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ERASING NON-VOLATILE MEMORY
UTILIZING CHANGING WORD LINE CONDITIONS
TO COMPENSATE FOR SLOWER ERASING MEMORY CELLS

PRIORITY CLAIM

[0001]  The present applicétion claims priority from U.S. Provisional Patent
Application No. 60/667,043, entitled “NON-VOLATILE MEMORY ERASE
OPERATIONS WITH OVER-ERASE PROTECTION,” by Hemink et al., filed

March 31, 2005, incorporated by reference herein in its entirety.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002j  The following applications are cross-referenced and incorporated by

reference herein in their entirety:

[0003] U.S. Patent Application No. 11/296,032 (Attorney Docket No.
SAND-01054US2), -entitled, “SYSTEMS FOR ERASING NON-VOLATILE
MEMORY UTILIZING CHANGING WORD LINE CONDITIONS TO
COMPENSATE FOR SLOWER ERASING MEMORY CELLS,” by Masaaki
Higashitani, filed December 6, 2005;

[0004] U.S. Patent Application No. 11/025,620 (Attorney Docket No.
SAND-01023US0), entitled, “WORD LINE COMPENSATION IN NON-
VOLATILE MEMORY ERASE OPERATIONS,” by Wan et al., filed
December 29, 2004; |

[0005] U.S. Patent Application No. 11/296,055 (Attorney Docket No.
SAND-01 066USO), entitled, “ERASING NON-VOLATILE MEMORY USING
INDIVIDUAL VERIFICATION AND ADDITIONAL ERASING OF
SUBSETS OF MEMORY CELLS,” by Hemink et al., filed December 6, 2005;
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[0006]  U.S. Patent Application No. 11/296,028 (Attorney Docket No.
SAND-01066US1), entitled, “SYSTEMS FOR ERASING NON-VOLATILE
MEMORY USING INDIVIDUAL VERIFICATION AND ADDITIONAL'
ERASING OF SUBSETS OF MEMORY CELLS,” by Hemink et al., filed
December 6, 2005; ’

[0007] U.S. Patent Application No. 11/295,747 (Attorney Docket No.
SAND-01066US2), entitled, “SOFT PROGRAMMING NON-VOLATILE
MEMORY UTILIZING INDIVIDUAL VERIFICATION AND ADDITIONAL
SOFT PROGRAMMING OF SUBSETS OF MEMORY CELLS,” by Hemink
et al., filed December 6, 2005; and

[0008] U.S. Patent Application No. 11/296,071 (Attorney Docket No.
SAND-01066US3), entitled, “SYSTEMS FOR SOFT PROGRAMMING NON-
VOLATILE MEMORY UTILIZING INDIVIDUAL VERIFICATION AND
ADDITIONAL SOFT PROGRAMMING OF. SUBSETS OF MEMORY
CELLS,” by Hemink et al., filed December 6, 2005.

BACKGROUND OF THE INVENTION

Field of the Invention

[0009] The present invention relates generally to semiconductor technology

for erasing non-volatile memory devices.

Description of the Related Axt

[0010] Semiconductor memory devices have become more popular for use
in various electronic devices. For example, non-volatile semiconductor
memory is used in cellular telephones, digital cameras, personal digital
assistants, mobile computing devices, non-mobile computing devices and other
devices. Electrical Erasable Programmable Read Only Memory (EEPROM),
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including flash EEPROM, and Electronically Programmable Read Only
Memory (EPROM) are among the most popular non-volatile semiconductor

memories.

[0011] One example of a flash memory system uses the ‘NAND structure,
which includes arranging multiple transistors in series, sandwiched between two
select. gates. The transistors in series and the select gates are referred to as a
NAND string. Figure 1 is a top view showing one NAND string. Figure 2 is an
equivalent circuit thereof. The NAND string depicted in Figures 1 and 2
includes four transistors 100, 102, 104 and 106 in series and sahdwiched
between a first select gate 120 and a second select gate 122. Select gate 120
connects the NAND string to bit line 126. Select gate 122 connects the NAND
string to source line 128. Select gate 120 is controlled by applying appropriate
voltages to control gafe 120CG via selection line SGD. Select gate 122 is
controlled by applying the appropriate voltages to control gate 122CG via
selection Hne SGS. Each of the transistors 100, 102, 104 and 106 includes a
control gate and a floating gate, forming the gate elements of a memory cell.
For example, transistor 100 has control gate 100CG and floating gate 100FG.
Transistor 102 includes control gate 102CG and a floating gate 102FG.
Transistor 104 includes control gate 104CG and floating gate 104FG.
Transistor 106 includes a control gate 106CG and a floating gate 106FG.
Control gate 100CG is connected to word line WL3, control gate 102CG is
connected to word line WL2, control gate 104CG is connected to word line

WL1, and control gate 106CG is connected to word line WLO.

[0012]  Note that although Figures 1 and 2 show four memory cells in the
NAND string, the use of four transistors is only provided as an example. A
NAND string can have less than four memory cells or more than four memory
cells. For example, some NAND strings will include eight memory cells, 16
memory cells, 32 memory cells, etc. The discussion herein is not limited to any

particular number of memory cells in a NAND string.
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[0013] A typical architecture for a flash memory system using a NANﬁ
structure will inolude several NAND strings. For example, Figure 3 shows
three NAND strings 202, 204 and 206 of a memory array having many more
NAND strings. FEach of the NAND strings of Figure 3 includes two select
transistors or gates and four memory cells. For example, NAND string 202
includes select transistors 220 and 230, and memory cells 222, 224, 226 and
228. NAND string 204 includes select transistors 240 and 250, and memory
cells 242, 244, 246 and 248. Each string is connected to the source line by one
select gate (e.g. select gate 230 and select gate 250). A selection line SGS is
used to control the source side select gates. The various NAND strings are
connected to respective bit lines by select gates 220, 240, etc., which are
controlled by select line SGD. In other embodiments, the select lines do not
necessarily need to be in common. Word line WL3 is connected to the control
gates for memory cell 222 and memory cell 242. Word line WL2 is connected
to the control gates for memory cell 224 and memory cell 244. Word line WL1
is connected to the control gates for memory cell 226 and memory cell 246.
Word line WLO is connected to the control gates for memory cell 228 and
memory cell 248. As can be seen, a bit line and respective NAND string
comprise a column of the array of memory cells. The word lines (WL3, WL2,
WL1 and WL0) comprise the rows of the array. Each word line connects the
control gates of each memory cell in the row. For example, word line WL2 is

connected to the control gates for memory cells 224, 244 and 252.

[0014] Each memory cell can store data (analog or digital). When storing
one bit of digital data, the range of possible threshold voltages of the memory
cell is divided into two ranges which are assigned logical data “1” and “0.” In
" one example of a NAND type flash memory, the threshold voltage is negative
after the memory cell is erased, and defined as logic “1.” The threshold voltage
after a program operation is positive and defined as logic “0.” When the

threshold voltage is negative and a read is attémpted by applying 0 volts to the
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control gate, the memory cell will turn on to indicate logic one is being stored.
When the threshold voltage is positive and a read operation is attempted by
applying O volts to the control gate, the memory cell will not turn on, which
indicates that logic zero is stored. A memory cell can also store multiple levels
of information, for example, multiple bits of digital data. In the case of storing
multiple levels of data, the range of possible threshold voltages is divided into
the number of levels of data. For example, if four levels of information are
stored, there will be four threshold voltage ranges assigned to the data values
“117, 107, “01”, and “00.” In one example of a NAND type memory, the
threshold voltage after an erase opération is negative and defined as “11.”
Three different positive threshold voltages are used for the states of “10”, “01”,
and “00.”

[0015] Relevant examples of NAND typé flash memories and their

operation are provided in the following U.S. Patents/Patent Applications, all of

which are incorporated herein by reference: U.S. Pat. No. 5,570,315; U.S. Pat.

No. 5,774,397, U.S. Pat. No. 6,046,935, U.S. Pat. No. 6,456,528 and U.S. Pat.
~ Application. Ser. No. 09/893,277 (Publication No. US2003/0002348).

[0016]  When programming a flash memory cell, a program voltage is
applied to the control gate (via a selected word line) and the bit line is grounded.
Electrons from the p-well are injected into the floating gate. When electrons
accumulate in the floating gate, the floating gate becomes negatively charged
and the threshold voltage of the cell is raised. The floating gate charge and
threshold voltage of the cell can be indicative of a particular state corresponding

to stored data.

[0017] In order to erase memory cells of a NAND type flash memory,
electrons are transferred from the floating gate of each memory cell to the well
region and substrate. Typically, one or more high voltage (e.g., ~16V-20V)

erase pulses are applied to the well region to attract electrons away from the
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floating gate of each memory cell to the well region. The word lines of each
merriory cell are grounded or supplied with OV to create a high potential across
the tunnel oxide region to attract the electrons. If each memory cell of a NAND
string is not erased after application of an erase voltage pulse, the size of the
pulse can be increased and reapplied to the NAND string until each- memory

cell is erased.

[0018]  Typical erase operations using prior art techniques can lead to
differing erase rates amongst memory cells in a NAND string. Some memory
cells may reach a target threshold voltage level for an erased state faster or
slower than others. This can lead to over-erasure of faster erasing memory cells
because they will continue to be subjected to erase voltages that are applied to
sufficiently erase the slower memory cells of the NAND string. Thus, the
 different erase rates can result in a shorter cycling life of a memory cell or
NAND string. Typical erase operations can also lead to disparate threshold
voltages among memory cells of a NAND string. That is, one or more memory
cells of the NAND string may have a different threshold voltage after
applicatidn of one or more erase voltage pulses when compared to other
memory cells of the string or device. To overcome this effect, soft
programming has been used to adjust the threshold voltages of one or more
memory cells after erasure. For example, a relatively low program voltage -
lower than used for actual programming — may be applied to one or more
memory cells to raise their threshold voltages in order to narrow and/or raise the
threshold voltage distribution of the population of erased memory cells. Soft
programming, however, may increase program and erase times. Moreover, the

different erase rates can result in a shorter cycling life of a memory string.

