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NOVEL MULT-STATE MEMORY 

RELATED APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 08/639,128 filed Apr. 26, 1996, 
which is a continuation of Ser. No. 08/193,707 filed Feb. 2, 
1994, which is a continuation of Ser. No. 07/820,364 filed 
Jan. 14, 1992, now U.S. Pat. No. 5,313,421. 

FIELD OF THE INVENTION 

0002 This invention pertains to semiconductor memory 
devices and particularly to multi-state memories. 

BACKGROUND OF THE INVENTION 

0003. As is well known, in a semiconductor memory cell, 
data is stored by programming the cell to have a desired 
threshold voltage. Simple memory cells store one of two 
states, a logical one or a logical Zero, in which case the cell is 
programmed to either turn on or not turn on, respectively, 
when read conditions are established, thereby allowing the 
read operation to determine if a logical one or a logical Zero 
has been stored in the memory cell. More sophisticated semi 
conductor memory cells allow the storage of one of a plurality 
of memory states greater than two, by providing the ability to 
store a variety of threshold Voltages in the memory cell, each 
threshold Voltage being associated with one of a plurality 
greater than two logical states. Such multi-state memory cells 
and arrays are described, for example in U.S. Pat. Nos. 5,043, 
940 and 5,434,825 issued on inventions of Dr. Eliyahou 
Harari. 
0004. In order to fully exploit the concept of high density 
multi-state memory devices, the memory states must be 
packed as closely together as possible, with minimal thresh 
old separation for margin/discrimination overhead. Factors 
which dictate this overhead are noise, drift (particularly ran 
dom as opposed to common mode), sensing speed 
(deltaT-C*deltaV/I), and safety margin guard bands, as well 
as precision and Stability of reference sources/sense circuits. 
This overhead must be added to the memory state width 
associated with precision of writing the memory cells (again 
with respect to the reference sources). With a closed loop 
write, in which a write is performed followed by a verify 
operation and in which cells which fail the verify operation 
are rewritten, the relative precision of memory cell to refer 
ence source can be made arbitrarily high by expending more 
time in writing. State packing will then be dictated more by 
how precise and stable the various storage sense points can be 
separated from one another, a property of both memory state 
stability and how reference points/elements are established. 

SUMMARY 

0005. Maximized multi-state compaction and more toler 
ance in memory state behavior is achieved through a flexible, 
self-consistent and self-adapting mode of detection, covering 
a wide dynamic range. For high density multi-state encoding, 
this approach borders on full analog treatment, dictating ana 
log techniques including A to D type conversion to recon 
struct and process the data. In accordance with the teachings 
of this invention, the memory array is read with high fidelity, 
not to provide actual final digital data, but rather to provide 
raw data accurately reflecting the analog storage State, which 
information is sent to a memory controller for analysis and 
detection of the actual final digital data. 
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0006. One goal of the present invention is to provide self 
consistent, adaptive and tracking capability for sensing, 
capable of establishing both the data and the “quality” of the 
data (i.e. the margins). In accordance with certain embodi 
ments of this invention, tracking cells are included within 
each of the sectors. These tracking cells are set at known 
states to reliably establish the optimum discrimination points 
for each of the various states. In certain embodiments, this is 
accomplished using as few as one cell per state. However, if 
better statistics are vital to establishing the optimum discrimi 
nation point, a small population of cells Sufficient to establish 
Such optimum points statistically is used. Data from these 
tracking cells will be the first information from the sector to 
be read into the controller, in order to establish the optimum 
discrimination points for the remainder of the sector data. In 
order to make these cells track the rest of the sectors in terms 
of data history and wear, they are Subjected to the same logical 
to physical data State translation (rotation) writing as used for 
their associated sectors. 

0007. In accordance with various alternative embodi 
ments of this invention, high density multi-state memories are 
taught which include parallel, full chunk, A/D conversion of 
multi-state data, with adequate resolution to provide analog 
measure of the encoded States; master reference cell(s) whose 
prime function is to provide optimum dynamic range for 
comparator sensing; Logical to Physical Data scrambling to 
provide both intra-sector wear leveling and increased endur 
ance capability; and intra-sector tracking cell groups, one for 
each state, included in each sector to provide optimum com 
pare points for the various states, and able to adapt to any 
common mode shifts (e.g. detrapping). In accordance with 
certain embodiments, a controller incorporates a data pro 
cessing “engine' to, on-the-fly, find midpoints of each track 
ing cell group. The controller also establishes data State dis 
crimination and marginality filterpoints. Sector data is passed 
through the controller, giving both the encoded memory state, 
and its quality (marginality), for each physical bit. If desired, 
the controller decides what actions must be taken to clean up 
(Scrub) marginal bit data based on the quality information 
(e.g. do full sector erase and rewrite versus selective write, 
only). Also, if desired, the invention includes a small counter 
on each sector which is incremented each time a read scrub is 
encountered. When the count reaches maximum allowed, 
marginal bit(s) are mapped out rather than rewritten and 
counter is reset to 0. This provides a filter for truly “bad” bits. 
Similar features are applied in reverse to write multi-state 
data back into a sector, using the same circuitry as used for 
read but operated in reverse, to provide self-consistent data 
encoding. In addition, two alternative embodiments for per 
forming verification are taught: using a reference current 
staircase to sequentially scan through the range of States, 
conditionally terminating each cell as the current step corre 
sponding to its target data is presented to the sensing circuit; 
and using a full set of N-1 reference currents of the N possible 
states to simultaneously verify and conditionally terminate all 
cells. In certain embodiments, a twin-cell option is included 
in each sector to provide deltaVt shift level associated with 
cycling driven trapping and channel wearout, triggering sec 
tor retirement before detrapping shifts exceed read dynamic 
range or other potential read errors. This replaces hot count 
based sector retirement, greatly increasing usable endurance. 
0008. As another feature of certain embodiments of this 
invention, a cell-by-cell column oriented Steering approach, 
realizable in two source side injection cell embodiments, 
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increases the performance of high level multi-state signifi 
cantly, improving both its write and read speed. It achieves 
this by applying, in parallel, custom steering conditions 
needed for the particular state of each cell. This offers sub 
stantial reduction in the number of individual programming 
steps needed for write, and permits powerful binary search 
methodology for read, without having to carry out full 
sequential search operations. Improved performance is fur 
ther bolstered through increased chunk size, made possible 
via the low current source-side injection mechanism, which 
allows every fourth floating gate element to be operated on, 
thereby increasing chunk size. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009 FIG. 1a is a schematic representation of one 
embodiment of this invention which utilizes dynamic sensing 
of the selected memory cell. 
0010 FIG. 1b is a graph depicting the voltages associated 
with sensing the state of the memory cell of the embodiment 
of FIG. 1a, 
0011 FIG. 2 is a block diagram depicting one embodiment 
of this invention in which trip times associated with reading a 
plurality of cells are converted to binary code: 
0012 FIG. 3 is an alternative embodiment of this inven 
tion which uses a static sensing approach utilizing current 
comparators; 
0013 FIG. 4a is a diagram depicting exemplary state 
ranges and counter/A/D resolution for 4-level multi-state 
encoding: 
0014 FIG. 4b is a diagram depicting exemplary state 
ranges and counter/A/D resolution for 8-level multi-state 
encoding: 
0015 FIG. 5 is a flow-chart depicting the operation of one 
embodiment of this invention; 
0016 FIG. 6 is a bit map depicting user data and overhead 
data associated with one embodiment of the present inven 
tion; 
0017 FIG. 7 is a flowchart depicting in more detail one 
embodiment of the step of processing tracking cell data in 
FIG. 5; 
0018 FIG. 8 is a block diagram depicting programming 
and verification elements suitable for use in the embodiment 
of FIG.3: 
0019 FIG. 9 is a flowchart depicting the operation of one 
embodiment of this invention as depicted in FIG. 8: 
0020 FIG. 10, composed of FIGS. 10a and 10b, is a flow 
chart depicting an alternative embodiment of this invention 
suitable for use in connection with the embodiment of FIG. 8: 
0021 FIG. 11 is an alternative embodiment of this inven 
tion which allows for improved verify processing: 
0022 FIG. 12 is a diagram depicting one embodiment of a 
twin-cell of the present invention; 
0023 FIG. 13 is a diagram depicting one embodiment of a 
cell suitable for use in connection with certain embodiments 
of this invention; 
0024 FIG. 14 is a diagram depicting one embodiment of 
the cell-read operation of this invention using the cell 
embodiment of FIG. 13: 
0025 FIG. 15 is a flowchart illustrating one embodiment 
of this invention with reference to the embodiment to FIG.14; 
0026 FIG. 16 is a diagram depicting an alternative 
embodiment of this invention in which sensing is performed 
on a plurality of bits simultaneously as could be used in 
conjunction with the embodiment of FIG. 14; 
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0027 FIG. 17 is a diagram depicting one embodiment of 
this invention in which common elements are used for both 
reading and multi-state programming; 
0028 FIG. 18 is an alternative embodiment of this inven 
tion in which certain control elements are replicated, one set 
used for programming and the other for read/verify opera 
tions; 
0029 FIG. 19 is a diagram depicting one embodiment of 
an array Suitable for use in accordance with the teachings of 
this invention; 
0030 FIG. 20 is a diagram depicting an alternative array 
Suitable for use in conjunction with the present invention; and 
0031 FIG. 21 is a graph depicting the distribution of 
erased cell levels in accordance with certain embodiments of 
this invention. 

