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BIT MAP ADDRESS]NG SCHEMES FOR FLASH MEMORY

FIELD OF THE INVENTION ,

The present invention relates generally to sense and write path
architectures for a semiconductor memory device and specifically to
sense and write path architectures for nonvolatile semiconductor

" memory devices that include memory cells that store more than a

single bit of data.
BACKGROUND OF THE INVENTION

- Nonvolatile semiconductor memory devices are fundamental
building blocks in prior art computer system designs. The primary
means by which data is stored in nonvolatile memory is the memory

- cell. Typical prior memory technologies provide a storage capacity of

one bit, or two states, per cell. Nonvolatile memory cells that have
more than two possible states are known to the prior art.

One type of prior nonvolatile semiconductor memory is the
flash electrically-erasable programmable read-only memory ("flash
EEPROM?").. Prior art flash EEPROMs typically allow for the
simultaneous reading of several flash cells. Further, typical prior
flash EEPROMs have a storage capacity that is much greater than the
amount of data that can be output at any one time. Accordingly, each
output of a flash EEPROM is typically associated with an array of flash
cells that is arranged into rows and columns, where each flash cell in
an array is uniquely addressable. When a user provides an address,

- row and column decoding logic in the flash EEPROM selects the

corresponding flash cell. If more than one output is provided, the
array is typically subdivided into equal-sized data blocks containing a
subset of the number of columns in the array. For example, in a
sixteen output flash device containing 512k flash cells arranged in
1024 rows and 512 columns, each of the sixteen data blocks contains 32
columns by 1024 rows of flash cells.

One type of prior flash cell is a field effect transistor (FET) that
includes a select gate, a floating gate, a drain and a source.' For read
operations, the source of the flash cell is coupled to ground, and the



WO 9534073 PCT/US95/06308

2~

drain of the flash cell is coupled to a bitline of the array. The flash cell
is switched on and off by applying a select voltage to the select gate via
a wordline that is coupled to the select gate. The extent to which the
flash cell conducts current when the select voltage is applied is
determined by the threshold voltage V¢ of the flash cell, which can be
increased by trapping electrons on the ﬂoaﬁng gate. A typical method
for storing information in a flash cell requires the trapping of excess
electrons on the floating gate to increase the Vi of the flash cell such
that the current conducted by the memory cell is reduced when the
select voltage is applied to the select gate. If the cell current is less
than a reference current when the select voltage is applied, the flash
cell is said to be "programmed.” If the cell current is greater than the
reference current when the select voltage is applied, the flash cell is
said to be "erased.” As the typical prior art flash cell is configured to be
in one of two possible states, programmed or erased, the typical prior
art flash cell is said to store one bit of data.

Typical prior art schemes for accessing data stored in a ﬂash cell
are therefore based on the premise that each cell stores a smgle bit of
data. In such prior schemes, one output is provided for each selected
cell, and addressing a particular memory cell is the same as addressing
the data bit stored in the-mémoi'y cell. When the memory cell stores
two or more bits of data, however, the prior art sense path
architectures for single bit cells are inadequate because each memory -
cell address specifies more than a single bit. A sense path architecture
is therefore needed to access each bit of information stored ina
memory cell that stores n bits of data. Similarly, a write path
architecture is needed to write n bits of data per memory cell.
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SUMMARY AND OBIECTS OF THE INVENTION

Therefore, one object of the present invention is to provide a

sense path architecture for accessmg each bit of a memory cell that
* stores n bits per cell. _

Another object of the present invention is to provide a write
path architecture for writing data to a memory cell that stores n bits
per cell.

These and other objects are prov1ded by a sense path circuit for
accessing data stored in a selected memory cell that stores at least two
binary bits of data. The sense path circuit includes a plurality of
outputs equal in number to the n bits stored in the selected cell. The
sense path circuit also includes a sensing circuit that is coupled to the
selected memory cell and to each of the outputs for determining a
state for each of the n bits stored in the selected memory cell and for
outputting each of the n bits to a corresponding one of the plurality of
outputs. ‘A corresponding write path circuit is also disclosed.

A second embodiment provides for the objects of the invention
by sense path circuit for accessing data stored in a selected memory cell
that stores at least two binary bits of data. The sense path circuit
includes a single output and a plurality of latches equal in number to

‘the number of bits stored in the selected memory cell. The sense path
circuit also includes a sensing circuit that is coupled to the selected _
memory cell and to each latch for determining a state for each of the n

 bits stored in the selected memory cell. A switching circuit selectively
and sequentially couples the output of each latch to the output such
that data stored in the selected memory cell is output over n
consecutive clock cycles. -A corresponding write path circuit is also
disclosed. '

Other objects, features, and advantages of the present invention
will be apparent from the accompanying drawings and from the
detailed description which follows below.
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BRIEF DESCRIPTION OF THE DRAWINGS
~ The present mvenuon is 1llustrated by way of example and not

limitation in the figures of the accompanying drawmgs, in which like
references indicate similar elements, and.in which:

FIGURE 1 shows a computer system accordmg to one
embodiment.

FIGURE 2 shows a distribution of multi-level flash cells as a
function of Vt.

FIGURE 3 illustrafes a by-output sense path architecture
according to a first embodiment.

- FIGURE 4A is a flow chart for a bmary search sensmg scheme.

FIGURE 4Bis a more conventxonal flow chart for a binary
search sensing scheme.
| FIGURE 5 illustrates a sensing circuit that implements a binary
search scheme for sensing the state of a flash cell having four possible
states. _ .

FIGURE 6 shows a by-output write path architecture.

FIGURE 7 shows a by-address sense path architecture.

FIGURE 8 shows a by-address write path architecture.

