A method and system for controlling an MBC configured flash memory device to store date in an SBC storage mode, or a partial
MBC storage mode less than a full MBC storage mode capacity. In a full MBC storage mode, pages of data are programmed
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(57) Abrege(suite)/Abstract(continued):

sequentially from a first page to an Nth page for each physical row of memory cells, where N is the total number of pages than can
be stored a physical row. Up to N virtual page addresses per physical row of memory cells accompany each page to be
programmed for designating the virtual position of the page in the physical row. For SBC or partial MBC data storage, a flash
memory controller issues program command(s) to the MBC memory device using less than the maximum N virtual page addresses
for each physical row. The MBC memory device sequentially executes programming operations up to the last recelved virtual page
address for the physical row.
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FLASH MEMORY SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of United States Provisional
Patent Application No. 61/538,540 filed on September 23, 2011 and United States Patent
Application No. 13/455,780 filed on April 25, 2012, the contents of which are incorporated

herein by reference in their entirety.

FIELD
[0002] The present embodiments relates generally to non-volatile memory.
BACKGROUND

[0003] Flash memory is a commonly used type of non-volatile memory in widespread use as
mass storage for consumer electronics, such as, for example, digital cameras and portable
digital music players. The density of a presently available flash memory chip can be up to
several Gigabytes (GB) in size, which is suitable for use in popular USB flash drives since
the size of one flash chip is small. Another emerging application for flash memory are solid
state drives for replacing traditional hard disk drives used in laptop and desktop computers.
These applications typically use multi-level cell (MLC) flash devices having limited lifespans.
Other type flash memory of single level cell (SLC) flash devices is also used in applications

for reliable data storing. Drawback of SLC flash devices is cost in comparison to MLC flash

devices.

SUMMARY

[0004] In a first aspect, there is provided a method for programming a multiple bit per
cell (MBC) flash memory device configured to store up to N pages of data per physical row,
N being an integer greater than one. The method comprises issuing a group of program
commands for programming multiple pages of data to a subdivision having at least one

physical row of the flash memory device. The group of program commands is limited to

-1 -
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addressing a subset of logical page addresses selected from all possible logical page
addresses corresponding to each of the at least one physical row. The method further
comprises programming less than N pages to each of the at least one physical row of the
flash memory device in response to the subset of logical page addresses in the program
commands. According to a present embodiment, the method further includes accessing a
mapping table containing storage mode information for each subdivision of the flash memory
device prior to issuing the group of program commands, where accessing the mapping table
includes selecting the subdivision having a partial MBC storage mode where less than N

pages of data are stored per physical row.

[0005] The present method can further include selecting the subset of logical page
addresses corresponding to the partial MBC storage mode, and all the possible logical page
addresses corresponding to each of the at least one physical row includes sequential page
addresses starting with a lower page address and ending with an upper page address. The
subset of logical page addresses can include the lower page address up to an intermediate
page address between the lower page address and the upper page address for each of the

at least one physical. Alternately, the subset of logical page addresses can include only

lower page address for each of the at least one physical row.

[0006] In another embodiment of the first aspect, issuing includes iteratively providing
program command packets each containing one page of the multiple pages of data and one
of the subset of logical page addresses, and providing M program command packets for
programming M pages of the multiple pages of data to one physical row of the flash memory
device, where M is an integer value less than N. Alternately, issuing includes iteratively

providing one program command packet for programming one page of the multiple pages of

data to one physical row of the flash memory device.

[0007] In a further embodiment of the first aspect, the method further includes
receiving a host request to program the multiple pages of data in a partial MBC storage
mode prior to issuing the group of program commands. In yet another embodiment, the
method further includes receiving a host request to program the multiple pages of data in a
full MBC storage mode prior to issuing the group of program commands, determining that a
maximum number of MBC program/erase cycles for the subdivision has been reached, and
selecting another subdivision configured for programming the multiple pages of data in the

full MBC storage mode, and setting the subdivision to a partial MBC storage mode. In this
-2
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present embodiment, the full MBC storage mode includes a two-bit per cell storage mode,

and the partial MBC storage mode includes a one-bit per cell storage mode.