DETAILED DESCRIPTION 

A/D Sensing 
0032. A first step in this invention is acquiring the full 
analog value of the memory state (e.g. the actual cell current, 
which in turn reflects the actual stored floating gate Voltage 
VFG). The following describes two alternative embodiments 
for rapidly sensing and converting, to digital form, data stored 
in a large number of physical cells (e.g. a chunk of 256 cells) 
simultaneously, each cell capable of storing a large number of 
multi-states (e.g. four states or more), and sensing capable of 
spanning a wide dynamic range. The basis underlying both of 
these embodiments is the analog property of the memory cell, 
wherein its current drive capability is in proportion to its 
stored floating gate charge (voltage). Consequently, each 
memory state is characterized by its current drive capability 
(in actuality a narrow range of current drives, including mar 
gin capability). Therefore sensing and discriminating the 
various states comes down to differentiating between the 
various drive level ranges. Two exemplary embodiments are 
now described for achieving this differentiation. 
0033. A first embodiment is described with reference to 
FIGS. 1a and 1b, and involves dynamic-type sensing, 
wherein the bit lines (such as bit line 101) of the selected 
memory cells (such as cell 102) are precharged (e.g. to 2.5v), 
and then the row (e.g. word line 103) of the selected cells is 
turned on, preferably using a controlled ramp (e.g. 5 usec rise 
time) or a stepped staircase (for example over 5 usec), allow 
ing the respective bit lines to discharge through the selected 
memory cells at rates proportional to their current driving 
capability. When the bit lines discharge to a predetermined 
Voltage (e.g. 1 V), they flip a corresponding sense amplifier 
(e.g. sense amplifier 104), indicating sense achieved. The 
time taken to flip the sense amplifier from the start of sensing 
is an analog measure of the cell drive: the longer the time, the 
lower the drive (i.e. cell is more programmed, having more 
negative charge on the floating gate as depicted in FIG. 1b). 
0034 Table 1 is an example of sense amplifier trip time to 
cell current drive capability based on simulation using float 
ing gate cell I-V data. 

TABLE 1 

ICELL (uAmps) 

20 30 40 SO 6O 70 8O 90 100 

Trip time (usec) 5.4 49 4.7 44 42 3.9 3.7 3.5 3.4 
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0035. In the example of Table 1, bit line 101 is precharged 
to 5v and tripped at 2.5V, load capacitance is 1.25 pF and 
control gate rate of increase is 1.25 V/usec, ramped to 7v in a 
staircase fashion. Because of disturbs, it is undesirable to 
expose the memory cell drain to more than 2V. Therefore the 
5v precharge is, in one embodiment, applied to sense capaci 
tor 105 isolated from the memory cell drain, and the drain is 
only allowed to charge to a lower voltage (e.g. 1.5v). With 
column segmentation this drain Voltage lowering is, in one 
embodiment, done locally, using a segment select transistorto 
limit the voltage transferred from a global bit line to the local 
bit line, such as is described in copending U.S. Pat. No. 
5.315,541 assigned to Sandisk Corporation. 
0036. In one embodiment, the trip times are converted en 
masse to a binary code using an A/D approach, as shown in 
FIG. 2. Time is metered using clock 205 which increments 
master counter 204 which in the example shown here is an 8 
bit counter. Counter 204 drives lines 209 (8 lines in this 
example) which feed into registers 201-1 through 201-N via 
transfer gates 202-1 through 202-N, respectively, with one 
register for each cell being sensed (e.g. 256, 8-bit registers for 
a 256 bit memory chunk size). At the start of sensing, counter 
204 is initialized to Zero, and then starts counting up, with the 
registers reflecting the count. 
0037. At the point of a cell sensing (i.e. at the sense ampli 

fier trip time), the corresponding sense amplifier flips, which 
isolates the corresponding register from counter 204, thereby 
freezing the time (and its associated binary code) in that 
register. In this Way, each register contains a binary represen 
tation of the analog storage level of the memory cell to the 
resolution of the A/D (e.g. with 8 bits this gives resolution of 
approximately 1 part in 256 or about 0.4%). 
0038. To insure both adequate resolution and dynamic 
range, the clock frequency (i.e. sampling rate) must be prop 
erly chosen. If too fast it will not span the full range of times 
needed for a sense amplifier to flip for all possible stored 
memory cell data values before hitting the maximum count, 
while if too slow the result will be poor resolution and the risk 
of inability to discriminate between neighboring states. In 
order to provide some relationship with the memory cells 
drive characteristics, in one embodiment the frequency of 
clock 205 is governed by a memory cell (or group of memory 
cells) set at an appropriate drive level. In this way, clock 205 
tracks process variation and operating conditions (e.g. Volt 
age and temperature), setting up the optimum clocking rate to 
span the cell's dynamic range and associated memory states. 
0039. Although this embodiment is relatively simple and 
effective, it does have limitations by nature of its being 
dynamic. Time constants associated with word line and/or bit 
line delays and their variations contribute both relative and 
absolute error. For example, if word line RC time constants 
are long relative to ramp (or step interval) times, then there 
can be significant differences in the times in which cells along 
the word or steering line (or a single line serving as both the 
word line for selection and steering line for capacitive cou 
pling) experience a given word line steering drive Voltage. 
The consequence of this is that cells at different positions 
along such lines will respond at different times. Also, conver 
sion from cell current drive to comparator trip time is not 
exactly linear, because the discharge rates and characteristics 
depend on the drive levels of the cell which will vary with the 
bit line bias level (with conduction tending to decrease as bit 
line Voltage levels drop, stretching out bit line discharge 
time). Also, the bit line capacitance can have a significant 
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Voltage dependence arising from junction CV characteristics. 
This nonlinearity in comparator trip time results in nonlinear 
ity in time in the separation of States and margins in going 
from the lowest to the highest charged memory states 
(whereas it is desirable to space the memory states evenly, 
charge-wise, to get maximum fit of states within the dynamic 
range and to have uniform margins). 
0040. A second exemplary embodiment removes these 
limitations by using a static sensing approach utilizing cur 
rent comparators, as shown in the exemplary embodiment of 
FIG. 3. The fixed reference voltage, Vref, of the embodiment 
of FIG. 2 is replaced with a staircase reference current (Iref) 
source 310, which starts off at a minimum level, Imin, and 
increments by I with each count of clock 305 (i.e. after n 
clock pulses Iref=Imin--n I). For a given memory cell, when 
the reference current just exceeds the cell current, the associ 
ated one of current comparator sense amplifiers 104-1 
through 104-N will flip, freezing the corresponding count of 
counter 304 (which increments in sync with staircase current 
generator 310) into the corresponding one of registers. In one 
embodiment, the scale factor for staircase current source 310 
(e.g. its maximum current) is established using one or a popu 
lation of floating gate memory cells (e.g. erased strongly) in 
order to provide optimum dynamic range with tracking of 
process and operating conditions; i.e. the regulation of cur 
rent Source includes monitoring the characteristics of one or 
more floating gate cells dedicated for use in connection with 
this current Source regulation. 
0041) This second embodiment, while a bit more complex, 
offers better control, linearity and minimizes or eliminates 
sensitivity to dynamic effects. This includes eliminating the 
need for repetitive, controlled ramping of word lines in the 
case of dynamic sensing, simplifying many of the timing and 
associated control operations. 
0042. Once sensing is completed and data is frozen into all 
registers 301-1 through 301-N, it is shifted out, for example, 
serially. A simple way to do this is to have the registers 301-1 
through 301-N tied together in shift register fashion. In the 
above example, the data stored in each register each com 
prises eight bits, requiring an eight line wide bus to shift the 
full data out of the memory chip (for example to a memory 
controller, such as is described in U.S. Pat. No. 5,430,859 
assigned to Sandisk Corporation, for sending to requesting 
devices) in one controller clock cycle, and thus requires eight 
output pads/pins. If data rate to the controller is less critical 
while keeping the number of pads/pins down is important, 
then the eight bits could be broken down, e.g. shifting out the 
four MSB bits first followed by the four LSB bits through four 
pads in two controller clock cycles, or shifting out groups of 
two bits four times through two output pads in four controller 
clock cycles, etc. 

Tracking/Data Scrambling 

0043. As previously stated, one goal of the present inven 
tion is to provide self-consistent, adaptive and tracking capa 
bility for sensing, capable of establishing both the data and 
the “quality of the data (i.e. the margins). In accordance with 
certain embodiments of this invention, tracking cells are 
included within each of the sectors such as those described in 
U.S. Pat. No. 5,172.338 assigned to Sandisk Corporation. 
These tracking cells are set at known states to reliably estab 
lish the optimum discrimination points for each of the various 
states. In certain embodiments, this is accomplished using as 
few as one cell per state. However, if better statistics are vital 
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to establishing the optimum discrimination point, a small 
population of cells Sufficient to establish Such optimum points 
statistically is used. For example in one embodiment ten 
physical cells are used for each state, in which case for 4-state 
encoding a total of 40 physical cells are used, as part of the 
overhead portion of the sector. 
0044 As will be described below, data from these tracking 
cells will be the first information from the sector to be read 
into the controller, in order to establish the optimum discrimi 
nation points for the remainder of the sector data. However, in 
order to make these cells track the rest of the sectors in terms 
of data history and wear, they are not repeatedly erased and 
written into the same, fixed, pre-assigned States. This is 
because the amount of wear will be peculiar to that state and 
may not reflect the wear/history of the remainder of the sector. 
In one embodiment, managing wear, both interms of insuring 
uniformity (i.e. intra-sector wear leveling) and in keeping 
Such wear to a minimum, is handled by some method of 
continuous or periodic re-assignment of each of the logical 
states (e.g. logical states L0, L1, L2 and L3) to a correspond 
ing physical state (e.g. physical states P0, P1, P2, and P3), an 
example of which is shown in Table 2. These physical states 
P0 to P3 correspond to specific conduction levels of each 
memory cell; e.g. P0 is the highest conducting state, P1 is the 
next highest conducting state, P2 the next highest, and P3 the 
least conductive state. A description of this concept applied to 
two state encoding and termed "program/inverse program' is 
disclosed in U.S. Pat. No. 5,270,979 assigned to Sandisk 
Corporation. 
0045 Re-assignment of states with subsequent writes (in 
one embodiment with each Subsequent write, and in alterna 
tive embodiments after a specific number of writes) is done, 
for example, by rotation or on a random number basis. This 
guarantees that, on the average, over many cycles, only about 
half of the full possible charge is transported to the cells, and 
that the wear of each cell is virtually identical to all others 
within its sector. The embodiment utilizing a random number 
assignment between logical and physical states has the advan 
tage that it eliminates the possibility of synchronization 
between the logical to physical data re-assignment algorithm 
and variable user data, which would defeat such wear level 
1ng. 