FIGURE 9 shows an alternative write path architecture that
may implement either by-address or by-output addressmg schemes.
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DETAILED DESCRIPTION
~ For the purposes of illustration, the memory device discussed
in relation to the figures is assumed to be a sixteen output flash
“EEPROM having a 512k flash cell array. The array is arranged in 1024
rows and 512 columns, which are subd1v1ded into sixteen data blocks
of equal size havmg 1024 rows and 32 columns each.’ Components
that are common to each embodiment are labeled similarly in order to
avoid confusion. This example is not exhaustive of the memory
devices in which the method and apparatus of the present invention
can be 1mplemented
Flgure 1 shows a computer system of one embodiment. The
computer system generally includes a bus 111, to which may be
| coupled a processor 112, main memory 114, static memory 16, mass
st rage device 117, and integrated circuit controller 118. Static
: memory 116 may include a flash electrically eraseable programmable
read only memory (“flash EEPROM") or other nonvolatile memory
device that stores multiple bits of data per cell. Similarly, mass storage
device 117 may be a solid state hard drive 117 using 'multiplé bit per
cell nonvolatile memory devices for'storing data.
. Integrated circuit cards 119 and 120 may be included in the
" computer system and are coupled to a Personal Computer Memory
Card Industry (PCMCIA) bus 126. PCMCIA bus 126 is coupled to bus
111 and to integrated circuit (IC) controller 118 for providing
communication information between cards 119 and 120 and the
remamder of the computer system. IC controller 118 provides control
and address information to IC cards 119 and 120 via PCMCIA bus 126
and is coupled to bus 111. '
~ The computer system may further include a display device 121,
a keyboard 122, a cursor control device 123, a hard copy device, and a
sound sampling device 125. The speclfrc components and
configuration of the computer system is determined by the parncular
| 'apphcatrons for which the computer system is to be used. For
example, the computer system of Figure 1 may be a personal digital
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assistant (PDA), a pen-based computer system, a mainﬁame computer,
or a personal computer, | |

For each embodiment, each memory cell i 1s a flash cell Each
flash cell in the array is capable of being in one of four analog states,
and the state of the flash cell is indicated by two binary bits. Figure 2
.shows a dxstrrbutron of multi-level flash cells as a functron of Vi.
shows a distribution of multi-level flash cells as a functlon of
threshold voltage Vt. As can be seen, each state is separated by a
separation range, and three references, Ref{, Refz and Ref3, are
provided, one each from the three separation ranges The references
are provided to distinguish between the analog states. State 1
encompasses the lowest range of Vi voltages of the. four states and is
indicated by both bits being logxc 1's (both erased) State 2 is indicated
when the high order bit (Bit 1) is a logxc 1 and the lower order bit (Bit
0) is a logic 0. State 3 is indicated by Bit 1 being a logic 0 and Bit 0 being
a logic 1. State 4 is indicated by both bits being log1c 0's (both
programmed). The number n of possible states is not limited to four.
For example, the number of states can be three, five, sixteen, etc.
Further, the mapping of binary bits to analog states may be varied. For
example, the lowest range of Vi voltages can be indic_ated by both bits
being logic 0's. : o

It should be noted that nonvolatile memory devxces other than
flash EEPROM's and volatile memory devices such as Dynamic
Random Access Memories (DRAM) are potentially capable of storing
three or more analog states. Further, it should be'._noted tha_t the
analog states of nonvolatile devices having a floating gate may be
expressed in terms other than the threshold voltage Vt. For example,
analog states may be expressed as ranges of threshold voltages Vt as
shown in Figure 2, as ranges of drain currents ID, or as ranges of
charge stored on the floatmg gate. Volatile memory cells such as
DRAM memory cells are typically compnsed of a capacrtor and may
similarly be expressed as ranges of charge, cur_rents or voltages.

A nonvolatile memory cell that has a floating gate behaves as a
field effect transistor having a threshold voltage Vi that increases as
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- charge is added to the floating gate. The memory cell drain current Ip
' ("cell current") decreases as the threshold voltage Vt and cell charge
level increase. The memory cell threshold voltage Vt is related to the
' memory cell drain current Ip by the expression:
| IDaGmx(Vc; -VpforVp>Vg-Vy
. Gmi is the transconductance of the memory cell
VG is the memory cell gate voltage;
- Vp is the memory cell drain voltage; and
Vi is the memory cell threshold voltage.

Given this relationship, there are a number of ways to sense the
amount of charge stored on of the floating gate of the memory cell,
including the following: sensing the cell current of a memory cell
when a constant voltage is applied to the select gate of the memory
cell; sensing the amount of voltage required at the select gate to give
rise to an expected cell current for the memory cell; sensing a voltage
drop across a load that is coupled to the drain of the memory cell
when a constant voltage is applied to the select gate of the memory

cell, wherein the cell current determines the amount of t_he voltage
drop across the load; and sensing the amount of voltage rer;uired at
the select gate to give rise to an expected voltage drop across a load
. that is coupled to the drain of the memory cell. To determine the
ana'log'state of the memory cell, however, it is not necessary to
quantxfy the precxse amount of charge stored on the floating gate. It is
_ sufflcrent to compare a characteristic of the memory cell to a known
'reference .
One type of reference is a reference memory cell programmed
~ to have a known threshold voltage V¢ that is typically between
defined states. Sensing circuitry for the memory cell may be replicated
for the reference memory cell and the outputs of the sensirxg circuitry
_ and reference sensing circuitry may be compared using a differential
comparator Because sensing the cell charge level of a memory cell
. typically requires the companson of either voltages or currents, the
. reference may be provided by using voltage supplies or current
sources' to supply voltages or currents that correspond to reference
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memory cells havmg a cell charge level between defined analog states.
"For this reason, the references Ref], Refp, and Ref3 are not specified as
being threshold voltages, cell currents, or levels of charge stored on a
floating gate. Instead, it is to be understood that the references shown
in Figure 2 correspond to the characteristics of the memory cell as
defined by the relationship between cell charge level, cell current Ip,
and threshold voltage V. For the purposes of simplifying the
remaining discussion, the referenCeS’RefL Refz,' and Ref3 will
expressed as thre_shold voltages VR1, VR2 and VR3, respectively.
~ Figure 3 illustrates a by-output sense. path architecture

accordxng to a first embodiment. The by-output sense path

* architecture of the frrst embodiment is designed to allow accessing of
the n bits contained in a selected flash cell in a single clock cycle. The
sense path architecture is said to be ”by-output" because each bitin a
cell is mapped to a unique output. Although Figure 3 illustrates a
sense path architecture for the case where two bits are stored per cell,
the architecture may be readily adapted to provide the accessing of

 flash cells that store n bits.