[0008] In a second aspect, there is provided a system including a memory controller.
The memory controller is configured to issue program commands limited to addressing a
subset of logical page addresses selected from all possible logical page addresses
corresponding to each physical row of a memory device. The memory device includes a
multiple bit per cell (MBC) memory device configured to store a maximum of N pages per
physical row, where N is an integer greater than one. The memory device is further
configured to program less than N pages per physical row in response to the subset of
logical page addresses in the program commands received from the memory controller. In
the present embodiment, memory controller includes a mapping table for storing meta-data
corresponding to subdivisions of the memory device, where the mapping table is configured
to include storage mode information for each of the subdivisions and address binding

information associated with the storage mode for each of the subdivisions.

[0009] In the present embodiment, the memory controller includes control circuitry for
accessing the mapping table and providing the program commands in response to the meta-
data of the mapping table. Each of the program commands includes a page of data, address
information for selecting a subdivision of the memory device and a physical row within the
subdivision, and a logical page address for the page of data to be programmed in the
physical row. In this embodiment, the memory device is configured to store a maximum of
N=2 pages per physical row, and each of the two pages per physical row are addressable by
an upper page address and a lower page address, where the upper page address has a first
least significant bit, and the lower page address has a second least significant bit different
from the first least significant bit. According to further embodiments of the present aspect, the

subdivisions of the memory device includes a memory block, a sub-block of a memory block,

or a physical row of a memory block.

[0010] In a third aspect, there is provided a method for programming a multiple bit
per cell (MBC) flash memory device configured for storing up to N bits per cell, where N is an
iInteger greater than one. The method includes recelving a host request to program data
pages; determining the data pages are to be programmed in a partial MBC storage mode

where less than N virtually addressable data pages are stored in each physical row of the

flash memory device; accessing a mapping table containing meta-data for the flash memory
-3-
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device to select a subdivision of the MBC flash memory device configured in the partial MBC
storage mode; and issuing at least one program command for programming the data pages
to the subdivision using virtual page addresses limited to a subset of less than N possible
virtual page addresses for programming pages to each physical row. In the present aspect,
N=2 and possible virtual page addresses include a lower page address and an upper page
address, and issuing includes iteratively issuing program commands, each including a data
page and a lower page address. Alternately, N>2 and possible virtual page addresses
Include a lower page address, an upper page address, and at least one intermediate page
address between the lower page address and the upper page address, and issuing includes
iteratively issuing program commands each including a data page and one of the lower page

address and the at least one intermediate page address.

[0011] Other aspects and features of the described embodiments will become
apparent to those ordinarily skilled in the art upon review of the following description of

specific embodiments of the invention in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Embodiments will now be described by way of example only, with reference to
the attached Figures, wherein:

[0013] Fig. 1 is a block diagram of a flash memory device to which the present
invention is applicable;

[0014] Fig. 2 is a schematic showing the organization of one memory bank of the

flash memory device of Figure 1:

[0015] Fig. 3 is a circuit schematic showing single bit per cell (SBC) mapping of
pages of data to rows of flash memory cells;

[0016] Fig. 4 is a graph of threshold voltage distribution for SBC data storage;

[0017] Fig. 5 is a circuit schematic showing multiple bit per cell (MBC) mapping of
two pages of data to rows of flash memory cells;

[0018] Fig. 6 is a graph of threshold voltage distribution for two-bit MBC data storage;
[0019] Fig. 7 is a circuit schematic showing MBC mapping of three pages of data to
rows of flash memory cells;

[0020] Fig. 8 is a graph of threshold voltage distribution for three-bit MBC data
storage;

-4 -
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[0021] Fig. 9 is a block diagram of a flash memory system according to one

embodiment of the present invention:

[0022] Fig. 10 is a block diagram of a flash memory system according to another

embodiment of the present invention;

[0023] Fig. 11 is a table illustrating an example mapping of virtual page addresses to
physical rows:

[0024] Fig. 12A and 12B are graph of threshold voltage distribution for a two-bit MBC
programming sequence;
[0025] Fig. 13A, 13B and 13C are graphs of threshold voltage distribution for a three-

bit MBC programming sequence;

[0026] Fig. 14 is a diagram illustrating an example of an SBC program operation for a
two-bit MBC memory device, according to an embodiment of the present invention:

[0027] Fig. 15 is a diagram illustrating an example two-bit MBC program operation for
a three-bit MBC memory device, according to an embodiment of the present invention:
[0028] Fig. 16 is a diagram illustrating an example of N-bit MBC flash memory
controller with an example mapping table stored in a memory controller, according to an
embodiment of the present invention:;

[0029] Fig. 17 is a flow chart of a method of operating a memory controller to issue
programming commands to an MBC memory device, according to an embodiment of the
present invention:;

[0030] Fig. 18 is a flow chart of a method for operating an MBC memory device in
response to programming commands received from a memory controller, according to an

embodiment of the present invention: and

[0031] Fig. 19 is a flow chart illustrating a method of a detailed example operation of

a memory system, according to an embodiment of the present invention.

DETAILED DESCRIPTION

[0032] Figure 1 depicts a typical flash memory device to which the embodiments of
the present invention is applicable. Referring to Figure 1, a flash memory device 10 includes
Input/output interface circuits, control circuits, memory circuits and a memory array. The
Input/output interface circuits of flash memory device 10 include a Ready/Busy signal buffer

12, control signal buffers 14 and global data buffers 16. In the particular example, the
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Ready/Busy signal buffer 12 is an output buffer which drives the Ready/Busy signal R/B# via
a respective pin or port. The control signal buffers 14 are input buffers which receive flash
memory control signals CE#, CLE, ALE, WE#, RE# and WP# from corresponding pins or
ports. Signal names ending with "#" should be understood from this point forward as being
active low level signals, where an active low signal corresponds to a "0" logic level, or a VSS
voltage level for example. In contrast, an active high logic level signal corresponds to a "1"
logic level, or a VDD or VCC voltage level for example. Following is a short description of

the previously mentioned control signals.

» Command Latch Enable (CLE): the CLE input signal is used to control loading of the
operation mode command into the internal command register. The command is
latched into the command register from the I/O port on the rising edge of the WE#
signal while CLE is High.

* Address Latch Enable (ALE): the ALE signal is used to control loading address
information into the internal address register. Address information is latched into the
address register from the 1/0 port on the rising edge of the WE# signal while ALE is
High.

* Chip Enable (CE#): the device goes into a low-power Standby mode when CE#
goes High during the device is in Ready state. The CE# signal is ignored when device
Is In Busy state (R/B# = L), such as during a Program or Erase or Read operation,
and will not enter Standby mode even if the CE# input goes High.

* Write Enable (WE#): the WE# signal is used to control the acquisition of data from
the /O port.

* Read Enable (RE#): the RE signal controls serial data output. Data is available after
the falling edge of RE#. The internal column address counter is also incremented
(Address = Address + |) on this falling edge.

* I/O Port (1/00 to 7): I/00 to 7 pins are used as a port for transferring address,
command and input/output data to and from the device.

» Write Protect (WP#): the WP# signal is used to protect the device from accidental
programming or erasing. The internal voltage regulator (high voltage generator) is
reset when WP# is Low. This signal is usually used for protecting the data during the

power-on/off sequence when input signals are invalid.
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* Ready/Busy (R/B#): the R/B# is open drain pin and the output signal is used to
Indicate the operating condition of the device. The R/B# signal is in Busy state (R/B#
= L) during the Program, Erase and Read operations and will return to Ready state
(R/B# = H) after completion of the operation.
[0033] The global data buffers 16 are bi-directional buffers which receive write data
and provide read data on respective input/output (I/O) pins or ports. The flash memory
device 10 is shown to have eight such ports 1/00 to I/07, but can have more or less than

eight in alternate data width configurations. These I/O ports are also used for receive

address and command information.