[0019] Accordingly, there is a need for a non-volatile memory system and
related erase technique that can address the aforementioned problems of prior

art erase techniques.
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SUMMARY OF THE INVENTION

[0020] The present invention, roughly described, pertains to technology for
erasing memory devices in a manner that provides a more efficient and
consistent erasure of memory cells. In accordance with one embodiment, a
system and method is provided that considers the individual characteristics and
erase behavior of one or more memory cells of a NAND string during erase

operations.

[0021] Voltage conditions applied to selected memory cells of a non-
volatile memory system can be changed during erase operations in order to
equalize the erase behavior of the selected memory cells with other memory
cells of the system that are being concurrently erased. The changed conditions
can compensate for capacitively coupled voltages within a NAND string. For
example, after biasing a NAND string for an erase operation and beginning
application of the erase voltage pulse, the word lines of one or more interior
memory cells can be floated. By floating the selected interior word lines, the
peak erase potential created across the tunnel dielectric region of the cells
coupled thereto is decreased from its normal level. Consequently, the erase
rates of these cells are slowed to substantially match that of the slower erasing
end memory cells of the string. Different word lines can be floated at different
times to alter the erase behavior of different memory cells by different amounts.
The interior memory cells of a NAND string can be subdivided into various

subsets for changing the applied voltage condition.

[0022] In accordance with one embodiment, a method of erasing non-
volatile storage is provided that includes applying an erase voltage to a well
region of a set of "non—volatile storage elements and floating a control gate of
each non-volatile storage element in a subset of the set of non-volatile storage

elements after beginning application of the erase voltage. Floating the control
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gates of the elements in the subset begins while applying the erase voltage.

[0023] In accordance with another embodiment, a method of erasing non-
volatile storage is provided that includes applying a first voltage signal to each
non-volatile storage element in a set of non-volatile storage elements, applying
an erase voltage to a well region of the set of non-volatile storage elements, and
changing the first voltage signal for each non-volatile storage element in a
subset of the set after beginning application of the erase voltage to the well
region. Changing the first voltage signal is performed while applying the erase

voltage to the well region.

[0024] In accordance with one embodiment, a non-volatile memory system
is provided that includes a set of non-volatile storage elements having a well
region and managing circuitry in communication with the set of non-volatile
storage elements. The managing circuitry receives a request to erase the set of
non-volatile storage elements and responsive to the request, applies an erase
voltage to the well region. After beginning application of the erase voltage, the
managing circuitry floats a control gate of each non-volatile storage element in
a subset of the set of non-volatile storage elements. The managing circuitry

floats the control gates while applying the erase voltage.

[0025] In accordance with another embodiment, a non-volatile memory
system is provided that includes a set of non-volatile storage elements having a
well region and managing circuitry in communication with the set of non-
volatile storage elements. The set includes a first and a second subset of non-
volatile storage elements. The first subset is interior to the second subset. The
managing circuitry receives a request to erase the set and responsive to the
request, applies a first voltage signal to each non-volatile storage element in the
set, applies an erase voltage to the well region, and after beginning application
of the erase voltage, changes the first voltage signal for each non-volatile

storage element in the first subset. The managing circuitry changes the first
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voltage signal while applying the erase voltage to the well region.

[0026] Other features, aspects, and objects of the invention can be obtained

from a review of the specification, the figures, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Figure 1 is a top view of a NAND string.

[0028] Figure 2 is an equivalent circuit diagram of the NAND string
depicted in Figure 1.

[0029]  Figure 3 is a circuit diagram depicting three NAND strings.

[0030] Figure 4 is a block diagram of one embodiment of a non-volatile
memory system in which the various aspects of the present invention can be

implemented.
[0031]  Figure S illustrates an exemplary organization of a memory array.

[0032]  Figure 6 depicts an exemplary program/verify voltage signal that can

be applied to a selected word line in accordance with embodiments.

[0033] Figure 7 is an exemplary flowchart for performing a program

operation.

[0034]  Figure 8 depicts exemplary threshold distributions of a group of

memory cells.

[0035]  Figure 9 depicts exemplary threshold distributions of a group of

memory cells storing two bits of data.

[0036] Figure 10 is a table depicting exemplary bias conditions for

performing an erase operation according to prior art techniques.
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[0037]  Figure 11 is a graph depicting voltages at various portions of a

NAND string during an ideal erase operation.

[0038]  Figure 12 is a cross sectional view of a NAND string depicting

various capacitively coupled voltages within the NAND string.

[0039] Figure 13 is a graph depicting various voltages of the end memory

cells of a NAND string during an erase operation.

[0040] Figure 14 depicts exemplary threshold voltage distributions of select
memory cells of a NAND string after receiving an erase voltage pulse according

to prior art techniques.

[0041]  Figure 15 is a graph depicting average threshold voltages of select
memory cells of a NAND string as a function of an applied erase voltage pulse
magnitude.

[0042] Figure 16A is table depicting bias conditions for performing an erase

operation according to one embodiment.

[0043] Figure 16B is a graph depicting various voltages of the interior
memory cells of a NAND string during an erase operation according to one

embodiment.

[0044] Figure 17 is a flowchart for erasing a NAND string in accordance

with one embodiment.

[0045] Figure 18 is a graph depicting exemplary average threshold voltages
of select memory cells of a NAND string after being erased according to one

embodiment.

[0046]  Figure 19 is a timing diagram depicting various signals applied-to a
NAND string during an erase operation according to one embodiment and the

resulting floating gate potential of the memory cells of the NAND string.
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[0047]  Figure 20 is a flowchart for changing the voltage signal on selected
word lines of a memory system during an erase operation according to one

embodiment.

[0048]  Figure 21 is a block diagram of a row controller in accordance with

one embodiment.

[0049]  Figure 22 is a graph depicting the voltage of a floated word line in

one scenario.

[0050] Figure 23 is a graph depicting the voltage of a word line that is

floated then reconnected to a voltage in another scenario.

DETAILED DESCRIPTION

[0051] Figure 4 is a block diagram of one embodiment of a flash memory
system that can be used to implement the present invention. Other systems and
implementations can be used. Memory cell array 302 is controlled by column
control circuit 304, row control circuit 306, c-source contro] circuit 310 and p-
well control circuit 308. Column control circuit 304 is connected to the bit lines
of memory cell array 302 for reading data stored in the memory cells, for
determining a state of the memory cells during a program operation, and for
controlling potential levels of the bit lines to promote or inhibit programming
and erasing. Row control circuit 306 is connected to the word lines to select
one of the word lines, to apply read voltages, to apply program voltages
combined with the bit line potential levels controlled by column control circuit
304, and to apply an erase voltage. C-source control circuit 310 controls a
common source line (labeled as "C-source" in Fig. 6) connected to the memory

cells. P-well control circuit 308 controls the p-well voltage.

[0052] The data stored in the memory cells are read out by the column
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control circuit 304 and are output to external I/O lines via data input/output
buffer 312. Program data to be stored in the memory cells are input to the data
input/output buffer 312 via the external I/O lines, and transferred to the column

control circuit 304. The external I/O lines are connected to controller 318.

[0053] Command data for controlling the flash memory device is input to
controller 318. The command data informs the flash memory of what operation
is requested. The input command is transferred to state machine 316 which is
part of control circuitry 315. State machine 316 controls column control circuit
304, row control circuit 306, c-source control 310, p-well control circuit 308
and data input/output buffer 312. State machine 316 can also output status data
of the flash memory such as READY/BUSY or PASS/FAIL.

[0054] Controller 318 is connected to or connectable with a host system
such as a personal computer, a digital camera, or personal digital assistant, etc.
It communicates with the host that initiates commands, such as to store or read
data to or from the memory array 302, and provides or receives such data.
Controller 318 converts such commands into command signals that can be
interpreted and executed by command circuits 314 which are part of control
circuitry 315. Command circuits 314 are in communication with state machine
316. Controller 318 typically contains buffer memory for the user data being

written to or read from the memory array.

[00S5] One exemplary memory system comprises one integrated circuit that
includes controller 318, and one or more integrated circuit chips that each
contain a memory array and associated control, input/output and state machine
circuits. There is a trend to integrate the memory arrays and controller circuits
of a system together on one or more integrated circuit chips. The memory
system may be embedded as part of the host system, or may be included in a
memory card (or other package) that is removably inserted into the host

systems. Such a card may include the entire memory system (e.g. including the
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controller) or just the memory array(s) with associated peripheral circuits (with
the controller or control function being embedded in the host). Thus, the
controller can be embedded in the host or included within the removable

memory system.

[0056] With reference to Figure 5, an exemplary structure of memory cell
array 302 is described. As one example, a NAND flash EEPROM is described
that is partitioned into 1,024 blocks. The data stored in each block can be
simultaneously erased. In one embodiment, the block is the minimum unit of
cells that are simultaneously erased. In each block, in this example, there are
8,512 columns. Each block is typically divided into a number of pages which
can be a unit of programming. Other units of data for programming are also
possible and contemplated. In one embodiment, individual pages may be
divided into'segtments and the segments may contain the fewest number of cells
that are written at one time as a basic programming operation. One or more

pages of data are typically stored in one row of memory cells.

[0057]  In each block of the example in Figure 10 there are 8,512 columns
that are divided into even columns and odd columns. The bit lines are divided
into even bit lines (BLe) and odd bit lines (BLo). In an odd/even bit line
architecture, memory cells along a common word line and connected to the odd
bit lines are programmed at one time, while memory cells along a common
word line and connected to even bit lines are programmed at another time.
Figure 5 shows four memory cells connected in series to form a NAND string.
Although four cells are shown to be included in each NAND string, more or less
than four can be used (e.g., 16, 32, or another number). One terminal of the
NAND string is connected to a corresponding bit line via a first select transistor
or gate (connected to select gate drain line SGD), and another terminal is
connected to c-source via a second select transistor (connected to select gate

source line SGS).
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[0058]  In other embodiments, the bit lines are not divided into odd and even
bit lines. Such architectures are commonly referred to as all bit line
architectures. In an all bit line architecture, all the bit lines of a block are
simultaneously selected during read and program operations. Memory cells
along a common word line and connected to any bit line are programmed at the

same time.