In this sense path architecture, n outputs are prov1ded per
selected flash cell. In this manner, one address is used to select a _
smgle cell. The address is provided by address lines 5, wh1ch include
row address lines 6 and column address lines 7. The address line5
also include a M'LC address line 70, which is descrxbed in more detail
below. The mappmg between data blocks and outputs, however, is
changed from a one-to-one correspondence. In the example of Figure

3, there are 16 data blocks,
B0-B15, only erght of which are coupled to the sixteen outputs, DO-
D15, at any one time. :

For a two-bit per cell array, if the number of a flash cells in the

_ array is to remain at 512k such that the increased density of the dual-

‘bit flash array is fully utilized, one extra address line is preferably
added over the number of address lines typically _requx_red for accessing
single-bit flash cell arrays. The number of address lines that must be
added is a function of the increased memory space provided by the




wOo 95/34073 PCT/US95/06308

9-

multi-bit cell. For every doubling of memory space, or portion
thereof one address line is preferably added. For odd numbers of bits,
such as three bits per cell, the added address line results in the address
‘'space being larger than the accessible memory space. Thus, a four-bit
per cell array would have the same number of address lines as the
three-bit per cell array, but the address space and the memory space
would be co-extensive. If the size of the array is halved in order to
reduce the size of a typical 512k flash memory device, no additional
address line is required for a dual-bit flash cell array.
‘In this example, the floating gate of each selected flash cell is
'programmed such that each selected flash cell has a threshold voltage
- Vitand a cell current that correspond to one of four possible states,
which can be éxpressed using two binary bits. The state of a floating
gate can be determined using a constant-select-voltage/ variable cell
current sensing scheme where a constant and predetermined select
voltage is applied to the select gate of a flash cell each time the flash
cell is read. The state of the flash cell is determined by comparing the
cell current of the flash cell to the cell current of a reference cell (not
shown) when the same select voltage is apphed to the flash cell and
the reference cell. As dlscussed above, the threshold voltages Vi of
the flash cell determines the cell current of the flash cell when the
select voltage is applied to the select gate.
| ~ In Figure 3, the user provides an address via address lines 5 that
the row decoder 10 and the column de: oders, which include column
decoders 20 and 25, decode to select sixieen flash cells, one each from
data blocks B0 to B15. Address decoding is performed as is well-
‘known in the art. The state of MLC address line 70 determines which
eight flash cells will be coupled to the sixteen outputs. Selected flash
cells 30 and 35 are two of the sixteen flash cells selected in response to
the address decoding operation of the row and column decoders.
Flash cell 30 is selected in data block BO. Flash cell 35 is selected in data
block Bi._ The drains of the selected flash cellS_ 30 and 35 are coupled to
 the sense path circuit via column decoders 20 and 25, respectively.
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The by-output sense path circuit 1nc1udes a c1rcu1t for selectmg
between the selected flash cells 30 and 35 in response to the address bit
of the MLC address line 70, a sensing circuit 40 that senses the state of
the fmally selected flash cell and outputs two binary bits mdrcatmg
that state, and output buffers 50 and 55, each of which outputs one of
the binary bits to the output of the memory device. ‘The circuit for
selecting between the selected flash cells 30 and 35 indu_des inverter
71, and n-channel FETs 72 and 73. _

For the first embodlment the state of the added address lme
determines whether the high word of the array, which is the sixteen
bits stored in the odd-numbered data blocks B1-B15, or the low word
of the array, which is the sixteen bits stored in the even-numbered
data blocks, B0-B14, is routed to the outputs of the memory device.
The added address line is shown as MLC address line. 70, which is
coupled to the input of mverter 71 and the gate of n-channel FET 73.
When the address bit is a logxc 0, the inverter 71 presents a logic 1 to
the gate of n-channel FET 72. FET 72 switches on, coupling the

| sensing circuitry 40 to the column decode 20 of the data block BO,.
which stores two bits of the low word. Wheh the address'blt is logic 1
the sensing circuit 40 is coupled to the column decode 25 of the data
block B1, which stores two bits of the high word The MLC address
line 70 is coupled to similar circuitry for the remaining pairs of data
blocks such that a total of eight flash cells are selected from eight data
blocks to output sixteen bits of data. One alternative to the present
embodiment is to subdivide the array into eight da_té. blocks each
having 64 columns. The added address line can then be iricorporated
in the column decode c1rcu1try In this manner, the column decode
c1rcu1try directly selects the des1red flash cell wuhout resorting to an
additional selecting circuit such as that which includes mverter 71 and
FETs72and 73.

When the address bit of MLC address lme 70is a logic 0, the
flash cell 30 is coupled to the sensing circuit 40. For a read access, the
sensing is preferably performed using a bmary search sensing scheme
as described below with reference to Figures 4A and 4B. The sensing

PCT/US95/06308
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circuit outputs the high order bit Bit 1 to the output buffer 50 and the
"low order bit Bit 0 to the output bufer 55. The output buffers 50 ar..!
55 output the data to outputs D0 and D1, respectively. The specific
mappings of bits to outputs is not limited to contiguous outputs and
can be determined accordihg to the needs of the system. For example,
the high order bit Bit 1 can be routed to output D0 and the low order
' bit BO can be routed to output D7.
~ Figure 4A is a block diagram showing a binary search method
for determining the state of a memory cell havih’g more than two
possible states. In step 301, the cell charge level of the selected cell is
sensed and compared to a first reference flash cell having its V¢ equal
‘to VR2. Depending on the result of the initial comparison, the sensed
cell charge level of the selected cell is compared to a selected one of a
second reference flash cell having its Vi equal to VR1 and a third
reference flash cell having its Vi equal to VR3. If the sensed cell
charge level of the selected flash_ is less than that of the first reference
flash cell, the sensed cell charge level is compared to the second
reference flash cell at step 2, and the selected flash cell is either in state
1 or state 302. If the sensed cell charge level of the selected flash is
greater than that of the first reference flash cell, the sensed cell charge
level is compared to the third reference flash cell at step 303, and the
selected flash cell is either in state 3 or state 4. Sensing of the cell
charge level may be done accordirig to any of the methods previously
dis;;uﬁuui. | o |
" Figure 4B is a conventional flow chart showing the binary
search method of the present embodiment. At step 311, the cell charge
level of the memory cell is sensed. At step 312, it is determined
whether the cell charge of the memory cell is less than the cell charge
level of the reference Ref2. If the cell charge level of the memory cell
is less than the cell charge level of the reference Ref2, the threshold
voltage Vi of the memory cell is less than that of a reference memory
~cell havmg a V¢ equal to VR2. Similarly, the cell current ID of the
memory cell is greater than the cell current IR of a reference memory
cell having a cell current of IR2. If the cell charge level of the memory
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" cell is less than the _cell'charge leve_l of reference Ref2, Refl is selected
at step 313. At step 314, it is determined whether the cell charge of the
memory cell is less than the cell charge level of the reference Ref1. If
the cell charge level of the memory cell is less than the cell charge
level of the reference Ref], the memory cell is mdlcated as being in
state 1 at step 315. If the cell charge level of the memory cell is greater
than the cell charge level of the reference Ref1, the memory cell is
indicated as being i in state 2 at step 316.