TABLE 2 

Physical State Assignment 

Logical State #1 #2 #3 hia 

LO PO P3 P2 P1 
L1 P1 PO P3 P2 
L2 P2 P1 PO P3 
L3 P3 P2 P1 PO 

0046 All tracking cells for each given logical state are 
re-assigned to the same physical state, e.g. all ten cells of one 
tracking group assigned with the role of storing logical State 
L1, are set to either P0, P1, P2 or P3, for a particular write 
cycle, dictated by the scrambling algorithm. Given that the 
tracking cells go through the same Scrambling operation as 
the remainder of the sector, they not only reflect the wear of 
that sector, but also provide the translation means to convert 
back from physical to logical state. Since each tracking group 
is given a constant pre-assigned logical state responsibility, 
when the controller deciphers the various tracking cells 
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groups (e.g. the four groups often cells each) it will concur 
rently establish the translation for the sector. 

Resolution Requirements 

0047 More resolution requires more time to sense (more 
steps in the A/D), more die area associated with the larger 
registers, more cost associated with shipping data out to the 
controller (more parallelism dictates more pads and thus an 
area penalty or, with same number of pads, takes longer to 
shift out all the data, and thus a performance penalty), and 
more cost associated with processing the data in the control 
ler. Inadequate resolution results in limited visibility in com 
mon mode population margin shifts (e.g. due to trapping/ 
detrapping effects), resulting in larger error in establishing 
comparator points. This larger error must be included in the 
multi-state budget, forcing larger separation between states, 
and consequently fewer States, i.e. lower multi-state scalabil 
ity. 
0048. A reasonable resolution target is A/D resolutions 
equal to approximately 3% of the state-to-state separation. 
This provides visibility into sufficiently small cell current 
shifts within a population to allow meaningful correction (i.e. 
avoiding margin failure from tail bits within a population due 
to poorer resolution), and does not impose such a high reso 
lution that it becomes meaningless vis a vis the various noise 
and error terms associated with setting and measuring states. 
0049 Specific examples for state ranges and counter/A/D 
resolution are shown in FIGS. 4a and 5b for 4-level and 
8-level multi-state encoding, respectively. The cell current/ 
floating gate voltage relationship used in FIGS. 5a and 5b for 
read are representative of cell characteristics built in accor 
dance with the teachings of the present invention, using 0.5 
micron based flash semiconductor fabrication technology 
available today, which for example has an I/V slope of 
approximately 20 uamps/volt with the Zero current intercept 
(projected threshold) at 4.25V. 
0050. In the example shown, the state-to-state separation 
for a four state cell is 30uamps, the A/D resolution is 1 uamps 
and the dynamic range covered is 0 to 128uamps. This gives 
about a /30 resolution of the state to state separation (3.3%). A 
population of cells written into a given intermediate state is 
confined to a 10 uamp window, i.e. spanning ten steps of 
resolution. Therefore 1 A/D step bit offers a 10% resolution of 
the written population distribution, and any common mode 
shift of that magnitude, over time, can be corrected in 10% 
resolution steps. Therefore, for 4-state a 7 bit A/D is suitable. 
0051. The situation is similar for the eight state example of 
FIG. 4b, except state to state separation is 15uamps, and A/D 
resolution is 0.5 uamps, covering the same 0 to 128 uamps 
dynamic range. This offers the same percentage of the popu 
lation resolution, for which an eight bit A/D is suitable. 

Adaptive Multi-State Discrimination 
0.052 The following describes the data flow and handling 
by the controller for each sector read operation. In order to 
Support high speed, in one embodiment this operation is 
performed in hardware and/or firmware. For the purposes of 
the following discussion, the example of 4-state encoding, 
with 7 bit sensing resolution (providing 128 steps on the order 
of 1 uamp per step) and ten tracking cells for each of the four 
states, is used. FIG. 4a depicts 4-state encoding with each bit 
of resolution corresponding to approximately 1 uamp (there 
fore about a 100 uamp full range). In the embodiment 
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depicted in FIG. 4a, 4-states are shown, physical states P0. 
P1, P2, and P3. State P0 is established by setting the cell to 
have a cell current under read conditions of 90uamps or more 
(e.g. by erasing the cell to that value). When reading, state P0 
is detected when cell current is 85 uamps or more, thereby 
allowing a slightly relaxed tolerance for reading than writing. 
The programming levels for states P1, P2, and P3 are also 
shown in FIG. 4a, as are the looser read current levels for each 
of those states. An appropriate guard band is placed between 
each state such that, for example, a cell current during read 
between 75 and 85uamps is too ambiguous to be associated 
with either of adjacent states P0 and P1. 
0053. The operation of this embodiment will now be 
described with respect to the flowchart of FIG. 5 and the 
diagram of FIG. 6. First, the reference tracking cells data is 
shifted into the controller, one 8 bit set (or byte) for each cell. 
This data is then processed as illustrated in more detail in the 
flowchart of FIG. 7, starting with the first tracking cell group 
assigned to logical state L0 as described in Table 2. The 
function of these bits is to establish the optimum compare 
point for the L0 state by first establishing where the center of 
the population of tracking cells placed into the L0 state is. 
This can be accomplished on the ten cells per state population 
by continuously Summing each Successive data of the ten L0 
cells, giving accumulation of those ten cells data. It is desir 
able to maintain a max and min register concurrently, in order 
to minimize chance of error from an isolated, errant cell, 
either high or low. This is done by comparing each successive 
piece of data to the previously stored comparator data and at 
each compare operation storing the higher (lower) into the 
max (min) comparator. Once data from all ten cells have 
shifted in, it is processed to establish the filter point, for 
example by Subtracting the max and the min from the Sum and 
dividing the result by 8 (i.e. shifted to right three times), 
giving the average storage level of the L0 assigned tracking 
cells. Rounding to the nearest number is, in one embodiment, 
accomplished by shifting to the right three times but tempo 
rarily storing the third bit shifted and then summing this bit 
with the shifted value. This is then repeated for the L1, L2 and 
L3 tracking cell population, at which point the system has 
determined the physical to logical conversion for each state. 
In one embodiment, this conversion is performed by ordering 
the L0, L1, L2, and L3 states into descending order, and then 
matching this to the corresponding physical State assignment 
as shown in Table 2. For example, if L0 happens to correspond 
to physical state P0 it will have the highest value of the four 
states, if L0 corresponds to physical state P1 it will have the 
next highest value, and so forth, and likewise for states L1, 
L2, and L3. If after ordering the order is L0, L1, L2, L3 then 
state assignment #1 of Table 2 was used. On the other hand, if 
the order is L1, L2, L3, L0 the assignment #2 was used, and so 
forth per Table 2. In this embodiment, the optimum discrimi 
nation points between the four physical levels, P0, P1, P2, and 
P3 are established by calculating the midpoints between P0 
and P1, P1 and P2, and P2 and P3. Slightly better precision is 
achieved by postponing the division by 8 for the individual 
ten cell groups until after summing P0 and P1, P1 and P2, etc., 
at which point the average of P0 and P1 is obtained by sum 
ming P0 and P1 and dividing by 16 (shifting four to the right 
with provisions for rounding) and similarly for P1 and P2, and 
P2 and P3, thereby establishing three compare values, C1, C2, 
C3, respectively, which are shown in FIG. 4a as current points 
80, 50, and 20 between states P0, P1, P2, and P3. 
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0054. This then gives the optimum compare or filter points 
for the rest of the sector's data, which is now shifted in. As 
data is passed through, it is sifted through a set of comparators 
(for example, as described later with reference to the flow 
charts of FIGS. 5 and 7) set at those compare points to estab 
lish their state; i.e. higher than C1, (making it state P0), 
between C1 and C2 (making it P1) between C2 and C3 (mak 
ing it state P2) or lower than C3 (making it state P3). These are 
then translated to their corresponding logical States, based on 
the specific logical to physical assignment used, as discussed 
above. In one embodiment, compare points C1, C2, C3, 
loaded into the comparators are adaptive in nature, estab 
lished by the sector itself via the tracking cells. In this way the 
sensing tracks the properties of the population of cells within 
the sector, their operating Voltage and temperature condi 
tions, history and wear, and any common mode drift, as for 
example may arise from detrapping of gate oxide trapped 
charge, accumulated during write cycling. Since Such detrap 
ping is also present in the tracking cells, they establish the 
optimum point for sensing, whatever the degree of detrap 
ping, provided their conduction remains within the dynamic 
range of cell state sensing capability (i.e. ability to still dis 
criminate between the various states), and the mechanism is 
truly common mode, with minimal dispersion. 
0055. In one embodiment, this adaptive adjustment of the 
compare points is performed in a continuous, real time man 
ner. In an alternative embodiment, the optimum compare 
points for the L0 state as well as the other states L1-L3 are 
established periodically as part of a maintenance operation, 
and not in real time as actual data is being read, to reduce 
impact on system performance. This latter approach 
improves performance by eliminating the repetitive overhead 
time associated with processing the tracking cell data. In one 
embodiment, it is invoked on a predetermined read interval 
basis as part of a read/margins checkout, and/or invoked in the 
rare event of read marginality or failure. This gives the ability 
to recover data or restore margins through data rewrite using 
the most optimum read reference conditions via the tracking 
cells. 

0056. In one embodiment, a sector is broken down as 
shown in FIG. 6, to include user data and overheadbytes. The 
overhead bytes include a plurality of reference tracking cells 
for monitoring the condition of one or more cells known to be 
programmed to each of the logical states in the multi-state 
memory. The overhead also includes, if desired, header infor 
mation such as address information, ECC bits, bit and/or 
sector mapping related information, and counts of the number 
of writes to the sector. Referring again to FIG. 5, as the rest of 
the sector's data is read and processed using the compare 
points established based on the referenced tracking cells 
characteristics, a decision is made as to whether the data is 
acceptable or not. If not, gross defect management is invoked, 
such as described in U.S. Pat. No. 5,602,987. On the other 
hand, if the data is acceptable, a decision is made as to 
whether the data is “clean”, i.e. of a sufficiently high quality 
that there no data margin or ECC related problems. If the 
answer is yes, the data is sent out to the host without further 
intervention; conversely if the answer is no (i.e. the data is not 
clean), the necessary error correction or "clean up' step is 
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invoked thereby not only sending the data out to the host but 
also insuring that the corrected data is clean upon Subsequent 
reads. 