[0059] During read and programming operations of one embodiment, 4,256
memory cells are simultaneously selected. The memory cells selected have the
same word line (e.g. WL2-i), and the same kind of bit line (e.g. even bit lines).
Therefore, 532 bytes of data can be read or programmed simultaneously. These
532 bytes of data that are simultaneously read or programmed form a logical
page. Therefore, in this example, one block can store at least eight pages.
When each memory cell stores two bits of data (e.g. a multi-level cell), one
block stores 16 pages. Other sized blocks and pages can also be used with
embodiments. Additionally, architectures other than that of Figures 4 and 5 can

also be used to implement embodiments.

[0060] In the read and verify operations, the select gates of a selected block
are raised to one or more select voltages and the unselected word lines (e.g.,
WLO0, WL1 and WL3) of the selected block are raised to a read pass voltage
(e.g. 4.5 volts) to make the transistors operate as pass gates. The selected word
line of the selected block (e.g., WL2) is connected to a reference voltage, a level
of which is specified for each read and verify operation in order to determine
whether a threshold voitage of the concerned memory cell is above or below
such level. For example, in a read operation of a one bit memory cell, the
selected word line WL2 is grounded, so that it is detected whether the threshold
voltage is higher than OV. In a verify operation of a one bit memory cell, the
selected word line WL2 is connected to 0.8V, for example, so that as
programming progresses it is verified whether or not the threshold voltage has

reached 0.8V. The source and p-well are at zero volts during read and verify.
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The selected bit lines (BLe) are pre-charged to a level of, for example, 0.7V. If
the threshold voltage is higher than the read or verify level, the potential level of
the concerned bit line (BLe) maintains the high level, because of the associated
non-conductive memory cell. On the other hand, if the threshold voltage is
lower than the read or verify level, the potential level of the concerned bit line
(BLe) decreases to a low level, for example less than 0.5V, because of the
conductive memory cell. The state of the memory cell is detected by a sense
amplifier that is connected to the bit line and senses the resulting bit line
voltage. The difference between whether the memory cell is programmed or
erased depends on whether or not net negative charge is stored in the floating
gate. For example, if negative charge is stored in the floating gate, the threshold
voltage becomes higher and the transistor can be ‘in enhancement mode of

operation.

[0061] When programming a memory cell in one example, the drain and the
p-well receive 0 volts while the control gate receives a series of programming
pulses with increasing magnitudes. In one embodiment, the magnitudes of the
pulses in the series range from 12 volts to 24 volts. In other embodiments, the
range of pulses in the seties can be different, for example, having a starting
level of higher than 12 volts. During programming of memory cells, verify
operations are carried out in the periods between the programming pulses. That
is, the programming level of each cell of a group of cells being programmed in
parallel is read between each programming pulse to determine whether or not it
has reached or exceeded a verify level to which it is being programmed. One
means of verifying the programming is to test conduction at a specific compare
point. The cells that are verified to be sufficiently programmed are locked out,
for example in NAND cells, by raising the bit line voltage from 0 to Vdd (e.g.,
2.5 volts) for all subsequent programming pulses to terminate the programming
process for those cells. In some cases, the number of pulses will be limited (e.g.

20 pulses) and if a given memory cell is not sufficiently programmed by the last
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pulse, an error is assumed. In some implementations, memory cells are erased

(in blocks or other units) prior to programming.

[0062]  Figure 6 depicts a program voltage signal in accordance with one
embodiment. This signal has a set of pulses with increasing magnitudes. The
magnitude of the pulses is increased with each pulse by a predetermined step
size. In one embodiment that includes the memory cells storing multiple bits of
data, an exemplary step size is 0.2 volts (or 0.4 volts). Between each of the
program pulses are the verify pulses. The signal of Figure 6 assumes a four
state memory cell, therefore, it includes three verify pulses. For example,
between programming pulses 330 and 332 are three sequential verify pulses.
The first verify pulse 334 is depicted at a zero volt verify voltage level. The
second verify pulse 336 follows the first verify pulse at the second verify
voltage level. The third verify pulse 338 follows the second verify pulse 336 at
the third verify voltage level. A multi-state memory cell capable of storing data
in eight states may need to perform verify operations at seven compare points.
Thus, seven verify pulses are applied in sequence to perform seven verify
operations at seven verify levels between two consecutive programming pulses.
Based on the seven verify operations, the system can determine the state of the
memory cells. One means for reducing the time burden of verifying is to use a
more efficient verify process, for example, as disclosed in U.S. Patent
Application Serial No. 10/314,055, entitled “Smart Verify for Multi-State
Memories,” filed December 5, 2002; U.S. Patent Application Serial No.
[Attorney Docket No. SAND-1051US1], entitled “Method for
Programming of Multi-State Non-Volatile Memory Using Smart Verify, filed
October 27, 2005; and U.S. Patent Application Serial No.
[Attorney Docket No. SAND-1051US0], entitled “Apparatus for Programming
of Multi-State Non-Volatile Memory Using Smart Verify,” filed October 27,

2005, all of which are incorporated herein by reference in their entirety.

[0063] The read and verify operations described above are performed
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according to techniques known in the art. Thus, many of the details explained

can be varied by one skilled in the art.

[0064]  Figure 7 is a flow chart describing one embodiment of a method for
programming non-volatile memory. In one implementation, memory cells are
erased (in blocks or other units) and optionally soft programmed prior to
programming. At step 350 of Figure 7, a “data load” command is issued by
controller 318 and input to command circuits314, allowing data to be input to
data input/output buffer 312. The input data is recognized as a command and
latched by state machine 316 via a command latch signal, not illustrated, input
to command circuits 304. At step 352, address data designating the page
address is input to row controller or decoder 306 from the controller or host.
The input data is recognized as the page address and latched via state machine
316, affected by the address latch signal input to command circuits 314. At step
354, a page of program data for the addressed page is input to data input/output
buffer 312 for programming. For example, 532 bytes of data could be input in
one embodiment. That data is latched in the appropriate registers for the
selected bit lines. In some embodiments, the data is also latched in a second
register for the selected bit lines to be used for verify operations. At step 356, a
“program” command is issued by the controller and input to data input/output
buffer 312. The command is latched by state machine 316 via the command

latch signal input to command circuits 314.

"[0065] Triggered by the “program” command, the data latched in step 354
will be programmed into the selected memory cells controlled by state machine
316 using the stepped pulses of Figure 6 applied to the appropriate word line. At
step 358, Vpgm, the programming pulse voltage level applied to the selected
word line, is initialized to the starting pulse (e.g., 12V) and a program counter
PC maintained by state machine 316 is initialized at 0. At step 360, the first
Vpgm pulse is applied to the selected word line. If logic “0” is stbred in a

particular data latch indicating that the corresponding memory cell should be
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programmed, then the corresponding bit line is grounded. On the other hand, if
logic “1” is stored in the particular latch indicating that the corresponding
memory cell should remain in its current data state, then the corresponding bit

line is connected to Vdd to inhibit programming.

[0066] At step 362, the states of the selected memory cells are verified. If it
is detected that the target threshold voltage of a selected cell has reached the
appropriate level, then the data stored in the corresponding data latch is changed
to a logic “1.” If it is detected that the threshold voltage has not reached the
appropriate level, the data stored in the corresponding data latch is not changed.
In this manner, a bit line having a logic “1” stored in its corresponding data
laich does not need to be programmed. When all of the data latches are storing
logic “1,” the state machine knows that all selected cells have been
proérammed. At step 364, it is checked whether all of the data latches are
storing logic “1.” If so, the programming process is complete and successful
because all selected memory cells were programmed and verified to their target

states. A status of “PASS” is reported at step 366.

[0067] If, at step 364, it is determined that not all of the data latches are
storing logic “1,” then the programming process continues. At step 368, the
program counter PC is checked against a program limit value. One example of a
program limit value is 20, however, other values can be used in various
implementations. If the program counter PC is not less than 20, then it is
determined at step 369 whether the number of bits that have not been
successfully programmed is equal to or less than a predetermined number. If
the number of unsuccessfully programmed bits is equal to or less than the
predetermined number, then the programming process is flagged as passed and
a status of pass is reported at step 371. The bits that are not successfully
programmed can be corrected using error correction during the read process. If
however, the number of unsuccessfully programmed bits is greater than the

predetermined number, the program process is flagged as failed and a status of
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fail is reported at step 370.  If the program counter PC is less than 20, then the
Vpgm level is increased by the step size and the program counter PC is
incremented at step 372. After step 372, the process loops back to step 360 to
apply the next Vpgm pulse.

[0068] The flowchart of Figure 7 depicts a single-pass programming
method as can be applied for binary storage. In a two-pass programming
method as can be applied for multi-level storage, for example, multiple
programming or verification steps may be used in a single iteration of the
flowchart. Steps 358-372 may be performed for each pass of the programming
operation. In a first pass, one or more program pulses may be applied and the
results thereof verified to determine if a cell is in the appropriate intermediate
state. In a second pass, one or more program pulses may be applied and the

results thereof verified to determine if the cell is in the appropriate final state.

[0069] At the end of a successful program process, the threshold voltages of
the memory cells should be within one or more distributions of threshold
voltages for programmed memory cells or within a distribution of threshold
voltages for erased memory cells. Figure 8 illustrates threshold voltage
distributions for a memory cell array when each memory cell stores one bit of
data. Figure 8 shows a first distribution 380 of threshold voltages for erased
memory cells and a second distribution 382 of threshold voltages for
programmed memory cells. In one embodiment, the threshold voltage levels in
the first distribution 380 are negative and correspond to logic “1” while the
threshold voltage levels in the second distribution 382 are positive and

correspond to logic “0.”