If the cell charge level of the memory cell is less than the cell

- charge level of reference Refy, Ref3 is selected at step 317. At step 318,

it is determined whether the cell charge of the memory cell is less
than the cell charge level of the reference Ref3. If the cell charge level
of the memory cell is less than the cell charge level of the reference
Ref3, the memory cell is indicated as being in state 3 at step 319. If the
cell charge level of the memory cell is greater than the cell charge
level of the reference Ref3, the memory cell is indicated as bemg in
state 4 at step 320. :

Figure 5 illustrates a sensing circuit that unplements a binary
search scheme for sensing the state of a flash cell having four possible

~ states. The selected flash cell (as shown in Figure 3) is coupled to the
source of n-channel FET 403. The input of inverter 402 is coupled to
the source of FET 403 while the output of the inverter is coupled to

 the gate of FET 403 such that FET 403 and inverter 402 together act as a
drain bias circuit for biasing the drain of the selected flash cell and for
isolating the selected flash cell from the column load, which is the n-
channel FET 404 coupled to the drain of FET 403. The column load
FET 404 is coupled to operate as a pull-up resistive device.
Alternanvely, a resistor may be used as the column load i in place of
FET 404. _

The state of the selected flash cell determines the voltage at
node 405, which is the drain of FET 403. The negative terminals of
differential comparators 450 and 455 are both coupled to node 405 for
sensing the voltage resulting from applymg the biasing voltage to the
select gate of the selected flash cell Comparator 450 has its positive
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terminal coupled to a first reference circuit that includes a column
load FET 414, a drain bias circuit incuding inverter 412 and FET 413,
and a first reference flash cell 411 having its Vt equal to VR2. The
| voltage at node 415 is determined by the cell current of the first
o réfex_‘ence flash cell 411. The positive terminal of comparator 455, by
. contrast, is coupled to a second reference circuit in which the column
* load FET 424 and the drain bias FET 423 are selectively coupled to
either a second reference cell 422, having its V¢ equal to VR1, or a
third reference cell 432, having its V¢ equal to VR3. The selection
‘between the second and third reference cells is made by a selector
. circuit in response to the output of comparator 450. The column load
FETs 414 and 424 of the reference circuits are preferably identical to the
column bias FET 404. Sxmﬂarly, the drain bias circuits are preferably
| 1dent1ca1 :
| The selector circuit includes a first n-channel FET 440 havmg its
'~ drain coupled to the source of FET 423 and its source coupled to the
~ second reference flash cell 422, and a second n-channel FET 445
| having its drain coupled to the source of FET 423 and its source
coupled to the third reference flash cell 431. The output 51gna1 line
460 is coupled to the gate of first FET 440. The output signal line 460 is
also coupled to the gate of the second FET 445 via inverter 442. If the
output of the first comparator 450 is a logic 1, indicating that the
selected flash cell has a lower Vi than the first reference flash cell 441,
the ﬁrst FET 440 is switched on and the voltage at node 425 is
determined by the second reference ﬂash cell 422. If the output signal
of the first comparator 450 is a logic 0, the inverter 442 inverts the
output signal to switch the FET 445 on, and the voltage at node 425 is
determined by the third reference flash cell 431. The second
| comparator 455 outputs the result of the second comparison v1a
output signal line 465. The output 51gnal line 460 outputs the high
~order Bit 1 and the output signal line 465 outputs the low order Bit 0.
The sensmg scheme implemented by the sensing circuit need not be a
bmary search scheme. For example, the sensing scheme can
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sxmultaneously compare the sensed voltage of the selected flash cell to
each reference cell.

Flgure 6 shows a by-output write path archrtecture The drains
of the selected ﬂash cells 30 and 35 are coupled to the write path circuit
via column decoders 20 and 25, respechvely Addresses for cells to be
programmed are provxded via address lines 5. The by-output write
path circuit 1ncludes FETs 530 and 535, AND gates 520 and 525, and
control engine 510. Control engine 510 controls the erasure and
programming of flash array. Control engine 510 manages the flash
array via control of row decoder 10 ‘column decoders 20 and 25,
sensing circuit 40, an array of reference cells (as shown in Figure 5)
and voltage switch c1rcu1try (not shown). The voltage switch circuitry
controls the various voltage levels necessary to read, program and
erase flash array. VPP is the program/erase voltage, which must be
high in order to program or erase data stored within the flash array.
VPP may be externally supplied or internally 'gerierated User
commands for readmg, erasure, and programming are communicated
to control engine 510 via a command interface (not shown) The
'con_trol engine 510 may be a processor or state machine that is internal
to the memory device, but the function of the control engine can be
performed by control c1rcu1try external to the memory device. A
similar write path circuit is provided for every n outputs

Each of the FETs 530 and 535 has its drain coupled to the .
programmmg voltage supply VPP and its source coupled to the
respective selected flash cell via the appropriate drain path for each
data block. When a logic high voltage is received at the gate of FETs
530 or 535, the drain path of the respectrve selected flash cell is coupled
to the programmmg voltage supply VPP. The FETs 530 and 535 thus
act as a selector circuit for selecting which selected flash cell to
program. Voltage switching circuitry (not shown) uses the |
programming voltage supply to prov1de programmmg voltage levels
to the selected flash cell. Typrcally, twelve volts are appl1ed to the
select gate, from six to seven volts are apphed to the drain, and the
source is grounded for the duration of a programming pulse. The
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voltage levels applied to the gates of FETs 530 and 535 are determined
- by AND gates 520 and 525 in response to the address bit of MLC
address line 70 and the output of the control engjne 510.