Data Quality Assessment and Response 

0057. As described above, one feature derived from this 
invention is the ability to concurrently determine not only the 
data itself but also the “quality” of each data point, or its 
margin, with respect to the above described compare points. 
Even when a bit of data is read correctly, if it gets too close to 
a compare point, it may become unreliable sometime in the 
future, giving erroneous readings due to noise sensitivity, 
additional margin shift, or change in operating conditions 
arising from power Supply or temperature variation. There 
fore, the quality measurement achieved by this invention 
provides a failure look-ahead capability, Something dealt with 
in prior art, using special read-under-margin operations. Such 
prior art read-under-margin operations generally involve 
multiple pass reads, invoked under special conditions or cir 
cumstances, and requiring special circuitry (which may 
include controlled changes to reference? sensing circuitry or 
special cell biasing operation) to establish the needed margin 
differentials. Often, the accuracy or resolution of such differ 
ential means is limited, forcing larger margins than absolutely 
required. In the case of multi-state, this would dictate wider 
memory threshold Voltage windows per state, and conse 
quently wider Voltage separation between states, thereby 
resulting in fewer states available for a given cell's dynamic 
Voltage range, and consequent lower memory Storage density 
per cell. However, with the novel approach of the present 
invention, the margin or "quality of the data is a natural 
byproduct of each read operation, requiring no special modes 
or events to initiate it, and allowing the system to instantly 
react to any detection of marginal data. In essence, the capa 
bility of a “look ahead data recovery' is automatically 
included each read operation. However, instead of such mar 
gining operation being considered a very rare operation for a 
very rare event, in accordance with the present invention, the 
trade-off made in order to achieve high density multi-state is 
to allow a Substantially higher incidence of such marginality, 
with Such marginality being made manageable by providing a 
measure of this marginality as part of the standard read opera 
tion. 

0058. In one embodiment, the specific way such margin 
ality detection is implemented includes, around each of the 
compare values C1, C2, C3, an additional pair of values 
C1+del, C1-del, C2+del, etc., shown in FIG. 4a as “poor 
margin filter, and associated comparators (not shown). Any 
data falling between the compare points C1, C2, C3 and their 
associated +/-del points is tagged as marginal (e.g. if state P2, 
which falls between compare values C2 and C3, is detected to 
be between C2 and C2-delta or C3+delta and C3, it is then 
tagged as marginal). Consequently, each piece of 4-state data 
can have a three bit result, the first two bits, A and B, for the 
actual data and a third bit, Q, for its marginality or "quality” 
(e.g. 0 if OK and 1 if marginal), as depicted in Table 3. 

TABLE 3 

RESULTS NOMARGINALITY PROBLEMS MARGINAL DATA 

A. O O 1 1 O O 11 
B O 1 O 1 O 1 O1 
Q O O O O 1 1 11 
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0059. In one embodiment, the quality of the data includes 
additional information, for example whether the sensed 
parameter (e.g. cell current) is too high or too low with respect 
to the center of that state's population (e.g. for state P2, if 
found between C2-delta and C2 it is too high, whereas if 
between and C3 and C3+delta it is too low). This allows clean 
up reaction conditional on its direction of marginality. For 
example, if a memory cell's marginality is a consequence of 
being shifted towards being too heavily programmed, the 
course of action is to re-erase and program that data as is part 
of a full sector data scrub operation. On the other hand, if a 
memory cell's marginality is such that it is shifted towards 
being too heavily erased, recovery of proper margin for the 
state of the memory cell is accomplished by programming 
only that one memory cell slightly in order to regain its 
needed margin or "quality”. An example of the latter is the 
case of relaxation of trapped channel electrons (which can 
accumulate after a large number of writes to a cell or a group 
of cells) which causes cell margins to drift from a more to a 
less heavily programmed condition. In Such a case, it is Suf 
ficient to add some programming operations to regain cell 
state margins; no sector erase before programming is 
required. 
0060. In one embodiment, a count is stored within each 
sector as part of the sector's header whose function is to be 
incremented each time a corrective action associated with a 
read scrub takes place. Once this count reaches a maximum 
allowed level, CMAX, the corrective action invoked is to map 
out the marginal/failing bits, whereas prior to reaching this 
CMAX value, data is rewritten without such mapping. This 
embodiment preserves the sector longer prior to the entire 
sector being retired from service, by avoiding nuisance mar 
ginalities resulting in excessive bit and sector mapping, while 
filtering out the truly bad bits which should be mapped out. 
Once the CMAX count is reached for a sector and the failing 
marginal bit is mapped out, the counter is reset to Zero and the 
procedure is repeated. 

Multi-State Writing 

0061 Writing the multi-state data is now described with 
reference to the exemplary circuit diagram of FIG. 8 and the 
associated flow chart of FIG.9. With reference to FIG. 8, the 
components located within the dashed line indicate compo 
nents which are replicated for each sector. Following the data 
unconditional sector erase, data is written into that sector on 
a chunk by chunk basis. Starting with the first chunk, the first 
intermediate state, state P1, is placed into the programmed 
state, which is initiated by using a short, low voltage VCG 
pulse (for example approximately 4 usec at 2v control gate 
bias) followed by a verify read against a reference current set 
at the level appropriate for state P1. Forbits within the chunk 
targeted to receive this programming, but which become Suf 
ficiently programmed, an internal circuit locks out further 
programming of those bits, while targeted cells, still insuffi 
ciently programmed, experience the next programming 
pulse, which is of the same width as the first, but has incre 
mentally higher VCG (e.g. 200 mV higher), again followed 
by Verify. This sequence of programming with incrementally 
higher VCG followed be verify continues until all state P1 
cells targeted within the chunk are verified, or until a maxi 
mum VCG is reached (in which case defect management is 
invoked). Then the next intermediate state, state P2, is writ 
ten, in similar fashion to the first intermediate state P1, but 
using the reference current setting associated with that state, 
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and starting with a VCG level appropriate for reliably pro 
gramming that state in the shortest time. This procedure is 
repeated for each state until all states in the chunk are pro 
grammed and Verified, and the whole process repeated on the 
remaining chunks on a chunk by chunk basis. 
0062 An alternative embodiment, depicted in the flow 
chart of FIG. 10, provides an increase in speed. In this 
embodimentall states within a chunk of bits are programmed 
concurrently in a single VCG staircase progression as fol 
lows. The data to be written into the chunk is shifted into the 
corresponding registers (e.g. register 43 of FIG. 8), exactly 
mirroring the readout operation, and the corresponding bit RS 
latch 46 is set enabling its associated bit line driver. Associ 
ated with each physical data state, P0, P1, P2, P3 is its register 
count and corresponding current level. After each program 
ming pulse the reference current staircase is invoked in analo 
gous fashion to the read operation, with the master counter 
concurrently incremented. A comparator circuit associated 
with each register (formed of transfer gate 41 and XOR gate 
42) compares the input data (i.e. count) stored in register 43 to 
that of master counter 44. When a match occurs, the program 
lockout feature upon verify is enabled. Actual lockout only 
occurs when the corresponding cell is sufficiently pro 
grammed to pass read verify with respect to the associated 
reference current setting, (i.e. programmed into the associ 
ated physical state). Once verify is successful, NAND gate 45 
resets RS latch 46, disabling its associated bit line driver 47. 
and resulting in all Subsequent programming of that cell being 
disabled for the remainder of the sector write operation. If 
verify fails, the cell will receive the next VCG incremented 
programming pulse followed again by the Scanned current 
Source/master counter verify procedure. 
0063. Unlike reading, which calls for use of the entire 
current staircase to resolve the state to full analog precision, 
the write/verify operation only needs to use those reference 
current settings and associated counts specific to the set of 
memory states, e.g. specific to states P1, P2, P3 as predefined 
(P0, being the erased state, is excluded and inhibited from 
programming from the outset). This helps speed up the verify 
process by having three settings in the case of 4-states, in 
place of 128 settings exemplified for the read operation of 
FIG. 4a, where 128 settings allows for quality determinations 
to be made. Therefore, as illustrated in the example of FIG. 
10, each verify consists of a three step staircase operation in 
which the first step consists of setting up (e.g. rapidly incre 
menting up to) the first reference current level associated with 
physical state P1, including concurrently setting up the mas 
tercounter (e.g. counting) to the corresponding counter value, 
performing a read/sense operation, and locking out from fur 
ther programming any cells which both match their register 
value to that of the master counter and are read as pro 
grammed (with respect to the corresponding reference cur 
rent setting). Each following step of the three step operation 
consists of setting up (e.g. rapidly counting up to) the next 
data current level and corresponding reference current setting 
and repeating the read/sense operation, identically to the first 
step, until all three steps are completed. 
0064. Note that it may not be necessary to have a full 
match of the 8 bits, only that a sufficient number of MSB 
(most significant, or of highest current weight bits) match. 
This is most applicable when there are much fewer allowed 
states and corresponding cell current targets than resolution 
of the A/D. In this case, as long as the MSB bits uniquely 
differentiate each of the various states (e.g. there are a mini 
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mum of two MSB bits for 4 state and 4 MSB bits for 16 states) 
only those MSB bits are required for the exclusive OR. This 
will save some area associated with exclusive OR circuitry, 
but does restrict somewhat the current assignment flexibility 
for each state. 
0065. This program/3-step verify procedure is repeated, 
with VCG incremented in each Subsequent program step, 
until all cells in the chunk are verified or max VCG level is 
reached, as described previously. This entire operation is then 
repeated for all remaining chunks of the sector, at which point 
sector multi-state date writing is complete. 
0066. A significant advantage of this novel approach is 
that it can be extended to a large number of multi-states (e.g. 
16) without Substantially impacting write performance, other 
than that required for improved resolution (e.g. more and 
Smaller VCG steps, or lower drain programming Voltage 
VPD, to slow down programming rate), and the additional 
time needed to sense/verify each of the additional states. The 
latter, being a read operation, tends to be much faster than 
programming, and therefore should not Substantially impact 
write performance. 
0067. An alternative embodiment which speeds up the 
verify process is depicted in the diagram of FIG. 11. In place 
of the single adjustable reference current source, multiple 
current sources (or parallel tap points of a master current 
Source) are used. In one embodiment, the number of current 
Sources is (n-1), where n is the number of States, since a 
current point is not needed for the fully erased state. A data-in 
register of size K is used for each cell in the chunk, where 
2K=n. The information written into the data register by the 
controller at the start of write is used to select one of the n-1 
current levels during verify, dependent on the particular state. 
Upon verify, all cells of the chunk are compared simulta 
neously to their corresponding particular reference target in a 
single verify operation, locking out further programming, on 
a cell by cell basis, if successful. This allows full verify to 
complete in one parallel operation, as opposed to the multi 
step serial operation in the previously described embodiment, 
Substantially improving verify speed. The cost is the require 
ment of the multi-current Sources, counting and associated 
selection circuitry within each bit of the chunk. As in the 
multi-step embodiment, the requirement of data-in register 
can be served by a portion (e.g. the MSB portion) of the 
existing readout register. The exclusive OR used in the 
embodiment of FIG. 8 is now replaced with straight decoding 
to select the appropriate current source. 