[0070] Figure 9 illustrates exemplary threshold voltage distributions for a
memory cell array when each memory cell stores two bits of data in four
physical states. Distribution 384 represents a distribution of threshold voltages

of cells that are in an erased state (storing "11"), having negative threshold
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voltage levels. Distribution 386 represents a distribution of threshold voltages
of cells that are in a first programmed state, storing “10.” Distribution 388
represents a distribution of threshold voltages of cells that are in a second
programmed state, storing “00.” Distribution 390 represents a distribution of
threshold voltages of cells that are in a third programmed state, storing “01.”
Each of the two bits stored in a single memory cell, in this example, is from a
different logical page. That is, each bit of the two bits stored in each memory
cell carries a different logical page address. The bit displayed in the square
corresponds to a lower page. The bit displayed in the circle corresponds to an
upper page. In one embodiment, the logical states are assigned to the sequential
physical states of memory cells using a gray code sequence so that if the
threshold voltage of a floating gate erroneously shifts to its nearest neighboring
threshold voltage state range, only one bit will be affected. In order to provide
improved reliability, it is preferable for the individual distributions to be
tightened (distribution narrowed), because the tighter distribution brings a wider

read margin (distance between adjacent state threshold distributions).

[0071] Of course, if the memory is operated with more than four physical
states then there will be a number of threshold voltage distributions within the
defined voltage threshold window of the memory cells that is equal to the
number of states. Further, although specific bit patterns have been assigned to
each of the distributions or physical states, different bit patterns may be

assigned.

[0072]  Normally, the cells being programmed in parallel are alternate ones
along a word line. For example, Fig. 3 illustrates three memory cells 224, 244
and 252 of a much larger number of cells along one word line WL2. One set of
alternate cells, including cells 224 and 252, store bits from logical pages 0 and 1
("even pages"), while another set of alternate cells, including cell 244, store bits

from logical pages 2 and 3 ("odd pages").
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[0073]  Memory cells are erased in one embodiment by raising the p-well to
an erase voltage (e.g. 20 volts) and grounding or applying 0 volts to the word
lines of a selected block while the source and bit lines are floating. Figure 10
depicts exemplary bias conditions for performing an erase operation. Due to
capacitive coupling, the unselected word lines (e.g., those in unselected, not to-
be-erased blocks), bit lines, select lines, and c-source are also raised to a high
positive potential (e.g., 20V). A strong electric field is thus applied to the
tunnel oxide layers of memory cells of a selected block and the data of the
selected memory cells is erased as electrons of the floating gates are emitted to
the substrate. As sufficient electrons are transferred from the floating gate to
the p-well region, the threshold voltage of a selected cell becomes negative.
Erasing can be performed on the entire memory array, one or more blocks of the
array, or another unit of cells. The erase voltage signal Ve is typically applied
as a series of erase voltage pulses, with an erase verification operation being
carried out in between each pulse. If the unit of cells being erased is not
verified as erased after application of an erase voltage pulse, another erase
voltage pulse can be applied to the p-well region. In some embodiments, the
peak value of the erase voltage is increased for each subsequent pulse (e.g., in

1V increments from 16V to 20V).

[0074] Figure 11 is graph depicting the voltage at various portions of a
NAND string during application of a single erase voltage pﬁlse for a typical
erase operation (e.g., under the bias condition of Figure 10). The example of
Figure 11 illustrates an ideal case, ignoring inter-gate capacitive charge
coupling as discussed below. Curve 410 depicts the voltage of the p-well region
which receives erase voltage signal Vemse. The erase voltage pulse causes the p-
well to ramp up to 20V and then back to OV. Curve 414 depicts the control gate
voltage of a memory cell of the string. Curves 412 and 413 depict the floating ‘
gate voltage of a non-programmed and programmed memory cell, respectively.

Before the erase voltage pulse is applied, the floating gate voltage depends on
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the programmed state of the memory cell. For example, the floating gate
voltage may be around -1V when the memory cell is in the first programmed
state (e.g., state 10 as shown in Figure 9), -2V when the memory cell is in the
second programmed state (e.g., state 00 as shown in Figure 9), and 0V when the
memory cell is in a non-programmed state. The control gate voltage 414
remains at OV throughout the erase operation while the floating gate voltages
412 and 413 rise in proportion to the p-well voltage. The floating gate is
capacitively coupled across the tunnel dielectric region to the p-well. In many
NAND string implementations, the capacitive coupling ratio between the
floating gate of a memory cell and the p-well region is about 40-50%.
Accordingly, floating gate voltage 412 rises in about a 0.5:1 ratio (when the
coupling ratio is 50%) with the p-well voltage to a voltage of about 10V and
floating gate voltage 413 rises to about 8V. The resulting erase potential, the
potential between the cell’s floating gate and the p-well region at the beginning
of the erase voltage pulse, is given below the graph of Figure 11. The erase
potential is equal to the difference between the p-well voltage (Verase = 20V) and
the floating gate voltage (e.g, Vg = 10V). For the scenario depicted in Figure
11, the erase potential is equal to about 10V at the beginning of the first erase
voltage pulse for the non-programmed cell (412) and 12V for the cell having a
starting floating gate voltage of -2V (413). Note that the erase potential changes
during the actual erase voltage pulse as electrons are transferred from the
floating gate to the p-well. As a result, when the p-well returns to 0V after the
erase voltage pulse, the floating gate voltage will be different than before the
erase voltage pulse was applied. Typically, the floating gate voltage will be
positive after the first erase voltage pulse, corresponding to a negative (erased)

threshold voltage of the memory cell.

[0075] The actual voltage levels within a NAND string will be different
than described with respect to the ideal case of Figure 11. Because of

capacitive charge coupling between neighboring floating gates and between
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select gates and neighboring floating gates, different memory cells of a NAND
string may experience different erase potentials under application of the same

erase bias conditions.

[0076]  Figure 12 provides a cross-sectional view of a NAND siring
including 8 memory cells. Although embodiments are presented with respect to
Figure 12 and an 8 cell NAND structure, the present invention is not so limited
and can be used in accordance with numerous NAND structures including fewer
or more than 8 memory cells (e.g., 4, 12, 16, or more). As depicted in Figure
12, the memory cells of the NAND string are formed in p-well region 540.
Each memory cell (502, 504, 506, 508, 510, 512, 514, and 516) includes a
stacked gate structure that consists of the control gate (502¢, 504¢, 506¢, 508c,
510c, 512¢, 514c, and 516¢) and a floating gate (502f, 504f, 506f, 510f, S12f,
‘ 514f, and 516f). The floating gates are formed on the surface of the p-well on
top of an oxide or other dielectric composite film. The control gate is above the
floating gate, with an oxide or other isolating dielectric layer separating the
control gate and floating gate. The control gates of the memory cells connect to
or form word lines WLO, WL1, WL2, WL3, WL4, WL5, WL6, and WL7. N+
diffused regions 542 are shared between neighboring cells whereby the cells are
connected to one another in series to form a NAND string. These N+ diffused
regions form the source and drain of each of the cells. N+ diffused region 526
connects to the bit line for the NAND string, while N+ diffused region 528
connects to a common source line for multiple NAND strings. The select gates
520 and 522 are formed of the same structure as the memory cells, however, the

gate regions are electrically connected.

[0077] Because of capacitive coupling, the floating select gates 522 and 520
are raised to a high positive potential when a high erase voltage is applied to the
p-well during erase operations. The erase voltage applied to the p-well, or some
portion thereof, couples from the well region to each of the select gates. About

90-100% of the p-well voltage can be expected to couple to each select gate in
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many NAND structures. Therefore, if an erase voltage pulse of 20V is applied
to the p-well, the voltage on each select gate will rise about 18V-20V to a
voltage of 18V-20V. In Figure 12, the coupling from p-well 540 to select gates
522 and 520 is illustrated by arrows 530. Although to a lesser degree, a similar
coupling effect is also experienced by each of the memory cells of the string.
The coupling between the p-well and the floating gate of a memory cell is
typically about 40-50%. Each floating gate is also coupled to its corresponding
control gate with a coupling of about 50-60%. To a smaller extent, each
floating gate is coupled to neighboring floating gates and control gates. All the
different couplings add up to a total of 100%. Assuming a 50% coupling from
p-well to floating gate, the floating gate voltage of each memory cell is raised
about 10V under application of a 20V erase voltage pulse. This coupling effect
is illustrated by arrows 532. The voltage coupled to each memory cell’s
floating gate effects the Verse potential created across the tunnel oxide layer.
For example, an erase potential of about 10V (20V-10V) is created under
application of a 20V erase voltage pulse to the p-well for a memory cell having

a floating gate voltage of OV prior to erasing.

[0078] Each memory cell of the string will experience some capacitive
charge coupling from neighboring memory cells and/or tramsistors. This
coupling can effect the potential of a cell’s floating gate and consequently, the
erase potential for the cell. The end memory cells (e.g., memory cells 502 and
516 in Figure 12) of the NAND string — those connected to the first and last
word lines (end word lines) of the NAND string and adjacent to the select gates
of the NAND string — will experience capacitive charge coupling from the
neighboring select gates. In Figure 12, this capacitive coupling is depicted by
arrow 534 from select gate 520 to floating gate 502f of memory cell 520 and by
arrow 538 from select gate 522 to floating gate 516f of memory cell 516. The
voltage coupled to memory cells 502 and 516 will decrease the electric field

present across those cells’ tunnel dielectric regions (e.g., tunnel oxide) in
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proportion to the amount of voltage at the respective select gate.

[0079]  The coupling represented by arrows 538 and 534 occurs in both
directions because duriﬁg an erase operation, the select gates are in a floating
state as well. As a result, the floating gate voltage of memory cells 516 and 502
will have some influence on the voltage on the select gates 522 and 520.
However, the coupling from floating gate to select gate is much smaller than the
coupling from the p-well to the select gates, and thus, the select gate voltage is

determined almost completely by the p-well voltage.

[0080] In many NAND implementations, capacitive coupling from the
select gates to the floating gates of the end memory cells of a NAND string can
be expected to be on the order of about 2% to 5%. If an erase voltage of 20
volts is applied to the p-well region, each select gate’s voltage will rise about
18V with 90% p-well to select gate coupling. Subsequently, due to the 2-5%
coupling from select gate to neighboring floating gate, the voltage on the
neighboring floating gates (e.g., 516f and 502f) will rise about 0.4-1V. The
resulting voltage across the tunnel oxide of the end memory cells of the string
will be about 0.4V to 1V less than that for the ideal case shown in Figure 11.
Note that the above mentioned capacitive coupling can vary largely depending
on the physical dimensions of the memory cells and select gates, the spacing
between memory cells and select gates, and the dielectric properties of the
materials used in constructing such components as the tunnel dielectric,
dielectric between control and floating gates, and dielectric between select gates
and memory cells. In some cases, for example, the above mentioned coupling

may be larger or smaller than the above mentioned 2-5% range.