‘Table 1
EXTERNAL | .
DATA STATE

Bit1 | BitO

R 1 STATE 1
1 0 STATE 2
0 1 STATE3
0 0 STATE 4

For a write access, every two external bits are coded into one of
four programming levels that correspond to each of the four possible
states by the control engine 510. This encoding may be done according
to the truth table of Table 1. The programming level is then used to
set the threshold voltage V¢ of a selected flash cell. The primary
mechanism for placing charge on the floating gate is hot electron
injection, and voltage switching circuitry (not shown) uses the
programming voltage supply VPP to generate a gate voltage and a
drain voltage to apply to the selected flash cell during programming

.pulses. The source of the selected flash cell is typically grounded
'during programming. The control engine 510 sets the threshold
voltage V¢ of the selected cell bv applying a series of programming
pulses during each of whichi. programming voltages derived from
the programming voltage suppiy VPP are applied to and removed

~ from the selected flash cell. It is possible that a selected flash cell can
successfully program in one programmi'n'g pulse. The amount of
charge placed within the selected cell is varied by varying the gate or -
wordline voltage level during programming pulses.

| During the write access, the MLC address line 70 is used to route
the 16-bit encoded data into the high or low order word. As can be
seen, the added address line 70 is coupled as an input to AND gates
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520 and 525. The address bit is inverted for th_é AND gaté 520. The
second input for each AND gate is the output of the control engine.
Depending on the state of the MLC address line 70, a logic 1 dutput by
the control engine 510 will cause either FET 530 or 535 to be switched
on, coupling the programming voltage VPP to selected flash cells 30
and 35, respectively. If the address bit is high, the high order word
(the odd-numbered data blocks)'wﬂl be programmed. The control
engine for each write path determmes the programming level of the
selected flash cell.

Figure 7 illustrates a by-address sense path architecture
according to one embodiment. The drain of the selected flash cell 30 is
coupled to the sense path circuit of data block BO via column decoder
20. The drain of the selected flash cell 35 is coupled to the sense path
circuit of data block Bl via column decoder 25. The sense path for
data block B0 includes sensing circuit 40, switching circuit 650 and
output buffer 50. In this sense path architecture, one address is
provided for each bit stored in the multi-bit flash cell, and the
mapping of data blocks to outputs maintains the one-to-one
correspondence of the prior art single-bit flash cell array. Thus, in this
embodiment, there are 16 data blocks, B0-B15, containing 32 columns
each, mapped to 16 outputs, D0-D15. Addresses are prowded via
address lines 5.

During a read access, when a dual-bxt ﬂash cell 30§ is selected by
row decoder 20 and column decoder 10, the drain of the selected flash
cell 30 is coupled to sensing circuit 40, which is preferably the sensing
circuit shown in Figure 5. Switching circuit 650, which may be a 2:1
multiplexer, selects either the high-order Bit 1 or the low order Bit 0 in -
response to the MLC address signal that is received by MLC address
line 70. The MLC address line 70 is routed to each multiplexer for
each sense path. The number of bits for the MLC address line 70 is

- determined by the increase in memory space, : as detailed above with
respect to the by output sense path architecture. For this embodiment,
where n is equal to 2, the MLC address line 70 is preferably a single
binary bit wide.
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~ During a first cycle of the read access the MLC address line 70
assumes a first state, routmg the high bit to the output buffer 671.
During the second cycle of the read access, the MLC address line 70
assumes a second state, routing the low bit to the output buffer 50. Of

_ course, the order in which the high bit and the low bit are output may
be reversed. Also, each bit stored in a flash cell may be individually
addressed, and a two step read process is not required. The sense path
circuit for data block B1 operates substantially identically to the sense
path circuit for data block B0 and is shown to more distinctly
demonstrate the differences between the by-output and by-address
sense path architectures. The sense path for data block B1 includes
sensing circuit 45, switching circuit 655 and output buffer 55.

Figure 8 shows a by—address write path ardutecture The drain
of the selected flash cell 30 is coupled to the write path circuit via
column decoder 20. The write path circuit includes n-channel FET |
740, control engine 510, latches 760 and 765, and AND gates 770 and
775. Again, the function of the control engine 750 can be performed by
circuitry external to the memory device. Similar write path circuits
are provided for each output. The drain of n-channel FET 740 is
coupled to the programming voltage supply VPP while it source is
coupled to the drain of selected flash cell 30 via the column decoder

~ 20. FET 740 is switched on and off in response to a programming
signal generated by the control engine 510 and received at the gate of
FET 740. | | o .

During a write access two external 16 bit words from two

: seqtiential addresses are latched i_n_to thirty two data latches.

~ Alternatively, a sixiglé thirty-two bit regiSter may be used. When the

- CLK signal goes high and the MLC address bit is low, the bit at the
output DO is latched into latch 760. On the next clock cycle when the
CLK signal goes high and the address bit goes high, the bit at the
output DO is latched into latch 765. The control engine codes these
two bits into one of four programming levels and switches n-channel
FET 740 on and off to program the selected cell 730. The encoding may
be done as shown in Table 1, above When a flash cell is selected, the
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h1gh bit of the ﬂash cell is accessed by a first output and the low bit of
the flash cell is accessed bya second output . :

Figure 9 shows an alternative write path archltecture that can
1mplement either by-address or by-output addressmg schemes. Again,
the flash cells of flash array 30 are selected by row decode circuit 10 and

- column decode circuits 20 in response to addresses provxded via

address lines 5. The write path circuitry as shown includesa
programming buffer 910 and voltage switch circuitry 920.
Programming buffer 910 is used to buffer data received via device I/0
pins D0-D15. The use of a programmmg buffer increases
programming throughput to the flash cell array 30. The
programmmg buffer enables increased programmmg speed by
buffering a set of programming data. The programming buffer
enables fast access to the programmmg data by the control engine 510.
The fast access to the programnung data enables the control engine
‘510 to amortize the cyclmg of program level voltages via voltage
switch circuitry 920 across multiple bytes in the flash cell array 30.

Control engme 510 controls the loading of programxmng buffer
910 with programmmg data in response to the incoming addresses
received via address lines 5. Several bytes or words of data can be
stored in the programming buffer 910. To program the flash array 30,
the control engine causes the programnung buffer 910 to read out the
programming data to the column decode circuits 20 while
simultaneously supplying the appropriate address information to the
row decode circuit 10 and column decode circuits 20 via address lines
5. The control engme 510 applies programming pulses to the selected
flash cells of the flash array by controlling voltage switching circuitry
920. In response, voltage switching circuitry 920 provides the
appropriate voltages to the drains and the select gates of the selected
flash cells of the flash array 30. The data stored in the selected flash

- cells is verified between each programming pulse using the

appropnate sense path architecture.