Twin-Cell Relaxation Alarm 

0068 An additional feature of the adaptive multi-state 
discrimination sensing of the present invention is the ability 
to put bounds to extreme states, an upper bound for the 
highest state (e.g. physical state P0) and lower bound for the 
lowest state, assuming that this lowest state is not already in 
cutoff. When the extreme states (as for example reflected 
within a subset of the tracking cells) cross those bounds, the 
data is deemed to be outside the limits of safe detectability vis 
a vis available dynamic range, and sector data either needs to 
be refreshed (rewritten) or the sector mapped out, replacing it 
with a spare sector. However, this does not eliminate the need 
for maintaining a cumulative count of the number of write 
operations experienced (referred to as “hot count') persector, 
since there is no warning at the time of writing that, once 
written, Such excessive shift may occur. Such warning is the 
function of a "hot count ceiling’: to put an upper bound to the 
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amount of cumulative cell wear allowed, forewarning the 
possibility of excess trapped charge and associated margin 
loss due to its Subsequent detrapping, termed relaxation. If 
Such relaxation exceeds a critical value, the resulting com 
mon mode shift of all cells (noting that some form of data 
state rotation is being used to keep wear on all cells within the 
sector uniform) within the sector, typically from less conduc 
tive to more conductive levels, becomes sufficiently large to 
prevent discrimination between the highest two states (fully 
erased State and State just below it); i.e. drift exceeds dynamic 
range of the system. In order to avoid such failure, sectors 
cycled to such high trapping levels must be retired. 
0069. The hot count is an indirect indicator of such trap 
ping, since in addition to the number of cycles experienced, 
cumulative trapping is sensitive to other factors such as duty 
cycle of the write operation, time between writes, operating 
and non-operating temperature exposure, etc.; i.e. history/ 
details. When hot count is used as criteria for mapping out a 
sector, it must assume worst case conditions to insure no 
failure. However in practice, systems using such memories 
rarely, if ever, experience Such worst case history exposure 
under actual application. Therefore, mapping out of a sector 
based on cumulative-hot count is often excessively premature 
for practical applications. 
0070 An alternative embodiment uses a “Twin-Cell trap 
ping gauge included within each sector, whose function is to 
detect directly the amount of channel trapping shift which is 
responsible for the relaxation. This provides a direct measure 
of the amount of wear actually seen by cells in the sector, 
comprehending both cumulative write cycles or hot count and 
history of sector exposure. Only when this cell's shift reaches 
a critical value will the sector be retired, and no hot count 
information is required to make this decision. This allows 
much higher endurance capability in actual system use than 
can be safely provided via hot count because, unlike hot count 
which can only provide a general indication of cumulative 
wear (since it cannot gauge wear directly, only exposure), and 
therefore the hot count must be heavily guardbanded (i.e. 
allowing minimum number of writes to accommodate worst 
case wear), the twin cell's direct measure of wear can mini 
mize the amount of such endurance guardband. 
(0071. One embodiment of a Twin-Cell of the present 
invention is depicted in FIG. 12 and, consists of a cell 600 
having a single floating gate 601 but two separate sensing 
channels, one channel 602 being a read/write channel (R/W), 
the other channel 603 being a read-only (RO) channel. Cell 
600 is designed to match actual memory cells, e.g. by taking 
two adjacent memory cells and tying their floating gates 
together. Programming of cell 600 is performed through the 
read/write channel by raising bit line BL2 to a programming 
Voltage (for example about 7v), and grounding bit line BL1. 
while bit line BL0 is floated (or grounded). In this way, all the 
stress and trapping associated with hot electron programming 
is confined to the read/write channel 602. Using the A/D read 
of read/write channel 602 followed by A/D reading of read 
only channel 603 and finding the difference (e.g. by subtract 
ing) gives a measure of channel trapping (delta). Early in a 
sector's life, with low cycling exposure, this delta is close to 
Zero, while with progressive cycling the difference grows, 
with the read only channel 603 giving higher A/D counts 
(appearing more erased) compared to read/write channel 602. 
0072 The state set and used for useful comparison is, in 
one embodiment, a middle intermediate state, offering both 
the widest range and the average wear of a cell. When the 
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delta exceeds a critical value (e.g. 20 counts in example of 
FIGS. 5a and 5b, corresponding to a cell current shift of 20 
uAmps and 10 uAmps for the four and eight state encoding, 
respectively) the sector is at its limit with respect to wearout/ 
relaxation or other potential read and reliability problems and 
is retired. 
0073. In summary, key points described thus far in this 
specification for Supporting high density multi-state are: 
0074 1. Parallel, full chunk, A/D conversion of multi-state 
data, with adequate resolution to provide analog measure of 
the encoded States; 
0075 2. Master reference cell(s) whose prime function is 
to provide optimum dynamic range for comparator sensing: 
0076 3. Logical to Physical Data scrambling to provide 
both intra-sector wear leveling and increased endurance capa 
bility of about twofold. 
0077. 4. Intra-sector tracking cell groups, one for each 
state, included in each sector to provide optimum compare 
points for the various states, and able to adapt to any common 
mode shifts (e.g. relaxation). It also provides translation of 
data rotation. 
0078 5. Controller incorporating a data processing 
“engine' 
0079 a) to, on-the-fly, find midpoints of each tracking cell 
grOup, 
0080 b) with which to establish data state discrimination 
and marginality filter points, 
I0081 c) through which sector data is passed, giving both 
the encoded memory state, and its quality (marginality), for 
each physical bit, 
I0082 d) optionally, to decide what actions must be taken 
to clean up (Scrub) marginal bit data based on the quality 
information (e.g. do full sector erase and rewrite versus selec 
tive write, only). 
I0083. 6. Optionally to include a small counter on each 
sector which is incremented each time a read Scrub is encoun 
tered. When the count reaches maximum allowed, marginal 
bit(s) are mapped out rather than rewritten and counter is reset 
to 0. This provides a filter for truly “bad” bits. 
I0084 7. Same means are applied in reverse to write multi 
state data back into a sector, using the same circuitry as used 
for read but operated in reverse, to provide self-consistent 
data encoding. In addition, two alternative embodiments for 
performing verification are taught: 
I0085 7a. Using a reference current staircase to sequen 
tially scan through the range of States, conditionally termi 
nating each cell as the current step corresponding to its target 
data is presented to the sensing circuit. 
I0086 7b. Using a full set of N-1 reference currents of the 
N possible states to simultaneously verify and conditionally 
terminate all cells. 
I0087 8. Twin-cell option can be included in each sector to 
provide deltaVt shift level associated with cycling driven 
trapping and channel wearout, triggering sector retirement 
before detrapping shifts exceed read dynamic range or other 
potential read errors. This replaces hot count based sector 
retirement, greatly increasing usable endurance. 

Enhancing Multi-State Speed by Utilizing Column Oriented 
Steering 

I0088 An important goal for multi-state is achieving com 
petitive speed to two-state devices, with respect to both write 
(data programming) and read. The reason that maintaining 
comparably high performance is difficult for multi-state, as 
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compared to binary encoded data, originates from the con 
siderably tighter margin requirements associated with multi 
state encoding (given a limited total memory window bud 
get), coupled with the fact that the information content per 
cell increases only logarithmically for a linearly increasing 
number of multi-state levels (i.e. 2" levels gives only n bits of 
information). So along with margins, performance becomes a 
victim of the diminishing returns associated with increasing 
levels of multi-state. 

0089. In the embodiment discussed above with reference 
to FIG. 10, write performance is heavily impacted by having 
to progressively and carefully go through each state, the pro 
gression requiring a sequential, multiple pulse?check meth 
odology to carefully set the state, although in several embodi 
ments verification speed can be increased, as discussed 
above. For example, to implement 4-state: erase sets up physi 
cal state P0; a first VCG staircase of up to 7pulse/check steps 
sets up physical state P1; followed by a second group of up to 
6 pulse/check steps to set up physical state P2; terminated 
with a last programming step to set up physical state P3; 
giving a total of 14 pulses to write two bits of information, 7 
pulses per bit, in place of the one pulse per bit for writing 
binary. Projecting this to 8 level multi-state, the total number 
of pulses would be more than 30, a further slowdown to more 
than ten pulses per bit. 
0090 Thus far, read performance has not been impacted 
for two reasons. The first is the feature of concurrent multi 
state sensing using multi-leg cell current mirroring to n-1 
sense amps (e.g. three sense amplifiers for 4-state). The sec 
ond is the stream read feature appropriate for mass data Stor 
age, wherein, other than latency, the actual cell read time is 
hidden by the stream read implementation which simulta 
neously shifts out a large chunk (e.g. 256 bits) of previously 
read data while current data is being sensed. 
0091 For more aggressively scaled multi-state implemen 