[0081] In addition to coupling between neighboring floating gates, another
factor is coupling between the floating gate and neighboring word lines or
control gates. This coupling may also be on the order of 2-5%, but may be

smaller or larger depending on the dimensions and shape of the memory cells.
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In some cases, particularly where the physical distance between the select gates
and neighboring memory cells is similar to the distance between two interior
memory cells, the coupling from the select gate to the neighboring floating gate
will be in a similar range as the coupling from a neighboring control gate (word
line) and floating gate. During an erase operation, however, as the select gate is
biased differently in comparison with the control gates and floating gates, the
floating gate voltage of the end memory cells will be higher than that of the
interior memory cells and thus, the erase potential will be lower for the end

memory cells as hereinafter described.

[0082] Figure 13 depicts the p-well voltage 420, floating gate voltage 422,
and control gate voltage 424 for a typical end memory cell of a NAND string
during application of a single erase voltage pulse for an erase operation under
the bias conditions of Figure 10. It is assumed that the floating gate voltage is
OV prior to application of the erase voltage pulse. The p-well voltage 420 rises
from OV to a peak value of 20V and then back to O0V. The control gate voltage
424 vemains at OV since the word lines connected to each memory cell are
supplied with OV. As with all the cells, the floating gates of the end memory
cells are capacitively coupled to the p-well region on the order of about 40-50%.
As the p-well region voltage increases to 20V, this capacitive coupling causes
the floating gate voltage to rise about 10V when 50% coupling is assumed. The
end memory cells additionally have a portion of the voltage at the neighboring
select gate coupled to them. Thus, the voltage on these floating gates will not
only be increased in proportion with the p-well voltage that is capacitively
coupled thereto, but will also be increased due to the 2-5% coupling from the
select gates. In Figure 13, it is assumed that the coupling from the select gates
adds an additional 1V to the floating gate voltage. Accordingly, the floating
gate voltage 422 rises to a maximum value of 11V at the beginning of the erase
voltage pulse as opposed to the maximum value of 10V for the ideal case

depicted in Figure 11. The erase potential across the tunnel dielectric region for
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the end memory cells is given below the graph of Figure 13. The erase potential
at the beginning of the erase voltage pulse is about 9V, or about 1V less than the
10V erase potential for the ideal case. If the floating gate voltage had been -2V
prior to the erase voltage pulse, the floating gate voltage would rise to 9V,
resulting in an erase potential of about 11V for the end memory cell, compared
to the corresponding erase potential of 12V for an ideal memory cell having a

starting floating gate voltage of -2V, as shown in Figure 11 (curve 413).

[0083]  The memory cells of a NAND string that are not adjacent to a select
gate (i.e., all but the end memory cells of a NAND string) may be referred to
herein as interior memory cells of the string. In Figure 12, the interior memory
cells of the NAND string are memory cells 504, 506, 508, 510, 512, and 514.
Although the interior memory cells will experience capacitive coupling from
neighboring floating gates that will decrease their erase potential (discussed
hereinafter), it is of a lesser degree than that of the end memory cells. Thus, the
interior memory cells will behave substantially as the ideal case described
earlier and have an erase potential of 10V (assuming that the cells were in an
non-programmed state with a floating gate voltage of about OV before the erase
voltage pulse). Because of the lower potential across the tunnel oxide layers of
the end memory cells compared to the interior memory cells, the end memory
cells will erase slower and not be as deeply erased (will have fewer electrons
transferred from their floating gates) as the interior memory cells after

application of one or more erase voltage pulses.

[0084] Memory cells of a NAND string are verified as erased when the
charge on the floating gate is above a predetermined level (threshold voltage
below a predetermined level). Because of the additional coupling to the floating
gates of the end memory cells, the overall time for an erase operation is
increased in order to sufficiently erase these end memory cells. The interior
memory cells may be sufficiently erased after application of a number N erase

voltage pulses, while the end memory cells of the NAND string may not be
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sufficiently erased until application of N+1 or more erase voltage pulses.

[0085]  Figure 14 depicts the threshold voltage distributions of a set of
memory cells after application of a single erase voltage pulse (a similar
distribution with lower overall V values may exist after multiple erase voltage
pulses). Distribution 430 depicts the threshold voltage distribution for the
interior memory cells of a NAND string, such as the memory cells connected to
WL1-WL6 in Figure 12. Distribution 432 depicts the threshold voltage
distribution for the end memory cells, such as those connected to WLO and
WL7 in Figure 12. As illustrated, those memory cells connected to the interior
word lines are deeper erased than the memory cells of the end word lines after
application of just one erase voltage pulse. In some NAND memory device
implementations, the interior memory cells can be expected to be about 0.5-1V
deeper erased than the end memory cells in the example shown. The average
threshold voltage of the interior memory cells is lower than that of the end word
lines because the number of electrons transferred from the floating gates of
those memory cells is more than that of the memory cells connected to the end
word lines. The memory cells of both the interior and end word lines are in
general erased deeper than required. To guarantee that all or most memory cells
can be erased with one erase voltage pulse after a number of write/erase cycles,
the selected size of the first erase voltage pulse is generally larger than required
to erase all the cells of a fresh device (not having undergone many write/erase
cycles) in one pulse. Thus, a fresh memory device may have threshola voltage

distributions as shown in Figure 14 after undergoing an erase operation.

[0086]  Figure 15 is a graph depicting the average threshold voltage of the
memory cells of a NAND string as a function of an applied erase voltage signal.
After application of a 16V erase voltage pulse the average threshold voltage of a
memory cell connected to WLO or WL7 is almost —1V. The average threshold
voltage of the interior memory cells, those memory cells connected to WL1-

WL, is about —1.5V. After application of a second erase voltage pulse, the
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average threshold voltage for WLO and WL7 has decreased to about —1.5V
while the average threshold voltage of the memory cells connected to WL1-
WL6 is about —2.8V. After application of additional erase voltage pulses, the
difference between the average threshold voltage of the interior memory cells
and the end memory cells increases. This effect is illustrated by the third line
(Delta Vy) in Figure 15 which depicts the difference in average threshold
voltage between the interior memory cells and the end memory cells after each

erase voltége pulse. -

[0087] When verification of erasure of a number of memory cells is
performed at a NAND string level or higher (e.g., on a block or other unit of
strings), disparate erase times or behavior amongst memory cells can lead to
over stressing and over erasing certain memory cells. For example, the interior
memory cells of a NAND string may be over erased while attempting to
sufficiently erase the end memory cells of the string. As previously described,
the interior memory cells will erase faster than the end memory cells. If
verification is performed at a NAND string level, the NAND string will
continue to receive an erase voltage pulse at the p-well until each memory cell
of the string is erased. Therefore, even though the interior memory cells may
sufficiently erase after a lower number of erase voltage pulses than the end
memory cells, the interior memory cells will receive additional erase voltage

pulses until each memory cell of the string is verified as erased.

[0088] A greater stress is placed on the interior memory cells than is
necessary because of over erasure. Over erasing the interior memory cells
because of the slower erase times of the end memory cells can decrease the life
span of the interior memory cells and an overall non-volatile memory system.
As understood in the art, application of a large potential across the tunnel oxide
layer of a transistor stresses the oxide material. Application of a high enough
potential across the tunnel oxide layer or application of a lower potential a

number of times can eventually lead to a breakdown of the oxide layer.
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[0089]  Disparate erase behavior between memory cells can also lead to
increased erase operation times because of additional operations that may be
performed to change the threshold voltage of a memory cell after being erased.
When flash memory cells are erased, the goal is that all erased cells have a
negative threshold voltage within a predefined range of negative threshold
voltages. As illustrated, however, the erase process may result in some cells
having negative threshold voltages below the predefined range. Memory cells
having a threshold voltage that is too low may not subsequently program
properly or may cause other cells to not program properly (e.g., by increasing
the probability that program disturb occurs). Thus, over-erased devices will
often undergo what is called soft programming. Memory cells with threshold
voltages of significantly lower values within the predefined range will receive a
small amount of programming so that the threshold voltage is raised to be
within the predefined range. The soft program process requires an additional
operation to be performed and decreases memory performance due to increased
erase times as soft programming is usually considered part of the erase

operation.

[0090] In accordance with embodiments, the voltage condition applied to
select memory cells of a NAND string is changed after applying the erase
voltage to the p-well region during an erase operation. By changing the voltage
condition for select memory cells, those selected memory cells can have their
erase behavior adjusted to substantially match that of other memory cells of the
NAND string. In one embodiment, OV is applied to each word line of the
NAND string. An erase voltage pulse is then applied to the p-well region.
After applying the pulse, the voltage condition for the interior memory cells can
be changed so that they erase slower. The condition can be changed so that the
erase rate of the interior memory cells substantially matches the erase rate of the

end memory cells. In one embodiment, changing the voltage condition for a
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memory cell can include floating the word line to which it is connected so that

no electrical connection is provided thereto.