The ‘control engine 510 controls the loadmg and unloadmg of
the programming buffer 920 in résponse to the addressing scheme -
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implemented by the write and read path architectures, and the control
engine 510 may be designed or programmed to support either or both
of the addressing schemes described. Thus, the write path architecture
of Figure 9 is flexible and may be implemented on a memory device

~ such that the user ulumately selects between by-output and by-address
options by selecting the addressing scheme.

In the foregoing speaflcatmn the invention has been described
with reference to specific exemplary embodiments thereof. It will,
however, be evident that various modifications and changes may be
made thereto without departing from the broader spirit and scope of
the invention as set forth in the appended claims. The specification
and drawings are, accordingly, to be regarded in an illustrative rather
than restrictive sense.
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What is clalmed is:
1 In a memory device, a sense path circuit for accessing data

stored in a selected memory cell that stores n b1ts wherein n is greater
than 1, the sense path circuit comprising:
a plurality of n-outputs; and
a sensmg circuit coupled to the selected memory cell and to
each of the n outputs, the sensing circuit for determining a
state for each of the n bits stored in the selected memory cell
and for outputtmg each of then blts to a correspondmg one
of the n outputs. '
2. The sense path circuit of claim 1, wherem the sense path circuit
includes: ' '
a first column decode circuit for addressing a first memory cell
in response to a address; '
a second column decode circuit for addressing a second
memory cell in response to the address; and
a selector circuit for selectively coupling the first column
decode circuit to the sensing circuit in response to a portion
of the address such that the first memory cell is the
selecected memory cell.
3. The sense path circuit of claim 2, wherem the portion of the
"address is one binary bit wide.
4, The sense path circuit of claim 2, wherem the selector circuit
selects the first column decode circuit when the portion of the address
- is'in a first state. |
5. The sense path circuit of claim 4, wherein the selector circuit
selects the second column decode circuit when the portion of the
address is in a second state such that the second memory cell is the
selected memory cell. -
6. The sense path circuit of claim 1, wherein the selected memory
cell is a nonvolatile memory cell.
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7. In a memory device, a write path circuit for writing data
received at n inputs to a selected memory cell that stores n bits, where
n is greater than 1, the write path circuit comprising:

first column decode circuit for addressing a first memory cell in
response to an address;

a second column decode circuit for addres'sin'g a second
memory cell in response to the address;

a control engine for encoding the data received at the mputs
and for providing a programming pulse to the selected
‘memory cell; and

a selector circuit for selecting the fn'st column decode circuit to
receive the programming pulse in response to a portion of
the address such that the first memory cell is the selected
memory cell.

8. The write path circuit df claim 7, wherein the selector circuit
selects the first column decode circuit when the portion of the address
is in a first state.
9. The write path circuit of claim 8, wherein the selector circuit
‘selects the second column decode circuit when the portion of the
address is in a second state such that the second memory cell is the
selected memory cell.
10.  The write path circuit of claim 7, wherein the portxon of the
address is one binary bit wide.
11.  The write path circuit of claim 7, wherem the selected memory
cell is a nonvolatile memory cell.
12.  In a memory device, a sense path circuit for'éccessing data
stored in a selected memory cell that stores n bits, where n is greater
than 1, the sense path c1rcu1t compnsmg '

~ an output;

a sensing circuit coupled to the selected memory cell and the
output, the sensing circuit for determining a state for each of
the n bxts stored in the selected memory cell; and

a switching circuit coupled to the sensing circuit and to the
output, the switching circuit for selectively providing one of

I
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- the n bits from the sensmg circuit to the output in response
to a select signal. B
13.  The sense path circuit of claim 10 wherem nis equal to 2.
14.  The sense path circuit of claim 11, wherem the sensing circuit
simultaneously outputs a first bit and a second bit.
15.  The sense path circuit of claim 12, wherem the sw1tchmg circuit
is a multlplexer coupled to receive the f;rst and seco_nd bits from the
sensing circuit.
16.  The sense path circuit of claim 10, wherem the selected
memory cell is selected in response to an address
17.  The sense path arcult of claim 14, wherem the select signal is a
| portion of the address. :
18.  The sense path cn'cult of claim 12, wherem the selected
memory cell is a nonvolatile memory cell. _
19. In a memory dev1ce, a write path circuit for wntmg data
received at an input to a memory cell that stores n b1ts, where n is
equal to at least 2, the write path circuit compnsmg

a column decode circuit for selectmg the selected memory cell
in response to an address; ” :

n latches coupled to receive data from the input, each latch
being enabled to latch data in response to the address and a
clock signal;

a control engine coupled to the n latches, the control engine for
encoding the data received from the n latches into a
programming level, and for programming the selected
memory _celi by generating a prograth_ing pulse.

20.  The write path circuit of claim 13, wherein n equals 2 such that
there is a first latch and a second latch, the write path circuit further
1nclud1ng

a first AN D gate havmg a first input coupled to receive the
clock signal, a second inverted input coupled to receive an
address bit, and a first output coupled to the first latch, the
first AND gate for enabling the first latch to receive data

‘from the input when the address bit is logic low; and
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a second AND gate having a third input coupled to the control
engine, a fourth input coupled to receive the address bit, and
“a second output coupled to the second,latch, the second
"~ AND gate for enabling the second latch to receive data from

the input when the address bit is logic high.

21. In a memory device, a method for sensing data stored in a
selected memory cell that stores n bits per cell, wherein n is equal to at

least 2, the method comprising the steps of:

addressing n memory cells in response to an address;
. selecting one of the n memory cells to be the selected memory

cell in response to a portion of the address;

sensing the data stored in the selected memory cell;
outputting each of the n bits stored in the selected memory cell

to a corresponding one of n outputs.
22. In a memory device, a method for writing data

to a selected

memory cell that stores n bits per cell, wherein n is equal to at least 2,

the method comprising the steps of:

addressing n memory cells in response to an address;

encoding data received at n inputs;

- selecting one of the n memory cells to be the selected memory

cell in response to a portion of the address;

sensing the data stored in the selected memory cell;
outputting each of the n bits stored in the selected memory cell

to a corresponding one of n outputs.
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1. In a flash électrically erasable programmable read-only memory circuit,

a sense path circuit for selectively accessing data stored in one of a plurality of
data blocks, each data block including at least one memory cell that stores n
bits, wherein n is greater than 1, the sense path circuit comprising:

a plurality of n outputs;

a row decoder circuit coupled to the data blocks;

" +a"first column decode circuit coupled to a first memory cell of a first
data block for addressing the first mefnory cell in conjunction with
the row decoder circuit in response to an address;

a second column decode circuit coupled to a first memory cell of a
second data block for addressing the first memory cell of the second
data block in conjunction with the row decoder circuit in response
to the address;

a sensing circuit for determining each of the n bits stored in a selected °
memory cell and for outputting each of the n bits to a corresponding
one of the n outputs; and _

a selector circuit for selectively coupling either the first memory cell of
the first data block or the first memory cell of the second data block

to the sensing circuit in response to a select signal.