[0034] The control circuits of flash memory device 10 include controller 18, command
register 20, address register 22 and status register 24. Controller 18 controls various
functions of the other circuits in flash memory device 10, where such functions include read.
program and program verification, for example. While not shown, the controller 18 can
include a command decoder for executing the functions in response to a received command.
The registers 22, 24 store types of information received by flash memory device 10 or to be
provided to an external host system (not shown), including a memory controller (not shown)

for example. The described registers are not intended to be exhaustive, and other registers

can be included, such as data registers for example.

[0035] The circuits primary controlled by controller 18 are the memory circuits, which
include row and column pre-decoders 26 and 28, row and column decoders 30 and 32.
sense amplifiers and page buffer block 34, and a high voltage generator 36. Memory cell
array 38 of flash memory device 10 includes NAND cell strings connected to bitlines, where
each memory cell of a NAND cell string is connected to a wordline. Further details of the
NAND cell string is shown later in Figure 3. The row pre-decoder 26 row decoder 30 and
high voltage generator 36 are controlled in a programming operation to drive a selected
wordline to a high voltage effective for shifting a threshold voltage of the connected memory
cell from a default erased threshold voltage to a desired voltage level. It is noted that a high
voltage may be used in the memory array 38 to erase memory cells by shifting their
threshold voltages to the default value. Different combinations of high voltages and applied
time of the high voltages can be used to set specific threshold voltages for a flash memory

cell. A combination for programming a specific threshold voltage can be referred to as a

programming profile. The page buffer 34 stores a page of data to be programmed to the cells
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connected to the selected wordline. Generally, a memory cell connected to a bitline is either
inhibited from being programmed or enabled for programming via the selected wordline.,
depending on the logic level the bitline is biased, or set to. The data bits stored in the page
buffer are used to bias the bitline. The memory cell array 38 has any number of banks,

which is a selected design parameter for a particular flash device.

[0036] Figure 2 shows the organization of one bank 40 of the memory cell array 38 of
Figure 1. Bank 40 is organized into k blocks, and each block has i pages. Both k and i are
Integer values. Each page corresponds to a row of memory cells coupled to a common

wordline. A detailed description of the memory cells of the block follows.

[0037] Each block includes NAND memory cell strings, having up to i flash memory
cells 42 serially arranged and electrically coupled to each other. Accordingly, wordlines WL1
to WLi are coupled to the gates of each flash memory cell in the memory cell string. A string
select device 44 coupled to signal SSL (string select line) selectively connects the memory
cell string to a bitline 46, while a ground select device 48 coupled to signal GSL (ground
select line) selectively connects the memory cell string to a source line, such as VSS. The
string select device 44 and the ground select device 48 are N-channel transistors.

[0038] There are j bitlines 46 common to all blocks of bank 40, and each bitline 46 is
coupled to one NAND memory cell string in each of blocks [1] to [k]. Variable j is an integer
value. Each wordline (WL1 to WLi), SSL and GSL signal is coupled to the same
corresponding transistor device in each NAND memory cell string in the block. As those

skilled in the art should understand, data stored in the flash memory cells along one wordline

IS referred to as a page of data.

[0039] Coupled to each bitline outside of the bank 40 is a page buffer 50 for storing
one page of write data to be programmed into one page of flash memory cells. Page buffer
90 corresponds to the sense amplifiers and page buffer block 34 shown in Figure 1.
Accordingly, page buffer 50 also includes sense circuits for sensing data read from one page
of flash memory cells. During programming operations, the page buffer performs program
verify operations to ensure that the data has been properly programmed into the flash

memory cells coupled to the selected wordline. Programming within a block typically starts at
the page corresponding to WL1, and proceeds sequentially up to WLi to fill the present block.