[0091]  Figure 16A depicts the bias conditions of a technique in accordance
with one embodiment for slowing down the erase rate of select memory cells to
match that of other memory cells in the NAND string. Figure 16B depicts the
p-well voltage 440, floating gate voltage 446, and control gate voltage 448 of an
interior memory cell during application of a single erase voltage pulse using
these bias conditions. It is again assumed that the starting floating gate voltage
of the memory cell is V. The voltages for the end memory cells will be the
same as shown in Figure 13. At time to, the NAND string is biased to begin the
erase. The p-well voltage 440 subsequently rises from 0V to 20V and then
decreases back to OV. The interior word lines are at OV until time t; so the
control gate voltage 446 remains at OV until time t;. The floating gate voltage
448 rises to 9V from time t; to t; (assuming 50% coupling to the p-well) which
climbs to 18V during that time. At time t;, prior to the erase pulse and the p-
well reaching their peak voltage, the control gates of the interior memory cells
are floated by floating the word lines to which they are connected. With the
word lines floating, the control gates become strongly coupled to the p-well
through the floating gates. In turn, the floating gates become much more
capacitively coupled to the p-well region. With the word line floating, the
control gate and floating gate of a cell will be about 100% capacitively coupled
to the p-well. At time t;, the floating gate voltage for each of the interior
memory cells will begin to rise in a 1:1 ratio with that of the p-well voltage. As
the p-well voltage increases another 2V from 18V to its peak value of 20V, the
floating gate voltages will also increase by 2V to a value of 11V. The control
gate voltages 448 will rise to 2V from OV once the world lines are floating.
Thus, by floating the word lines at time t;, the interior memory cells’ floating
gates are made to rise an additional 1V over that which would be achieved were

the word lines to remain at OV as in a typical operation.
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[0092] As shown under the graph of Figure 16, the erase potential created
across the tunnel dielectric region of each of the interior memory cells will now
be equal to that of the end memory cells. The erase potential (equal to the
applied p-well voltage minus the floating gate voltage) is equal to the applied
difference between the peak p-well voltage of 20V and the floating gate voltage
of 11V. Thus, each memory cell of the NAND string will have a consistent
potential of 9V created across its tunnel dielectric region. For memory cells
with different starting states, the effects will be the same. For example, a
memory cell having a starting floating gate voltage of -1V will have its floating
gate voltage rise to 8V at time t;, and then rise an additional 2V until the time
the p-well voltage reaches its peak value. This will create a 10V erase potential
(20V-10V), which is the same erase potential achieved for an end memory cell

having a starting floating gate voltage of -1V.

[0093] In Figures 16A and 16B, each interior word line is again supplied
with OV at time t, to reduce the capacitive coupling between the p-well region
and the floating gate. The control gate voltage 448 will return to OV. Likewise,
the floating gate voltage 446 will now track the decrease in the p-well voltage
according to the 50% coupling ratio, rather than the 100% coupling ratio.
Reapplying 0V to the interior word lines at time t; is not necessary in all
embodiments. In some embodiments, the word lines are again applied with OV
so that a large voltage is not present at any transistors within the row controller
for the device. In certain implementations this may not be necessary.
Additionally, the time at which OV is again applied to the word line can vary by
embodiment. More details regarding reapplying 0V to the interior word lines

will be described with respect to Figures 21-23.

[0094] In one embodiment, changing the voltage condition for the interior
word lines includes applying a positive compensation voltage to the interior
word lines to slow down the erase rate of the interior memory cells. In our

example, it is desired to decrease the erase potential for the interior memory
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cells by about 1V. This can be accomplished by applying a positive voltage to
the interior word lines. In some implementations, about 50% of the voltage
applied to the word line during erase will couple to the connected cell’s floating
gate. Thus, if a 2V positive compensation voltage is applied to the interior word
lines, the erase potential can be reduced by about 1V. In another embodiment,
the end word lines can have their voltage condition changed to speed up their
erase rates. In this case, a negative compensation voltage can be applied to the
end word lines. A portion of this negative voltage will couple to the end
memory cells’ floating gates, thus increasing their erase potential and erase rate.
For more details regarding the direct épplication of compensation voltages, see
U.S. Patent Application No. 11/025,620, entitted, “WORD LINE
COMPENSATION IN NON-VOLATILE MEMORY ERASE OPERATIONS,”

filed December 29, 2004, incorporated by reference herein in its entirety.

[0095] Figure 17 is a flow chart in accordance with one embodiment for
erasing a NAND string where the voltage condition for select memory cells is
changed during the operation to equalize the erase behavior of those cells with
other memory cells of the NAND string. Although Figure 17 will be described
in terms of a single NAND string, it will be understood by one of ordinary skill
in the art that operation of a flow chart can be performed, such as in parallel, on
multiple NAND strings in order to erase a larger unit of memory cells (e.g., one
or more blocks). At step 460, the bit, source, source select gate, and drain select
gate lines of the NAND string are floated. At step 462, 0V is applied to each
word line of the NAND string. At step 464, an erase voltage pulse is applied to
the p-well region of the NAND string. At step 466, the voltage signal applied to
the interior word lines of the NAND string is changed. The signal is changed
prior to the erase voltage pulse reaching its peak value to lower the resulting
erase potential. Step 466 can include floating the word lines of the interior
memory cells so that their floating gates are capacitively coupled to the p-well

region. Floating the word lines will effectively limit the potential created
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between these cells’ floating gates and the p-well to the level it is at when the
lines are floated. At step 468, OV is reapplied to the interior word lines. As
previously described, step 468 may not be necessary in all embodiments.
Verification is performed at step 470 to determine whether the NAND string has
been sufficiently erased. Numerous means can be used in accordance with
embodiments to verify the results of an erase operation. For example, the
NAND string may be read in order to determine that the threshold voltage of
each of the memory cells of the siring is below a specified value. In one
embodiment, this can include applying a voltage sufficient to turn on an erased
memory cell to the gate of each memory cell and testing conduction of the
NAND string in a direction such as from the source to bit line. More details
regarding erase and erase verification can be found in co pending U.S. Patent
Application serial number 10/857,245, entitled “COMPREHENSIVE ERASE
VERIFICATION FOR NON-VOLATILE MEMORY,” incorporated herein by
reference in its entirety, which describes a more comprehensive erase

verification technique.

[0096] If the results of the verification at step 470 are successful as
determined at step 472, a status of pass is reported for the NAND siring at step
474, If, however, it is not determined that the NAND string is sufficiently
erased at step 472, a verify counter is checked against a predetermined value at
step 476. If the verify counter is less than the predetermined value (e.g., 20)
then the erase voltage pulse level (Verse) is incremented by a predetermined
value and the verify counter is increased by 1 at step 478. Operation of the flow
chart then continues to step 460 to set the NAND string up for application of an
additional erase voltage pulse having the increased peak value. If the verify
counter is greater than the predetermined number at step 476, a status of fail is
reported for the NAND string at step 477

[0097]  Figure 18 is a graph depicting the average threshold voltage of the

memory cells of a NAND string, such as depicted in Figure 12, when utilizing a
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changing voltage condition as described in Figures 16 and 17. The actual
values depicted in Figure 18 are exemplary only and do not necessarily
correspond to the examples previously discussed. The graph depicts the
threshold voltage (Y axis) as a function of the value of Verase when the interior
word lines are floated (X axis). Word lines WLO and WL7 remain at 0V in
each scenario and thus exhibit a near constant voltage regardless of when the
interior memory cells are floated. After applying an erase voltage pulse, the
average threshold voltage of the memory cells of WLO0 and WL7 is about -1.5
volts. If the interior word lines are not floated at all (or are floated after Verase
reaches its peak value of 20V), the average threshold voltage of the interior
memory cells after application of a single erase voltage pulse is about ~2.6
volts. If the interior word lines are floated when Verse is 19V (thus decreasing
_ the erase potential for the interior memory cells by 0.5V), the average threshold
voltage for the memory cells of WL1-WL6 increases after application of the
erase voltage pulse to about ~2 volts. The average threshold voltage for the
memory cells of WL1-WL6 continues to increase by floating the interior word
lines sooner (i.e., when Ve is smaller). If the interior word lines are floated
when Verse equals 18V (thus decreasing the erase potential by 1V), the average
threshold voltage is increased to about —1.5V. This is the same value for the
end memory cells of the NAND string. Thus, if the interior word lines are
floated when Ve equals 18V, they will erase at about the same rate as the end
memory cells of the NAND string. If the interior word lines are floated any
sooner (when Vepse is even smaller), the interior memory cells will begin to

erase slower than the end memory cells.

[0098] In this manner, over erasure of the interior memory cells is avoided
by slowing their erasure rate to meet that of the end memory cells of the NAND
string. The effect of this is to normalize or make substantially equal the
threshold voltage distributions of the end memory cells and the interior memory
cells of the NAND string. Application of the floating technique set forth in



WO 2006/124122 PCT/US2006/011651

-36-

Figures 16 and 17 will effectively shift the erased threshold voltage distribution
of the interior memory cells in the positive direction. For example, distribution
430 of Figure 14 will be shifted to the right to substantially match that of
distribution 432. In addition to minimizing or eliminating the over erasure of
select memory cells, application of these techniques can minimize or eliminate
the need for soft programming. Because the distributions of each memory cell
will be normalized due to the floating word lines during a portion of the erase
voltage pulse, there may be no need to soft program select memory cells. This

can decrease the time to erase and consequently program a memory system.

[0099] In addition or alternatively to capacitively coupled voltages from
select gates to the end word lines of a NAND string, there are additional
capacitively coupled voltages that can be taken into consideration to more
precisely compensate for voltages coupled from adjacent or neighboring
transistors. Figure 12 illustrates an additional capacitive coupling effect
between the floating gates of individual memory cells of the NAND string by
arrows 536. For example, the coupling between neighboring floating gates on
WLO and WL1 may be on the order 2-5%, but may be smaller or larger
depending on the dimension and shape of the memory cells. As a result, a
voltage present on the floating gate of memory cell 516 will influence the
voltage of the floating gate of memory cell 514 and vice versa. A similar
coupling effect will be present between the floating gates of memory cells 514
and 512, connected to WL2, and so on. This coupling exists in both directions,
as indicated by the double head on arrows 536. These coupling effects will be
seen among all memory cells of the NAND string at various levels but the
impact of the coupling will be less than that on the end memory cells as the bias
voltages on the neighboring control gates and floating gates are different from
the bias condition on the select gates. During the presence of the erase voltage
pulse, the voltage of each floating gate is significantly less than the voltage

present at the select gates. Thus, the amount of voltage induced in each floating
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gate due to coupling between the floating gates of individual memory cells will
be less than the voltage that is induced in the floating gates of the end memory
cells due to the coupling to the adjacent select gates. Nevertheless, each
memory cell of the NAND string can be expected to have a slightly differing net
charge present at its floating gate and a correspondingly different erase behavior

due to such coupling.