2, The sense path circuit of claim 1, wherein the select signal is one bit
wide.
3. The sense path circuit of claim 1, wherein the selected memory cell is a

nonvolatile memory cell.
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4, A flash electrically erasable programmable read-only memory device
cdmprising:

a plurality of inputs including row address inputs, column address
inputs, and at least one select input;

a memory cell array arranged in a plurality of rows and columns, the
memory cell array comprising a plurality of m data blocks, each data
block comprising a plurality of memory cells, wherein each

2 memory cell is operative to store n bits of data, wherein n is greater
than 1; | |

a row decoder circuit coupled to the plurality of m data blocks, wherein
the row decoder circuit selects a row of the memory cell array in
responée to a row address received via the.row address inputs;

a plurality of m column decoder circuits each coupled to a
corresponding one of the plurality of in data blocks, wherein each
column decoder circuit selects a column of the corresponding data
block in response to a column address received via the column
address inputs such that m memory cells are selected for reading in
response to the row and column addresses;

a plurality of m/n sensing circuits each for determining the n bits of
one of n selected memory cells; _

a plurality of m outputs coupled to the. plurality of sensing circuits for
outputting data sensed by the plurality of sensing circuits; and

a selector circuit coupled to the plurality of column decoder circuits and
the plurality of sensing circuits for selectively coupling m/n of the
m selected memory cells to.the plurality of m/n sensing circuits in

response to a selected signal carried by the select input.
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5. In a memory device, a write path circuit for writing data received at n
inputs to a selected memory cell that stores n bits, where n is greater than 1,
the write path circuit comprising:

a first column decode circuit for addressing a first memory cell in

response to an address;

a second column decode circuit for addressing a second memory cell in

response to the address;
a control engine for encoding the n bits of data received at the n inputs
- and for providing at least- .one programming pulse corresponding to
the encoded n bits of data to the selectéd memory cell; and
a selector circuit for selecting the first column decode circuit to receive
the at least one programming pulse in response to a portion of the

address such that the first memory cell stores the n bits.

6. The write path circuit of claim 5, wherein the selector circuit selects the

first column decode circuit when the portion of the address is in a first state. - '

7. The write path circuit of claim 6, wherein the selector circuit selects the
second column decode circuit when the portion of the address is in a second

state such that the second memory cell is the selected memory cell. e

8. The write path circuit o_f claim 5, wherein the portion of the address is

one binary bit wide.

9. The write path circuit of claim 5, wherein the selected memory cell is a

nonvolatile memory cell.
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A memory device comprising:

an output;

a plurality of address inputs including row address inputs, column
address inputs, and at least one multi-level cell (MLC) address
input;

a memory cell array arranged in a plurality of rows and columns, the

memory cell array comprising a plurality of memory cells wherein "

. _each memory cell is operative to store n bits of data, wherein n is

- gréater than 1, each of the n bits of 2 memory cell having a different

address;

a row decoder circuit coupled to the memory cell array wherein the
row decoder circuit selects a row of the memory cell array in
response to a row address received via the row address inputs;

a column decoder circuit coupled to the memory cell array wherein the
column decoder circuit selects a column of the memory cell array in -
response to a column address received via the column address
inputs such that a first memory cell is selected for reading in
response to the row and column addresses;

a sensing circuit coupled to the first memory cell and the output, the

sensing circuit for determining a state for each of the n bits stored in

. e e
R P
. -

the first memory cell; and

a selecting circuit coupled to the sensing circuit, the MLC address input,
and to the output, the selecting circuit for addressing and providing
only one of the n bits from thé sensing circuit to the output in
response to the MLC address input such that each of the n bits

stored by the first memory cell is individually addressed and output.
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11. The memory device of claim 10, wherein n is equal to 2 .

12. The memory device of claim 10, wherein the sensing circuit

simultaneously outputs a first bit and a second bit.

13.  The memory device of claim 10, wherein the selecting circuit is a
multiplexer coupled to receive the n bits from the sensing circuit as inputs

_ . and the at least one MLC address input'as a control signal.

-

Y

14.  The memory device of claim 10, wherein the first memory cell is a

nonvolatile memory cell.

15. A memory. device comprising:

a plurality of oﬁtputs;

an array of memory cells wherein each nonvolatile memory cell stores
n bits, n.b-eing greater than 1, each of the n bits of a memory cell

~ having a different address; _

a plurality of address inputs for coupling to receive an address; and

means, coupled to receive the address, for individually addressing each
of the n bits stored in a selected plurality of memory cells in .
response to the address such that each of the selected plurality of
nonvolatile memory cells outputs a single bit via a corresponding

one of the plurality of outputs.

16. The memory device of claim 15 wherein the means is also for selecting
the selected plurality of memory cells in response to a first portion of the

address, for sensing the n bits stored by each of the selected plurality of

[ Ip—
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memory cells, and for selecting only one of the n bits of each of the selected
plurality of memory cells for output in response to a second portion of the

address.

17. A nonvolatile memory device comprising:
‘a plurality of row address inputs for coupling to receive a row address;
a plurality of column address inputs for coupling to receive a column
. address; " - L
'La;t'leas't one multi-level cell (MLC) address. input for coupling to receive
an MLC address;
an array of nonvolatile memory cells arranged in a plurality of rows
and columns, wherein each nonvolatile memory cell stores n bits, n
being greater than 1, each of the n bits of a memory cell having a
different address;
a row decoder coupled to select a first row: 6f the array in response to
the row address; |
a column decoder coupled to select a first plurality of columns of the
array in response to the colum-n address such that a first plurality of
memory cells are addressed in response ta the row and column o
addresses; and A
a selecting circuit coupled to select one of n bits for each of the first
pluralit)? of memory cells in response to the MLC address such that
only one of the n bits for each of the first plurality of memory cells

is addressed for output by the nonvolatile memory device.
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18. A memory device comprising:
an array of memory cells that each store n bits of data, n being greater
than 1;
a plurality of address inputs for receiving an address, wherein each bit
of a memory cell has a different address; and
a sense path circuit coupled to the array of memory cells and coupled to

receive the address.