Alternately, programming can start at WLi and proceed sequentially down to WL1. Then

programming continues with WL1 of a new block.
-8 -
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[0040] Flash memory 10 can be configured to store data in one of two different ways.
Data can be stored in a single bit per cell (SBC) storage mode or a multiple bit per cell (MBC)
storage mode In the SBC storage mode, exactly one bit of information is stored in one cell to
represent one of two possible states. In the MBC storage mode, at least two bits are stored
In one cell to represent one of four possible states.

[0041] Figure 3 shows the same two NAND cell strings of Figure 2, with additional
annotations to help illustrate were pages of data is are stored in an SLC configured flash
memory device. Each of the memory cells connected to the same physical word line i.e. such
as WL1, store one bit of data of a page of data. Therefore as shown in Figure 3, the cells
connected to physical word line WL1 store "Page 1" while the cells connected to the last
physical word line WLi store "Page i".

[0042] Figure 4 shows a threshold voltage (Vt) distribution for erased memory cells
and programmed memory cells in the SBC storage mode. Due to process and voltage supply
variations, the erased and programmed threshold voltages are distributed within a voltage
range. As shown in Figure 3, erased memory cells have a negative threshold voltage
between -3V to -1V, while programmed memory cells have a positive threshold voltage
between 1V and 3V. The ranges depend on the desired threshold voltage for the memory
cells. The threshold voltage ranges are illustrative of possible threshold voltages that can be
used in a particular flash memory device, however those skilled in the art would understand
that the selection of threshold voltages to use for erased and programmed memory cells
depend on the design and manufacturing process of the flash memory device. Those skilled
In the art would understand that different flash devices have different threshold voltage
ranges to suit a particular design or application.

[0043] Figure 5 shows a circuit identical to that of Figure 3, except that two bits of
data are stored in each memory cell for a two-bit per cell MLC configured flash memory
device. Therefore, each physical word line stores two pages of data. As shown in Figure 5,
the physical row addressed by WL1 stores logical Page 1 and Page 2. The last wordline WLi
stores Page 2i and Page 2i-1, where “i" is an integer value.

[0044] Figure 6 shows the threshold voltage distribution graph of the possible states

that can be stored in each memory cell and the corresponding two-bit combination each state
represents.
[0045] Figure 7 shows a circuit identical to that of Figure 3, except that three bits of data are

stored in each memory cell for a three-bit per cell MLC configured flash memory device.
- 9.
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Therefore, each physical word line stores three pages of data. As shown in Figure 7, the
physical row addressed by WL1 stores logical Page 1, Page 2 and Page 3. The last wordline
WLi stores Page 3i, Page 3i-1 and Page 3i-2, where “i" is an integer value. It is noted that
Page 3i, Page 3i-1 and Page 3i-2 are general mathematical expressions for representing the
page numbers of the upper page, the intermediate page and the lower page for each
wordline, respectively.

[0046] Figure 8 shows the threshold voltage distribution graph of the possible states that can
be stored in each memory cell, each of which represents a possible 3-bit combination.
[0047] The advantage of storing data in the MBC storage mode (two bits per cell or more) is
the at least doubling of storage capacity over the SBC storage mode when using the same
number of cells. Typically, flash memory manufacturers apply a mask option during the
fabrication process to configure the flash memory device 10 to execute either SBC specific
algorithms or MBC specific algorithms, since the flash circuits are controlled differently
between SBC and MBC read and program operations.

[0048] It is well known that flash memory devices have a limited number of erase-
program cycles before they can no longer be used to store data reliably. For example, the
typical rated erase-program cycles for current SBC flash memory is about 100,000 cycles.
However, current MBC flash memory has a smaller rated limit of 10,000 cycles due to the
fact that the cells are subjected to higher stresses. The above mentioned erase-program
cycle limits are examples only, but it is well understood that MBC flash memory devices have
significantly lower erase-program cycles than SBC configured flash memory devices.