[00100] In accordance with one embodiment, the interior memory cells or
word lines of a NAND string are divided into subsets of one or more memory
cells. The individual subsets of the interior memory cells will have the voltage
signal applied thereto changed at differing times in order to further normalize
the erase behavior of each of these memory cells. The further a memory cell is
from the select gates, or put another way, the more interior a memory cell is, the
less it will be affected by capacitively coupled voltages from neighboring
floating gates. The end memory cells will have about2-5% of the voltage at the
select gate (~Verse peak value) coupled to them. The cells adjacent to the end
memory cells will have about 2-5% of this coupled voltage coupled to them,
and so on. As the amount of charge capacitively coupled to a memory cell’s
floating gate decreases, the speed at which the cell erases increases. Thus, the
more interior a memory cell is, the sooner its word line should be floated in
order to slow down its erase behavior to match that of the end memory cells

which have the most positive charge coupling.

[00101] Figures 19A - 191 depict a method in accordance with one
embodiment for floating the interior word lines of a NAND string at different
times in order to normalize the erase behavior of each interior memory cell to
match that of the end memory cells. Figure 19A depicts the p-well voltage
which rises from 0V to 20V in accordance with the erase voltage Verase. Figures
19B and 19C depict the voltage signal or condition applied to word lines WL0
and WL7, and the resulting floating gate voltages for the memory cells

connected to these word lines. These are the end memory cells and do not have
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their word lines floated at all during application of the erase voltage pulse. The
applied word line voltage remains at OV throughout the operation. Thus, the
floating gate voltage for each of these memory cells rises to 11V as shown in

Figure 13.

[00102] Figures 19D and 19E depict the voltage signal applied to word lines
WL1 and WL6, and the resulting floating gate voltages for the memory cells
connected to these word lines. Word lines WL1 and WL6 are immediately
adjacent to word lines WLO and WL7, respectively. Of all the interior memory
cells, the memory cells at WL1 and WL6 will have the largest positive charge at
their floating gate and thus, need the least amount of compensation in order to
substantially match the end memory cells. Accordingly, WL1 and WL6 are
floated at time t; which is just before the erase voltage pulse reaches its peak
value. For example, these word lines may be floated when the p-well and Verase
are at 19V. As shown in Figure 19E, this results in the floating gate potential
for the memory cells at WL1 and WL6 rising to the same level as that of the
memory cells at WLO and WL7, namely 11 volts.

[00103] Figures 19F and 19G depict the voltage signal applied to WL2 and
WLS5, and the resulting floating gate voltages for the memory cells connected to
them. Because these word lines are interior to WL2 and WL6 and have less
positive charge at their memory cells’ floating gates, they need to be floated
earlier to gain the additional capacitive coupling effect for a longer period of
time. Word lines WL2 and WL5 are floated at time t;, preceding time t3 . For
example, time t, may correspond to the time of which the p-well and Verase reach
18V. As shown in Figure 19G, this results in the floating gate voltage of the
memory cells at WL2 and WLS5 climbing from OV to 11V. By floating the word
lines of these memory cells at time tp, their erase behavior has been made to

match that of the end memory cells.
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[00104] Figures 19H and 191 depict the voltage signal applied to word lines
WL3 and WL4, and the resulting floating gate voltages for the memory cells
connected to them. WL3 and WL4 are the most interior word lines of the
NAND string. Because they are farthest from the select gates, the charge
coupled to their floating gates is the smallest. Because these memory cells have
the smallest arhount of positive charge coupled to their floating gate, their word
lines must be floated for an even longer period of time in order to normalize
their erase behavior with that of the end memory cells. Accordingly, WL3 and
WL4 are ‘ﬂoated at time t;, preceding both times t, and t; . For example, time t3
may correspond to the time when the p-well and Verase reach 17V.' By floating
these word lines at time t;, The resulting floating gate voltage for the memory
cells at WL3 and WL4 will rise from OV to 11V to match that of the end

memory cells.

[00105] It will be appreciated by those of ordinary skill in the art that times
ty, t, 13, etc., for any given NAND string implementation can be selected based
on the design of that implementation. The erase voltages and coupling effects
will vary in different implementations. Thus, these times will differ by
embodiment. However, in each case the more interior a memory cell is, the
sooner its corresponding word line should be floated in order to normalize the
erase behavior of the memory cell with that of the end memory cells. Figures
19A through 191 also depict times ts, ts, ts in which 0V is again applied to each
of the word lines. As previously described, reapplying 0V to the word lines
may not be necessary in each embodiment. In the present case, each subset of
word lines is reconnected to OV at a time corresponding to when it was allowed
to float. However, in other embodiments, each of the word lines of all interior
memory cells can be reconnected to OV at the same time or they can be
reconnected at different times and in different orders than that depicted in

Figure 19. More details will be described in Figures 21 —23.
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[00106]  Figure 20 is a flow chart in accordance with one embodiment where
the interior word lines are divided into subsets which are floated at differing
times in order to more precisely normalize their erase behavior with that of the
end memory cells. It will be appreciated by those of ordinary skill in the art that
the example presented in Figure 20 is for exemplary purposes only and that
other embodiments will include NAND strings having more or fewer word lines
and that other configurations of the steps herein can be made. Figure 20
corresponds to steps 466 and 468 of Figure 17. Steps 480 through 484
correspond to step 466 where the voltage signal of the interior word lines is
changed, and steps 486 though 490 correspond to step 468 where the interior

word lines are reconnected to OV.

[00107] At step 480, the most interior word lines are floated. In this
example, word lines WL3 and WL4 are floated at time t; . At step 482, the next
most interior word lines are floated. In this example, word lines WL2 and WL35
are floated at time t,. At step 484, the next most interior word lines are floated.
Various alternatives can be made in accordance with embodiments. More or
less than 2 word lines can be grouped together as a subset for having their word
line floated at a particular time. For example, word lines WL3, WL4, WL2 and
WLS5 can be grouped together in one subset and floated at the same time. Thus,
step 480 will include floating word lines WL2, WL3, WL4, and WLS5, all at
time t;. Step 482 in such an example would not exist and at the next time
period, word lines WL1 and WL6 would be floated. Similarly, word lines
WL2, WL5, WL1, and WL6 could be grouped together. In embodiments that
include more than 8 memory cells in a NAND string, numerous subdivisions of
the interior word lines can be made. For example, in a 16 memory cell NAND
string having word lines WLO through WL15, the interior word lines (WL1-
WL14) could be subdivided into two subsets. The first subset can include the
most interior word lines (for example, WL4-WL11), and the second subset can
include the less interior word lines (WL1-WL3 and WL12-WL14). In such a
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case, WL4-WL11 would be floated at a first time and WL1-WL3 and WL12-
WL14 would be floated at a second later time. Different subsets could also be
made. For example, each of the 14 word lines can be floated individually at
individual times, or the word lines can be grouped together in pairs (for
example, WL1-WL14, WL2-WL13, etc.) and each group have its word lines

floated at a particular time.

[00108] At step 486 (time ts), WL1 and WL6 are reconnected to zero volts.
At step 488 (time ts), WL2 and WLS5 are reconnected to 0V, and at Step 490
(time t), WL3 and WL4 are reconnected to 0V. As previously desctibed, steps
486 through 490 may not be necessary in all embodiments. Furthermore the
time at which each word line is reconnected to zero volts can vary be

embodiment.

[00109] Figures 21 through 23 illustrate reconnecting a word line to OV after
allowing it to float. Such a step is not necessary in all embodiments. In certain
implementations, however, reconnecting the word line to a voltage such as 0V
may be necessary in order not to avoid damage to a transistor within the
memory system. Figure 21 depicts one embodiment of row controller 306.
Row controller 306 includes a control gate driver 608 and three word line
switch gates 602, 604, 606. Figure 21 depicts only a portion of the row
controller. A switch gate may be present for each word line of the system.
Each switch gate 602, 604, and 606 is responsible for supplying the appropriate
voltages to the word lines doing various operations. For example, by supplying
0V from the control gate driver to the control gate driver line (for example,
CGD,., of switch gate 602) and driving the gate end of the switch gate with
voltage VDD (to turn on the transistor), OV can be placed on the corresponding
word line connected to the switch gate. In order to float the word line as has
been described in accordance with embodiments, control gate driver 608 can

cause the control gate driver line of a switch gate (for example CGDy.) to float.
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By floating the control gate driver line, the word line connected to the

corresponding switch gate will also float.

[00110] Switch gate transistors 602, 604, or 606 can become damaged if the
floating condition is maintained as the p-well voltage decreases back to ov.
Figure 22 depicts the word line voltage of a word line that is floated at time t;
and allowed to continue floating throughout application of an erase voltage
pulse. When the word line is floated at time t; it becomes coupled to the
floating gate which in turn is strongly coupled to the p-well region. The word
line voltage will rise by the increase in the p-well voltage from the moment of
allowing the word line to float. If the word line is allowed to float at time t;,
when the p-well voltage is 18V, and the p-well voltage climbs to 20V thereafter,
the word line voltage will rise to 2V. In Figure 22, time t; is the time at which
the p-well voltage begins to decrease from its peak value of 20V. Because the
word line is coupled to the p-well through the control and floating gates, its
voltage will decrease in a 1:1 ratio with the decrease in the p-well voltage.
Accordingly, the word line voltage will decrease from 2V to -18V. This large
negative voltage on the word line will be seen at the source end of switch gate
602. If a very large negative voltage is present on WLy, switch gate 602 can

begin to leak current, resulting in damage to switch gate 602.

[00111] In accordance with one embodiment, a word line that is floated
during application of an erase voltage pulse is reconnected to 0V in order to
avoid this condition from occurring. Figure 23 illustrates such an example. In
Figure 23, the word line is floated at time t;. However, the word line is
reconnected to OV at time ts. Time t3 can correspond to the timeAat which the
erase voltage pulse has decreased from its peak value of 20V to 18V. Because
of the decrease of 2 volts, the word line voltage will have decreased from 2V to
0V. At this time, the word line is reconnected to 0V so that it will remain at 0V
thereafter. Thus, the voltage at the source of select gate 602 for example, will

remain at OV and not damage the gate. The word line can be reconnected to 0V
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or another voltage. Furthermore, the time does not have to correspond to the
time of floating so long as the high negative voltage is avoided, numerous

variations can be made.