19. - 2\ memory device comprising:

a data input;

a memory cell array arranged in a plurality of rows and columns, the
memory cell array 'comprising a pluralify of memory cells wherein
each memory cell is operative to store n bits of data, n being greater
than 1; '

a plurality of address inputs including row address inputs, column
address inputs, and multi-level cell (MLC) address input wherein
the MLC addresé input allows each of the n bits stored in a memory
cell to be individually addressed;

a row decoder circuit coupled to the plura;\_l-ity of memory cells, wherein
the row decoder circuit selects a row of the memory cell array in
response to a row address received via the row address inputs;

a column decoder circuit coupled to the plurality of memory cells
wherein the column decoder circuit selects a column of the
merhc;ry cell array in response to a column address received via the
column address inputs such that a first memory cell is selected for

programming in response to the row and column addresses;
t

R st L e e S e ...'....'.':Z.',’.'_'i

“ A‘WEMDE“Q SR ii :

n
e ol
. At \-'-



[ REPLAGEMENT SHEET

?9NUV\997

-

AR

8

LAEPLE S

n latches coupled to a control signal,. the MLC address input, and the
data input, each of the n latches being sequentially enabled to latch
data from the data input in response to the MLC address input and
the control signal; and

a control engine coupled to the n latches and the memory cell array,
the control engine for encoding the data received from the n latches
into a programming level, and for programming the first memory
cell selected by the row and column addresses by generating at least

“*" one programming pulse until the firs_t: '-1'nemory cell is progammed

to have approximately the programming level.

20. The memory. device of claim 19, wherein n eqﬁals 2 such that there is a
first Jatch and a second latch, the memory device further including:
a first AND gate having as inputs the control signal and an inversion
of the MLC address input, and an output coupled to the first latch
the first AND gate for enabling the fll‘St latch to receive the data
from the data input when the MLC address input is logic low; and
a second AND gate having as inputs the control signal and the MLC
address input, and an output coupled to the second latch, the second
AND gate for enabling the second latch to receive data from the data A
input when the MLC address input is logic high. )

21. A memory device comprising:
a data input;
an array of memory cells arranged in a plurality of rows and columns
wherein each memory cell is capable of storing n bits of data, n

being greater than 1;
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a plurality of row address inputs for coupling to receive a row address;

a plurality of column address inputs for coupling to receive a column
address;

at least one multi-level cell (MLC) address input for coupling to receive
an MLC address, wherein the row and column addresses select a
first memory cell and wherein the MLC address selects between the
n bits stored by the first memory cell; and

means, coupled between the data input and the ﬁrst memory cell and
 for coupling to receive the row, column and MLC addresses, for
programming the first memory cell in response to sequentially
receiving the n bits from the data input, wherein the row and
column addresses for all of the n bits are identical and wherein the

MLC address for each of the n bits is di_fferent.

A memory device comprising:

a data input;

an array of niemory cells wherein each memory cell s;tores n bits, n
being gréater than 1;

a plurality of address inputs for coupling to xieceive n addresses, each of
the n addresses select a first memory cell and a corresponding one of
the n bits stored by the first memory cell; and

means, coupled between the data input and the first memory cell and
coupled to receive one of the n addresses, for programming the first

| memory cell in response to receiving a first set of the n bifs from the
data input when the memory device is to be programmed, wherein
each of the first set of the n bits is accompanied with a

corresponding one of the n addresses.

3
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23. A memory device comprising:

an array of memory cells that each store n bits of data, n being greater

than 1;

a plurality of address inputs for receiving an address, wherein each bit
stored by the array of memory cells is assigned a unique address; and
a write path circuit coupled to the array of memory cells and coupled to

receive the unique address.

o 24." . Ina memory device, a metho'.ci for selectively accessing n bits of data
stored in a selected memory cell, wherein n is gr'iééter than 1, the method
comprising the steps of:

addressing n memory cells in response to a column address and a row
address;
selecting one of the n memory cells to be the selected memory cell in

response to a multi-level cell (MLC) address;

coupling the selected memory cell to a sensing circuit after the selecting

step;
sensing the n bits of data stored in the selected memory cell; and

simultaneously outputting each of the n bits stored in the selected

. memory cell.

25. In a memory device, a method for writing n bits of data to a selected
memory cell, wherein n is greater than 1, the method comprising the steps of:
sequentially coupling the n bits of data to a data input of the memory

device, wherein a unique address is provided with each of the n bits
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to indicate that each of the n bits are to-be stored by the selected BRE
memory cell; '
encoding the n bits received from the data input into a programming
level; and
programming the selected memory cell until the selected memory cell

is programmed to approximately the programming level.

.. 26. Ina memory device, a method for selechvely wrltmg n bits of data to a

B selected memory cell, wherein n is greater than 1 the method comprising the
steps of:
simultaneously coupling n bits of data to n data inputs of the memory
device; |
addressing n memory cells in response to a row and a column address;
selecting one of the n memory cells to be the selected memory cell in
response to a multi-level cell (MLC) address;
encoding the n bits received at the n inpﬁ}s into a programming level; |
and

programming the selected memory cell until the selected memory cell

is programmed to approximately the programming level.

27. In a memory device having an output, a metﬁod for reading n bits of
data stored in a selected memory cell, where n is greater than 1, the method
compnsmg the steps of: ' ©
addressmg the selected memory cell in res;mnse to a row address and a
column address;

sensing the n data bits stored in the selected memory cell;
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multi-level cell (MLC) address;
outputting the first one of the n data bits at the output of the memory
device;
addressing a second one of the n data bits sensed in response to a
second MLC address; and
outputting the second one of the n data bits at the output of the
memory device.
28. wA method for addressing data stored by a ﬁ{émory device in a memory
celt array that comprises a plurality of memory cells that each store n bits of
data, where n is greater than 1, the method comprising the step of providing a
different address for each bit stored by a particulalr memory cell such that each

bit stored by that memory cell is individually addressable for read and write

operations.
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