[0049] While MBC flash memory is suitable for most consumer applications, the
10,000 cycle program-erase limit may be insufficient for other applications where data
programming and erasing is frequent, or the data is mission-critical. Hence this problem is
more critical for commercial applications, such as HDD applications, where there are more

frequent program-erase cycles. Because HDD applications require higher data integrity than

most consumer applications, MBC flash memory is not suited for use due to its relatively
short 10,000 cycle life span. Specialized dual-mode SBC/MBC flash memory devices have
been proposed where the operating mode is either statically set or dynamically changed on-
the-fly. Different command sets and/or logic circuits are required for such dual-mode devices.
[0050] In the end, the cost of SBC flash memory devices currently exceeds the cost

of higher density MBC flash memory devices as vendors recognize that customers requiring

- 10 -



CA 02849862 2014-03-18
WO 2013/040681 PCT/CA2012/000860

high reliability will pay for the higher cost devices. The specialized dual-mode SBC/MBC
flash memory devices may also cost more than MBC flash memory devices.
[0051] It is, therefore, desirable to provide a low cost flash memory system where an

MBC flash memory device can be used for storing data in the SBC storage mode.

[0052] Generally, at least some example embodiments provide a method and system
for controlling an MBC configured flash memory device to store data in an SBC storage
mode, or a partial MBC storage mode less than a full MBC storage mode capacity. In a full
MBC storage mode, pages of data are programmed sequentially from a first page to an Nth
page for each physical row of memory cells, where N is the total number of pages that can
be stored a physical row. Up to N virtual page addresses per physical row of memory cells
accompany each page to be programmed for designating the virtual position of the page in
the physical row. For SBC or partial MBC data storage, a flash memory controller issues
program command(s) to the MBC memory device using less than the maximum N virtual
page addresses for each physical row. The MBC memory device sequentially executes

programming operations up to the last received virtual page address for the physical row.

[0053] The presently described embodiments can be used in the memory systems
shown in Figure 9 and Figure 10.

[0054] Figure 9 shows a flash memory system according to an embodiment of the
present invention. Referring to Figure 9, a flash memory system 100 is iIntegrated with a host
system 102. Flash memory system 100 includes a flash memory controlier 104 in
communication with host system 102, and a plurality of MBC flash memory devices 106-1 —
106-4. The host system 102 includes a processing device such as a microcontroller,
microprocessor, or a computer system (not shown). The flash memory system 100 is
configured to include one channel 108, where MBC flash memory devices 106-1 — 106-4 are
coupled in paraliel to channel 108. Channel 108 includes a set of common buses (not
shown), which include data and control lines that are coupled to all the memory devices 106-
1 -106-4. While not shown, each memory device is enabled/disabled with a respective chip
select signal provided by flash memory controller 104. The flash memory controller 104 is
responsible for issuing commands and data, via the channel 108, to a selected one of the
memory devices 106-1 — 106-4 based on the operation of the host system 102. Data read
from the selected one of the memory devices 106-1 — 106-4 is transferred via the channel

108 back to the flash memory controller 104 which in turn provides the read data to the host
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system 102. Those skilled in the art would understand that the memory system 100 can have

more or less memory devices coupled to the channel 108.

[0055] Flash memory system 100 is generally referred to as a multi-drop
configuration, in which the MBC flash memory devices 106-1 — 106-4 are coupled in parallel
with respect to channel 108. The flash memory controller 104 can have multiple channels,
each with flash memory devices 106-1 — 106-4 coupled in the multi-drop configuration. Each
of the MBC flash memory device 106-1 - 106-4 can be NAND flash memory devices having

the bank memory organization previously shown in Figure 2. The flash memory devices 106-

1 - 106-4 can have the same capacity or different capacities.