tations, both of the above features will become inadequate. 
With respect to the first, the use of static current sensing 
becomes increasingly unattractive, both because of increas 
ing IR drops with physical scaling and increased memory 
window requirements while sensing margins decrease, and 
because of the higher power consumption associated with 
high value multiple current levels. A more attractive way to 
sense multi-states is via Voltage margining, which requires 
only minimal cell current (as for example using dynamic type 
sensing), but dictates stepping through the range of control 
gate Voltage margin levels spanning the states (for n States, 
this means a minimum of n-1 steps), an example of which is 
given in the above referenced analog dynamic-type sensing 
embodiment. This impacts the stream read feature however, 
because now the time consumed in actually stepping through 
the various margin levels, followed by sensing, increases 
greatly. When combining this with progressive demand for 
higher-still data rates in mass storage, it will become increas 
ingly difficult to exploit stream read to achieve enhanced 
performance. In addition, write performance can also be sig 
nificantly impacted by internal read speed limitations, since 
read is an integral component in reliably setting the individual 
states (via program/verify loops), as well as for post write 
sector data checking. 
0092. So with more aggressive use of multi-state for scal 
ing, based on the above scenario, performance will continue 
to decline. The above referenced analog sensing embodiment 
improves performance by Supporting a large degree of paral 
lelism. Greater parallelism is one way to retard the decline in 
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performance associated with increasing numbers of cell 
states. However, the use of a virtual ground array (imposing a 
separation between simultaneously addressable cells) plus 
the constraint of a 512 byte sector size granularity, places a 
limit on how far parallelism can pushed. 
0093. The embodiments of this invention described in the 
following section offer a solution to the above performance 
limitations, by Substantially cutting down the number of dis 
crete steps required for both programming and read, while 
preserving the desirable features associated with analog/volt 
age margin sensing taught by the present invention. 
0094 Given that a dominant controlling element allowing 
differentiation between the various multi-state levels is the 
control gate (or equivalently termed steering gate), the key to 
reducing the number of discrete steps used for both read and 
write is to simultaneously apply, to the full group (chunk) of 
cells, control gate Voltage values associated with each cell's 
particular data state requirements, on a cell by cell basis. 
0095. In a row oriented sector, in order for the control gate 
to be individually adjustable for each cell, it cannot run in the 
row line direction, since it then becomes common to all cells 
which are to be simultaneously operated on. Rather, it needs 
to run in the column (bit line) direction, which allows it to 
both be individually adjustable on a cell by cell basis, and 
individually responsive to the sensing result on the associated 
cell bit line. The basic elements of one embodiment of such a 
cell are shown in FIG. 13. Since control gate 71 runs parallel 
to bit lines 72-1 and 72-2, control gate 71 cannot also serve as 
the select line (which is the usual case in EPROM and FLASH 
memories), since unique cell selection along a bit line dictates 
that the select line run perpendicular to the bit line. This forces 
the select line to run in a different layer, which in one embodi 
ment is a poly3 line with the control (Steering gate) being a 
poly2 line and the floating gate built from poly 1. Specific 
exemplary embodiments of cell structures suitable for use in 
conjunction with this aspect of the present invention are 
described later. 

Cell Read Operation 

0096. A cell as in FIG. 13 is read using the control gate in 
an A to D type binary search, as illustrated in the exemplary 
embodiment of FIG. 14, and the flowchart of FIG. 15. Each 
sensing circuit consists of Sense Amplifier (SA) comparator 
81, having one input lead which receives an input signal from 
memory cell 99 via bit line 82-2, and another input lead 
receiving an input signal from a global reference circuit (not 
shown) which provides reference signal Iref. The output of 
comparator 81 is used to update a corresponding n-bit Control 
Gate Register Element (CGRE) 83, the number of bits gov 
erned by required sensing resolution (e.g. if a 1 in 64 resolu 
tion is desired, a six bit register is used). The value stored in 
CGRE 83 is then used to provide the next control gate read 
VCG voltage, via the corresponding Next Step Processor 
(NSP) 84, in a successive approximation scheme. 
0097. Following is an example of the read operation flow, 
as depicted in the flowchart of FIG. 15. CGRE 83 is a 6-bit 
binary register element, with a corresponding dynamic range 
on the control gate (via NSP 84) of Ov to 7.875v in 125 mv 
steps. Read starts with the binary value 100000 (Nold) loaded 
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into the CGRE, giving the midpoint VCG of 4v. The output 
from sense amp 81 is then fed back into control gate register 
83, via Conditional Element 89, according to the relation: 

Nnew=Nold--Output DN 

where (for flowcharting convenience) Output is defined as: 
0098. 1 if Icells=Iref, and 
0099 +1 if Icell-Iref: 
and where DN=010000, giving next CGRE (or VCG) of: 
0100 010000 (or 2v) if Icells=Iref, and 
0101 110000 (or 6v) if Icell-Iref. 
0102. In this way, if cell current is higher than Iref, the next 
VCG will be lower, reducing the cell current. Along with this 
next VCG, the next Nnew=Nold and the next DN=DN/2 are 
generated by Next Step Processor 84. This binary search 
continues five more times (for a total of 6 passes), wherein the 
last CGRE 83 value becomes the digital equivalent of the 
floating gate memory state. If the memory cell uses an 8-level 
(three logical bits/cell) multi-state encoding, this gives three 
bits of resolution between states for state-to-state discrimina 
tion, guardbanding, margining, etc. Data can then be pro 
cessed in ways similar to those described in the afore-refer 
enced Analog Sensing embodiment, the difference here being 
the rapid binary search methodology (as opposed to one-step 
at-a-time sequential search), which for 1 in 64bit resolution 
represents a 10xperformance improvement (six steps in place 
of a possible total of around 64 steps). 
0103) In one embodiment, sensing is extended to a full 
chunk of bits (e.g. 128 bits per chunk), wherein each sensing 
circuit contains its own corresponding SA, CGRE, and NSP 
elements, as is depicted in the embodiment of FIG. 16, in 
which the operation of each sensing circuit is conditional on 
its corresponding memory cell. In this way, the strength of the 
binary search approach is exploited to recover most of the lost 
read performance. For example, comparing the above 
example to a two-state read, assuming that each individual 
step of the binary search takes a comparable amount of time 
as that of the two-state sensing, then the total time expended 
in the multi-state read is equal to 6 binary reads. For 8-state 
encoding, three bits of information are extracted, resulting in 
a read time per logical bit of only twice that of binary state 
reading. Given that margin information is concurrently avail 
able as well (as described above), this offers an excellent level 
ofread performance, consistent with a stream read implemen 
tation. 

Cell Programming Operation Programming Phase Specific 

0104. In certain embodiments, the same elements used for 
reading are also applied to accelerate multi-state program 
ming, again optimized to the targeted memory state on a cell 
by cell basis, as illustrated in the example of FIG. 17. Here, 
the CGRE X83 is initialized with the optimum safe starting 
value for the particular state (this may come from a set of 
updatable parameters stored within the sector). In memory 
cells whose magnitude of programming (e.g. programming 
Vt) increases with increasing VCG, this optimum safe start 
ing point is the highest value of VCG allowable that will not 
cause the memory cell to program excessively, overshooting 
its targeted State (i.e. overshooting its allowed state range). 
Starting at lower values than this optimum value, while safe, 
costs more programming time, because the earlier program 
ming pulses do not provide a Sufficient magnitude of pro 
gramming towards the targeted State, thereby decreasing 
write speed. In one embodiment, a different relationship of 
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VCG with CGRE from that of read is used to satisfy dynamic 
range for programming (e.g. by adding constant Voltage 
Kprog as indicated in the exemplary embodiment of FIG. 17). 
Following each programming pulse, a verify operation is 
performed. In the class of cells described above, if program 
ming margin target is not achieved, the CGRE value is incre 
mented by 1, with a corresponding incremental Voltage 
increase on VCG via NSP element 191 for the next program 
ming step, whereas if margin is reached, further program 
ming on that bit is locked out, by disabling further application 
of programming Voltage on its associated bit line and option 
ally eliminating application of VCG as well. 
0105. In one embodiment, this operation is performed 
simultaneously on all bits within the chunk, each bit starting 
at its optimal VCG, conditional on its corresponding to-be 
programmed data. In this way, programming is completed in 
about six steps, relatively independent to the level of multi 
state (e.g. 4. to 8, or 16 level multi-state cells are, in accor 
dance with this embodiment, programmable in a comparable 
number of pulses), in place of the more than 30 programming 
steps indicated earlier for a fully sequential 8-level multi-state 
programming embodiment. This not only represents a 5x 
write speed improvement, but given that three bits are being 
encoded, this gives an effective number of programming/ 
verify passes of two passes per bit, only twice that of binary 
encoding. Since performance of a full write operation 
includes additional time overhead above and beyond pro 
gram/verify, this Smaller difference in program speed may 
translate, in practice, to only a minor reduction in overall 
write speed as compared to binary encoded writing. 