[00112] In one embodiment, the word line switch gate signal remains at
VDD throughout application of the erase voltage pulse. In order to reconnect
the word line to OV, control gate driver 608 will supply OV to the control gate
driver line (e.g., CGDy.). In this manner, 0V will be provided on word line
WIN-2 and no damage will be seen at the select gate. In an alternative
embodiment, control gate driver 608 can provide a voltage on the control gate
driver line that is greater than VDD rather than allowing the control gate driver
line to float. This will also result in the word line floating if the control gate
driver line voltage is larger than that provided by the switch gate signal. In yet
another embodiment, row controller 306 may include individual word line
switch gate signals for each select gate. In such an embodiment, OV can be
supplied to a word line by control gate driver 608 providing 0V on the control
gate driver line and the word line switch gate signal providing a voltage equal to
VDD. This will result in the word line that is connected to the switch gate
being at OV. In such an embodiment, it is not necessary to float or provide a
voltage greater than VDD to the control gate driver line. By supplying OV to
the gate of the select gate, the word line is forced to float. Thereafter, in order
to reconnect the word line to 0V, the switch gate signal can again be driven with
VDD in order to turn on the select gate transistor and provide 0V to the word

line.

[00113] The above examples are provided with respect to NAND type flash
memory. However, the principles of the present invention have application 1o
other types of non-volatile memories which utilize a serial structure, including
those currently existing and those contemplated to use new technology being

developed.
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[00114] The foregoing detailed description of the invention has been
presented for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many
modifications and variations are possible in light of the above teaching. The
described embodiments were chosen in order to best explain the principles of
the invention and its practical application to thereby enable others skilled in the
art to best utilize the invention in various embodiments and with various
modifications as are suited to the particular use contemplated. It is intended that

the scope of the invention be defined by the claims appended hereto.
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CLAIMS
What is claimed is:
1. A method of erasing non-volatile storage, comprising:

applying a first voltage signal to each non-volatile storage element in a
set of non-volatile storage elements;

applying an erase voltage to a well region of said set of non-volatile
storage elements; and

changing said first voltage signal for each non-volatile storage element
in a subset of said set after beginning application of said erase voltage to said
well region, said changing said first voltage signal is performed while applying

said erase voltage to said well region.

2. The method of claim 1, wherein:
changing said first voltage signal for each non-volatile storage element
in said subset comprises floating a control gate of each non-volatile storage

element in said subset.

3. The method of claim 2, wherein:
said erase voltage is an erase voltage pulse having a peak value; and
said floating a control gate is performed prior to said erase voltage pulse

reaching said peak value.

4, The method of 3, wherein:

said applying a first voltage signal comprises applying a first voltage to
each non-volatile storage element in said set; and

said changing said first voltage signal further comprises reapplying said
first voltage to said subset of non-volatile storage elements after floating said

control gate of each non-volatile storage element in said subset, said reapplying
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begins while said erase voltage pulse is being applied to said well region and

after said erase voltage pulse reaches said peak value.

5. The method of claim 2,~Wherein:
floating said control gate comprises providing no electrical connection
to word lines coupled to each non-volatile storage element in said subset of non-

volatile storage elements.

6. The method of claim 1, wherein:
said changing said first voltage signal consists of a single change to said

first voltage signal for each non-volatile storage element in said subset.

7. The method of claim 1, wherein:

said subset of non-volatile storage elements is a first subset;

said set of non-volatile storage elements includes a second subset
comprising each non-volatile storage element that is not in said first subset;

applying said erase voltage and applying said first voltage signal cause a
first potential to exist between a floating gate of each non-volatile storage
element in said second subset and said well region; and

applying said erase voltage, applying said first voltage signal, and
changing said first voltage signal for each non-volatile storage element in said
first subset cause a second potential to exist between a floating gate of each
non-volatile storage element in said first subset and said well region, said first

potential is substantially equal to said second potential.

8. The method of claim 1, wherein:

changing said ﬁrsf voltage signal for each non-volatile storage element
in said subset lowers a peak erase potential created across a tunnel region of
each non-volatile storage element in said subset while applying said erase

voltage.
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o. The method of claim 1, wherein:

said subset of non-volatile storage elements is a first subset; and

said method further comprises changing said first voltage signal for each
non-volatile storage element in a second subset of said set of non-volatile
storage elements after beginning appliéation of said erase voltage to said well

region.

10.  The method of claim 9, wherein:

said non-volatile storage elements of said set are coupled together in
series and include a first non-volatile storage element adjacent to a first select
gate for said set and a second non-volatile storage element adjacent to a second
select gate for said set;

said first subset of non-volatile storage elements is interior to said first
and second non-volatile storage element;

said second subset of non-volatile storage elements is interior to said
first subset of non-volatile storage elementsj

said changing said first voltage signal for each non-volatile storage
clement in said first subset is performed at a first time after beginning
application of said erase voltage;

said changing said first voltage signal for each non-volatile storage
element in said second subset is performed at a second time after beginning
application of said erase voltage; and

said second time is before said first time.

11. The method of claim 10, wherein:

said first subset of non-volatile storage elements includes a third non-
volatile storage element adjacent to said first non-volatile storage element and a
fourth non-volatile storage element adjacent to said second non-volatile storage

element.
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12.  The method of claim 1 wherein:

said changing said first voltage signal begins at a first time after
beginning application of said erase voltage to said well region; and

said first time is chosen based on an erase behavior of said subset of

non-volatile storage elements.

13.  The method of claim 12, wherein:
said first time is chosen by comparing said erase behavior of said subset

to an erase behavior of a reference non-volatile storage element.

14. The method of claim 1, wherein:
said changing said first voltage signal increases capacitive coupling
between a floating gate of each non-volatile storage element in said subset and

said well region.

15.  The method of claim 1, further comprising:
transferring charge from a floating gate of each non-volatile storage
element in said set of non-volatile storage elements while applying said erase

voltage to said well region.

16. The method of claim 1, wherein:

said set of non-volatile storage elements is a NAND string.
17.  The method of claim 1, wherein:
said set of non-volatile storage elements is a set of binary flash memory

devices.

18. The method of claim 1, wherein:
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said set of non-volatile storage elements is a set of multi-state flash
memory devices; ’

said set of multi-state flash memory devices is part of an array of multi-
state flash memory devices;

said array is in communication with a host system; and

said array is removable from said host system.

19. A non-volatile memory system, comprising:

a set of non-volatile storage elements having a well region, said set
includes a first and a second subset of non-volatile storage elements;

managing circuitry in communication with said set of non-volatile
storage elements, said managing circuitry receives a request to erase said set,
said managing circuitry, in response to said request, applies a first voltage signal
to each non-volatile storage element in said set, applies an erase voltage to said
well region, and changes said first voltage signal for each non-volatile storage
element in said first subset after beginning application of said erase voltage,
said managing circuitry changes said first voltage signal while applying said

erase voltage to said well region.

20.  The non-volatile memory system of claim 19, wherein:
said managing circuitry changes said first voltage signal for each non-
volatile storage element in said first subset by floating a control gate of each

non-volatile storage element in said first subset.

21.  The non-volatile memory system of claim 20, wherein:

said erase voltage is an erase voltage pulse having a peak value; and

said managing circuitry begins floating a control gate of each non-
volatile storage element in said first subset prior to said erase voltage pulse

reaching said peak value.
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22.  The method of claim 21, wherein:

said managing circuitry applies said first voltage signal by applying a
first voltage to each non-volatile storage element in said set; and

said managing circuitry changes said first voltage signal by reapplying
said first voltage to said first subset of non-volatile storage elements after
floating said control gate of each non-volatile storage element in said first
subset, said reapplying begins while said erase voltage pulse is being applied to

said well region and after said erase voltage pulse reaches said peak value.

23. The method of claim 22, wherein:
said managing circuitry floats a control gate of each non-volatile storage
element in said first subset by providing no electrical connection to word lines

coupled to each non-volatile storage element of said first subset.

24.  The non-volatile memory system of claim 19, wherein:
said managing circuitry changes said first voltage signal by making a
- single change to said first voltage signal for each non-volatile storage element in

said first subset.

25.  The non-volatile memory system of claim 19, wherein:

said managing circuitry changes said first voltage signal for each non-
volatile storage element in said second subset of said set of non-volatile storage
elements after beginning application of said erase voltage, said managing
circuitry changes said first voltage signal for said second subset while applying

said erase voltage.

26.  The non-volatile memory system of claim 25, wherein:
said non-volatile storage elements of said set are coupled together in

series and include a first non-volatile storage element adjacent to a first select
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gate for said set and a second non-volatile storage element adjacent to a second
select gate for said set;

said first subset of non-volatile storage elements is interior to said first
and second non-volatile storage element;

said second subset of non-volatile storage elements is interior to said
first subset of non-volatile storage elements;

said managing circuitry changes said first voltage signal for each non-
volatile storage element in said first subset at a first time after beginning
application of said erase voltage;

said managing circuitry changes said first voltage signal for each non-
volatile storage element in said second subset at a second time after beginning
application of said erase voltage; and

said second time is before said first time.

27.  The non-volatile memory system of claim 26, wherein:

said first subset of non-volatile storage elements includes a third non-
volatile storage element adjacent to said first non-volatile storage element and a
fourth non-volatile storage element adjacent to said second non-volatile storage

element.

28.  The non-volatile memory system of claim 19, wherein:

said set of non-volatile storage elements is a NAND string.

29.  The non-volatile memory system of claim 19, wherein:
said set of non-volatile storage elements is a set of multi-state flash

memory devices.

30.  The non-volatile memory system of claim 19, wherein:
said set of non-volatile storage elements is a NAND string of flash

memory devices;
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said set of flash memory devices is part of an array of flash memory
devices;
said array is in communication with a host system; and

said array is removable from said host system.
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