[0056] Figure 10 shows a flash memory system according to another embodiment of the
present invention. Referring to Figure 10, flash memory system 120 includes a flash memory
controller 122 in communication with host system 124, and a plurality of flash memories that
are connected in series. In the particular example, four MBC flash memory devices 126-1 -
126-4 are serially coupled . Each of the four flash memory devices 126-1 — 126-4 has an
Input/output circuit for facilitating operation between memory devices. Those skilled in the art
would understand that the memory system 120 can have more or less memory devices that
are serially coupled with the flash memory controller 122. An example of such a flash
memory device is described in commonly owned U.S. Patent Application Serial No.
11/324,023, filed on December 30, 2005, and commonly owned U.S. Patent Application

Serial No. 11/496,278, filed on July 31, 2006, the contents of which are iIncorporated herein
by reference.

[0057] According to the present embodiments, the MBC memory devices of the
systems of Figure 9 and Figure 10 have internal controllers configured to recognize received
page addresses and determine which specific programming algorithm is required. For
example, a page address corresponding to a first page to be programmed to a physical row
Is programmed with a different algorithm than a second page to be programmed to a physical
row. The memory controliers 104 and 122 are configured with an address binding scheme for
limiting the usable virtual address space for programming pages of data to a physical row of
memory cells. This address binding scheme is used to program data in an SBC mode or a
partial MBC mode. In a partial MBC storage mode, more than one page of data is stored in a
physical row of memory cells, but less than the maximum number of pages which can be

stored in the physical row of memory cells. For example, if an MBC memory device can store
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more three bits/cell (or more than three pages of data per physical row), then the memory
controller can be configured to have a first address binding scheme for programming data in

an SBC storage mode, and a second address binding scheme for programming data in a

two-bit/cell MBC storage mode.

[0058] In the embodiments, an address binding scheme can be applied to any sub-
division of the memory array, where a sub-division can include a memory block, a sub-block
or portion of a memory block, or a physical row. Therefore, combinations of different address

binding schemes with different and sub-divisions can be realized for improved system

flexibility.

[0059] Figure 11 is a table illustrating an example mapping of virtual page addresses
to a physical row or word line of a NAND flash memory array for an SBC storage mode
where one bit of data is stored per cell, an MBC storage mode where two bits of data are

stored per cell, and an MBC storage mode where three bits of data are stored per cell.

[0060] In the presently shown example, it is assumed that the NAND cell string
Includes 32 word lines (WL1-WL32), each referred to as a physical row. The second column
from the left side of the table shows the virtual address mapping for a one bit per cell data
storage mode. Accordingly, in the one bit per cell storage mode, one page of data (Page 1-
Page 32) is stored in each physical row. Appearing in square brackets beside each
numbered page is an 8 bit virtual pages address, where the least significant bit (LSB) is at
the rightmost bit position. In the present example, the first seven bits of each virtual page
address are shown with an "x" while the LSB is shown as either a "0" or "1". It is assumed in

this example that the pages are programmed in the sequential order from WL1 to WL32,

therefore the virtual addresses are also sequentially ordered.

[0061] In the column labeled "2 bit/cell", 2 pages of data are stored in each physical
row. Because of the sequential programming, the first page to be programmed is referred to

as a lower page (LP) while the second and last page to be programmed is referred to as an
upper page (UP).

[0062] Figure 12A shows an example threshold voltage distribution of the possible
threshold voltages of a two bit MBC memory after the lower page has been programmed.

Figure 12B shows an example threshold voltage distribution of the possible threshold

voltages after the upper page has been programmed, taking into account the previously
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programmed lower page data of Figure 12A. The arrow in Figure 12A shows that an erased
State O cell can have its threshold shifted to State 1 after lower page programming. The
arrows in Figure 12B shows where the threshold voltages corresponding to State 0 and State

1 can be shifted after upper page programming.

[0063] It should be noted that the LSB for the lower page of each <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>