Cell Programming Operation Verify Phase Specific 

0106 Cell verify can also be made state specific, using the 
same CGRE/NSP engine described above with reference to 
FIG. 17, by loading the targeted verify voltage (i.e. that value 
corresponding to the to-be-programmed data) into its associ 
ate CGRE. In this embodiment, unlike the read operation, for 
which VCG is changed during the read binary search flow, 
during the verify operation the state specific VCG verify 
voltage is kept fixed during the full program/verify flow (i.e. 
NSP for verify remains unchanged). In this way, all cells 
within a chunk are verified simultaneously, with further pro 
gramming locked out, on a cell by cell basis, as each cell 
passes the verify operation. 
0107 This data conditional, high performance verify 
embodiment complements the above described high perfor 
mance, data conditional programming embodiment, offering 
a highly parallel, fast speed methodology for setting a many 
level multi-state memory. In one embodiment, in order to 
better exploit this capability, two different CGRE/NSP cir 
cuits are used, as illustrated in FIG. 18. CGRE/NSP circuit 91 
is used to support programming, and CGRE/NSP 92 is used 
for verify, allowing these two circuits to be multiplexed at 
high speed onto the control gate when changing between 
programming and verify operations. 
0108. Although using the individual, cell by cell VCG 
Supply as in this embodiment, offers an excellent approach to 
Supporting a high level of multi-state at high speed, it puts the 
burden on quickly providing all these VCG Voltages. In one 
embodiment, all the possible Voltage steps are generated and 
available simultaneously on a bus of voltage feed lines. In this 
embodiment, each CGRE value is used to decode which one 
of these feed lines to connect to its corresponding control 
gate. This embodiment is attractive when there arent too 
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many VGC levels to manage. Since in principal only seven 
compare points are needed for discriminating 8 states (and 
only 15 compare points are needed for discriminating 16 
states), this will often be suitable. However, this limits the 
high speed flexibility to dynamically, tune the sense points 
and determine margins. If the need for attaining Such full 
resolution is very rare (as for example when ECC indicates a 
memory state failure or a marginality problem), an alterna 
tive, hybrid embodiment is provided which only demands 
such capability rarely (e.g. on the rare ECC flag). On those 
rare occasions, those compare points are incrementally 
shifted to fully resolve the margins, albeit via a more time 
consuming procedure, because now Voltage values will need 
to be provided which are not included in the limited set of 
supply levels (e.g. 7 to 15 levels) concurrently available. This 
would dictate temporarily generating new Voltage levels, not 
concurrently available, consuming more time, and potentially 
breaking up the concurrent parallel chunk operation into 
operations on individual bits or small groups of bits to feed 
these specialized Voltage levels. 
0109. In the case where a large number of VCG voltage 
possibilities and/or all VCG voltage possibilities are required 
(i.e. full real-time margining capabilities for full dynamic 
range flexibility), one alternative embodiment, similar to the 
embodiment of FIG. 17, expands the CGRE X83 and NSP 
191 elements to include sample-and-hold circuitry for each 
sensing circuit, the complement of which are fed by a com 
mon, single staircase Voltage source. The Voltage delivered by 
each NSP is conditional on its corresponding stored CGRE 
value. Care must be taken in Such an embodiment to ensure 
that the dynamic nature of sample and hold circuitry with its 
potential for drift, and the time requirements for Scanning/ 
sampling the full dynamic Voltage range, do not cause pro 
gramming Voltage Vpg error. The benefit of this embodiment 
is that it incurs less area and power penalties. 
0110. It is desired to simultaneously process each of the 
CGRE data, based on the associated sense amplifier result and 
the previously stored value (as well as the step in progress in 
the case of read), conditional on the operation in progress. 
This is most complex for read, involving the manipulation for 
Successive approximation (basically providing up/down 
counting function, conditional on sensed result and current 
iteration step). For programming and Verify its requirements 
are simpler, complexity coming primarily in initializing each 
of the CGREs to the corresponding data values; once initial 
ized, nothing further is required for the verify, requiring only 
incrementing by one for each Successive programming/verify 
step in the case of programming. Notwithstanding these com 
plexities, required circuit areas and complexity of circuits 
should not differ substantially from approaches which use 
multiple sense amplifiers. The prior art approach uses mul 
tiple sense amplifiers (e.g. requiring up to seven sense ampli 
fiers for 8-level multi-state). In accordance with this embodi 
ment, the multiple sensing circuits and associated current 
mirrors and reference legs are now replaced by one sense 
amplifiercircuit, a couple of registers with associated decoder 
functions, sample and hold circuits, and some glue logic. 
0111. The other major element of complexity is that of 
shifting out and processing the large body of data stored in the 
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chunk-wide CGRE register. One embodiment used is similar 
in this regard to that described in the above-referenced analog 
sensing embodiment. 

EXEMPLARY CELL, EMBODIMENTS 

0112 Firstly, independent of other considerations, a 
memory cell must be competitive with respect to physically 
small size and scalability. Beyond that, however, based on the 
cell requirements described above for a row selectable but 
column steerable element, as represented in the example of 
FIG. 13, the choices are limited. 
0113. Furthermore, in order to realize such a cell/array in 
minimal area, it must incorporate virtual ground architecture, 
and this is not just because of the approximately 50% addi 
tional area associated with using the conventional /2 contact 
per cell array. The joint requirement of bit line and steering 
line running in the same direction, with the bit line having to 
physically run above yet periodically dropping below the 
steering line to contact diffusion, dictates that they run side by 
side rather than be stacked. Whereas this occurs naturally in 
the virtual ground array, wherein active transistors are later 
ally displaced from the bit lines, in the conventionally con 
tacted cell array the active transistors, while displaced from 
the bit line contacts themselves, do lie directly below the bit 
line conductor. For this reason, select/steering functions in 
Such arrays are generally row oriented, eliminating the con 
flict. To do otherwise further increases cell area. 
0114. One memory cell which meets all the above require 
ments is the virtual ground, split gate cell having column 
oriented poly2 steering gates and row oriented poly3 select 
gates. For reference purposes this will be referred to as cell 
embodiment 1. Such a cell can be programmed using either 
conventional drain side programming, or source side pro 
gramming, depending on whether the poly3 select transistor 
is strongly turned on or throttled down, respectively. Erase is 
also row oriented, using poly3 as the erase line, thereby 
achieving the row oriented sector. The Source side program 
ming version of this is described in U.S. Pat. No. 5.313,421, 
assigned to Sandisk Corporation. For reference purposes, this 
version will be referred to as cell embodiment 1a. 
0.115. Another suitable cell is the dual floating gate variant 
of cell embodiment 1a, Such as is described in copending U.S. 
patent application Ser. No. 08/607,951 filed Feb. 28, 1996 and 
assigned to Sandisk Corporation, which offers a true cross 
point cell (4*lambda per physical bit). For reference pur 
poses this version will be referred to as cell embodiment 2. 
However, because of the series nature of the tri-gate structure 
(the two floating gate channels being in series), it is con 
strained to using source side programming, and will be more 
limited in how many levels of multi-state are realizable. Nev 
ertheless its inherently smaller cell size, self-alignment fea 
tures and consequent Scalability make it equally attractive to 
the simpler but somewhat larger cell embodiment 1a. 

Column Pitch/Segmentation Options 

0116. Because of the requirement within each cell to have 
both bit line and steering line (controlgate) running parallel to 
each other (for convenience, their direction henceforth 
defined as vertical), this raises the question of bussing/pitch 
requirements. To achieve a physically minimal cell, this dic 
tates that the lateral extent (horizontal width) of the cell must 
be close to minimum feature pitch (i.e. about 2*lambda), 
forcing the above two lines to fit in that pitch. At the cell level 



US 2008/O1303.64 A1 

this is not a problem, since the steering line and bit lines tend 
to run side by side, and more importantly they are on different 
layers (poly3 and BN+, respectively) eliminating proximity/ 
overlay constraints. However, going from the local to the 
global interconnect level is a challenge. 
0117 For ultra high density Flash memory, one way to 
interface long bit line columns to the memory cell array is via 
column segmentation. This approach uses the continuous 
(vertically) running metal lines as global bit lines, which drop 
down periodically to local diffusions serving memory Sub 
arrays or “segments” (e.g. 16 sectors) via segment select 
Switching transistors. In this way array segments are isolated 
from one another, eliminating the large cumulative parasitics 
of leakage current and capacitance, and providing column 
associated defect and repetitive disturb confinement. This 
also provides opportunity for relaxing the pitch requirement 
of the global bit lines from one per cell to one per two cells, 
depending on the segment selection approach used (e.g. U.S. 
Pat. No. 5,315.541 assigned to Sandisk Corporation). 
0118 With respect to the steering line, first consider the 
cell/array using cell embodiment 1, which requires one steer 
ing line per column of cells. One possibility is to have this be 
a continuous global line, i.e. running continuously (verti 
cally) through the entire memory array. Running through the 
memory cell Sub-array portion poses no obstacles, readily 
fitting within the existing pitch. However, it may run into 
obstacles when trying to cross the segment select portions, 
which bound those sub-arrays. Other issues with this 
approach are the associated large RC time constants (impact 
ing speed of charging and discharging a long, resistive line), 
and the increased array exposure to repetitive disturb. 
0119 For those reasons, segmentation is also desirable for 
the steering function. Consequently, given that at most one 
metal line can be run in the pitch of one cell, both global metal 
bit lines and global steering lines can be shared between pairs 
of cells. Such sharing in the case of a global metal bit line is 
described in the above referenced U.S. Pat. No. 5,315,541. It 
uses a staggered, interlaced segmentation architecture with a 
transfer network driven by four decode lines per segment pair, 
thereby allowing each metal bit line to run in the pitch of two 
cells. 

0120 Similar sharing can also be achieved for the steering 
lines, an example of which is shown in FIG. 19 (and this is 
only one of many possible configurations). In this embodi 
ment, there are four steering transfer lines driving the transfer 
matrix, with one global steering line per two cell columns 
within the segment. When cells are selected, the steering 
transfer network connects the corresponding local steering 
lines to unique global steering lines (e.g. Sk connected via 
SDTI4)). Each selected global steering line is connected in 
turn by the chunk select (i.e. column ory-select) circuitry to 
the CGRE circuitry. 
0121 Those steering lines which are not currently active 
may be floated or held at ground. If grounded, this raises the 
possibility of having a Subset of the local steering lines, asso 
ciated with a subset of cells which are not being operated on 
currently, to be held at ground through appropriate enabling 
of other SDT lines. An example, referring to FIG. 19: Let Sk 
be the selected global steering line, and SDTI4be the selected 
transfer selected line. If it is not desirable to have steering 
potential applied to unselected cells on the selected row, 
SDTI3 should be held at ground. However, both SDTI1 and 
SDTI2 can be turned on allowing the neighboring cells on 
either side of the selected cell to have grounded steering lines. 
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0.122 The reason that it may be undesirable to have unse 
lected cells on selected rows receive high steering potential 
comes primarily during programming, when channels are 
conducting. Even here however, the bias conditions on unse 
lected cells are interchanged vis a vis Source and drain, and 
see lower drain to source potentials, eliminating parasitic 
programming. Given this, in another embodiment, the four 
SDT select lines per segment are replaced with a single SDT 
line, simplifying decoding, and potentially reducing layout 
area (although because of narrow cell pitch, area reduction is 
primarily governed by select transistor and vertical intercon 
nect related dictates). 
I0123 Having floating local steering lines (e.g. in all the 
unselected segments) does raise issues. It is undesirable that 
any of these lines drift to or are left at such a high potential that 
they can promote disturbs. However, with properly designed 
transfer transistors, which remain solidly cut off when unse 
lected, diffusion leakage will maintain floating steering plates 
at ground (i.e. at Substrate potential). In addition, by making 
Sure that all actively driven steering lines are fully discharged 
before isolating them, this will insure that all steering lines are 
close to ground at all times except when actually selected/ 
driven. 
0.124. In addition to disturbs, large voltages on control 
gates of unselected cells results in the potential of introducing 
excessive adjacent cell leakage, impacting proper multi-state 
setting and sensing. However, this is not an issue for the 
above-mentioned cell embodiment 1 implementation when 
Voltage sensing is used, by virtue of their poly3 select func 
tion being independent of the sensing related Steering func 
tion. This allows the select transistor to be throttled down, (i.e. 
biased to a minimal turn-on level Such as ss LAmps), with 
the state-determining conduction occurring when the control 
gate reaches or exceeds the floating gate transistor's turn-on 
(or margin) voltage. This select transistor limited current 
strategy guarantees that, independent of how strongly con 
ducting the floating gate channel may be, parasitic adjacent 
cell leakage problems are completely eliminated. 
0.125. The same strategy can be applied to the dual floating 
gate cell embodiment 2, as illustrated in FIG. 20. In this 
embodiment, the unit memory cell, consisting of two floating 
gate elements and taking up the pitch of 4*lambda, has asso 
ciated with it a single bit line diffusion (the other bounding bit 
line diffusion being associated with the neighboring cell). 
Therefore, global metal bit lines are naturally reduced to one 
line per 4*lambda. This also facilitates laying out the segment 
transistor matrix (e.g. non-interfaced, fully confined segmen 
tation via a one-to-one segment transistor to local BN-- net 
work), and requires only one segment select line per array 
segment. The steering transfer matrix is driven by two trans 
fer lines per segment, coupled with global (metal) steering 
lines laid out in the pitch of one line per 4*lambda. 
0.126 When a transfer line is enabled, it turns on the steer 
ing selection transistors for both of the control gates within a 
cell, for each alternate cell. Each of these two control gates 
within each of the selected cells are driven by a unique global 
steering line, which, as in the above described cell embodi 
ment 1 case, are driven, in turn, by the segment select and 
CGRE circuitry. Also, as in the cell embodiment 1 case, the 
issue of floating local steering lines exists, with similar reso 
lution. 

I0127. With either cell embodiment, in order to fully capi 
talize on speed, it is important to make the chunk size as large 
as possible, maximizing parallelism. Because of the low cell 
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read and programming currents inherent to both cell embodi 
ment 1 and 1a approaches, peak power is not an issue, nor is 
adjacent cell leakage, which becomes insignificant. Conse 
quently, the number offloating gates per chunk which can be 
simultaneously operated on is limited only by segment 
decode restrictions. With the segmentation approach 
described, this allows every fourth floating gate to be 
addressed and operated on, simultaneously, in both cell vari 
antS. 

0128. In the case of cell embodiment 1, every fourth dif 
fusion is brought to drain potential, and there are three cells 
under reversed D/S bias conditions between the drain and the 
next driven ground. Once the first set of cells is completed 
operation proceeds to the neighboring set. After the fourth 
such repetition, the full row is completed. 
0129. In the dual floating gate embodiment 2 case, 
wherein every other cell is selected, the biasing approach is 
different. Two adjacent diffusions are driven to drain potential 
followed by two adjacent diffusions driven to ground, with 
that pattern repeated over and over. In this way global D/S 
bias is applied in mirrored fashion to every other of the 
selected cells, resulting in floating gate of odd selected cells 
being the opposite of the even selected cells. Appropriate 
biases are placed on the global steering lines to satisfy the 
operation of the targeted floating gates. Once done, the bias 
conditions for both global bit/gnd lines and targeted/untar 
geted floating gate steering lines are correspondingly inter 
changed to act on the other floating gate in the selected cells. 
Once finished, similar operation is repeated to the alternate 
set of cells, completing full row programming in 4 passes. 
0130. To give an idea of the power of this approach, in a 
physical row of 1500 floating gate elements, encoded in 
8-state (three bits per cell), 375 physical bits or 1125 logical 
bits are being operated on at one time. Assuming it takes nine 
pulses to complete programming, this gives a programming 
rate of 125 logical bits or about 16 bytes per programming 
pulse, plus similar gains in performance achievable for read. 
Existing two-state based flash products, by way of compari 
son, program around 32 bytes per programming pulse, put 
ting the multi-state approach potentially withina factor of two 
in write speed. 
0131. As described above in this portion of this specifica 

tion, the cell-by-cell column oriented steering approach, real 
izable in the two source side injection cell embodiments 
(standard and dual floating gate embodiments), increases the 
performance of high level multi-state significantly, improv 
ing both its write and read speed. It achieves this by applying, 
in parallel, custom steering conditions needed for the particu 
lar state of each cell. This offers substantial reduction in the 
number of individual programming steps needed for write, 
and permits powerful binary search methodology for read, 
without having to carry out full sequential search operations. 
Improved performance is further bolstered through increased 
chunk size, made possible here via the low current source 
side injection mechanism, which allows every fourth floating 
gate element to be operated on, thereby increasing chunk size. 
Although specific examples of array and segmentation archi 
tectures have been described, there are a wide variety of 
alternate options possible which offer similar capabilities. 
0.132. When combining the above concepts with those pre 
viously proposed A to D type sensing approaches, which 
Support the greatest density of multi-state or “logical Scaling 
within a cell, this offers a powerful approach to achieving cost 
reduced, performance competitive mass storage memories, 
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appropriate to the Gigabit density generation of products. For 
example, by achieving effective programming and read rates 
of about 50% that of two-state operation, this bridges the gap 
between multi-state and two-state performance Substantially, 
so much so that when the remaining overhead is included (i.e. 
those portions not directly related to chunk read or program 
ming/verify steps), performance differences from those of 
two-state can become, for all practical purposes, a non-issue. 
Combining this with the 8 to 16 multi-level (3 to 4 bits) per 
cell capability, translates to realizing competitively perform 
ing ultra-high density mass storage at a fraction of the cost per 
Megabyte (from one half to one third), of equivalent binary 
encoded memory. 
0.133 Cell Erase Operation Erase Distribution Tighten 
ing 
I0134. The independent, bit line oriented steering feature 
described earlier is, in certain embodiments, exploited to 
significantly tighten an initially wide erased cell population 
distribution. In a mass storage memory based on the memory 
cell/array implementations shown in FIGS. 19 and 20, all 
cells in a sector or group of sectors are erased simultaneously, 
by applying a sufficiently high positive bias on the poly3 erase 
electrode relative to the poly2 steering potential. This results 
in electron tunneling from the polyl floating gates to the 
poly3 erase anode(s), as is described in the aforementioned 
copending U.S. patent application Ser. No. 08/607,951. 
0.135 An important feature in this embodiment is the 
capacitive coupling of the combined channel/drain compo 
nent. It is designed to have a relatively low coupling to the 
floating gate as compared to the steering element, thereby 
having only weak impact with respect to the various cell 
operations, including erase. For example, if the channel 
potential during erase is the same as that of poly2 (e.g. both at 
ground), the channel will provide only a slight assist to the 
steering gate in the erasing operation, resulting in a slightly 
stronger erase, while if its potential is more positive than that 
of the steering gate (e.g. the steering gate bias is lowered 
negatively, for example to about -7v, during erase, with the 
poly3 erase level lowered the same amount, while the channel 
potential remains at ground), it will contribute slightly less to 
erase. Nevertheless, once the poly3 is raised to the erasing 
potential, the main contributor to erasing a cell is the steering 
element and its potential. 
0.136 This strong dependence on steering gate potential 
provides a direct means for controlling the degree oferase on 
each cell, individually, in the column oriented Steering 
embodiment. Operation is as follows. At the start of the erase 
operation, all steering lines are biased at their erase enabling 
potential (e.g. -7V), and a selected row to be erased (generally 
this would be one row of a group of rows targeted for erase) is 
pulsed to a sufficiently positive potential (e.g. 5v) to start the 
cell erasing process (removing a portion of the electrons from 
Some or all of the floating gates), but which is insufficient to 
erase any of the cells within that row to the required full erase 
margin. Once pulsing is completed, the row is biased into a 
read-at-erase-margins condition, and each cell is checked to 
see whether it has erased to that margin or not. For any cells 
which have so erased (as will occur after Subsequent erase 
pulses), their corresponding steering lines will thereafter be 
biased into a non-erase-enabling or “lock-out” condition (e.g. 
at OV) for all Subsequent erase pulsing to that row during the 
remainder of that erasing session. This feature can be accom 
plished by flipping latches associated with each of the bit/ 
steering line columns. If one or more cells are still not suffi 
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ciently erased, the erase pulse is repeated, preferably at an 
incrementally higher poly3 Voltage (e.g. 0.5v higher, 
although increasing time is used in an alternative embodi 
ment), again followed by the read-at-erase-margins opera 
tion. 
0.137 This pulse/checking loop is repeated as necessary 

until all cells become sufficiently erased (or until some other 
condition Such as maximum Voltage, pulses, etc. kicks in, at 
which time defect management options are invoked), termi 
nating the erase operation to that row. This procedure is then 
repeated on all the other rows targeted for erase, one row at a 
time, until all rows/sectors so targeted are erased. 
0.138. In this way all cells in a sector or group of sectors are 
both Sufficiently erased, and confined to a targeted, tight erase 
distribution. This capability reduces wear under repeated 
write cycling, thereby increasing endurance. It is especially 
useful in speeding up multi-state programming operations 
following erase, since now time does not have to be expended 
in bringing heavily overerased cells up to that Sufficiently 
erased condition. 

0.139. The drawback of this embodiment is that erasing 
becomes much more time consuming, replacing potentially 
one single erase pulse applied to all rows (or sectors) simul 
taneously, with a series of erase pulse/check operations on a 
row by row basis, since now only a single row can be erased 
at a time. This approach is most practical when the time 
associated with erase is hidden, eliminating its impact on 
write performance. Today there are a number of ways in 
which mass storage systems eliminate erase related perfor 
mance loss, including erase ahead approaches and dynamic 
address mapping via RAM translation tables. In Such sys 
tems, a tight erase distribution at the start of write can mea 
Surably increase write performance, especially with respect 
to multi-state. 

0140. The above discussion assumes that each steering 
line is uniquely associated with one cell. However, because of 
layout pitch constraints, especially when implemented in a 
segmented Steering architecture, several cells may share one 
global steering signal, examples of which are shown in FIGS. 
19 and 20, where each pair of cells are associated with one 
global steering line via steering drive segment transfer select 
transistors. Following are two embodiments utilizing Such 
sharing. 
0141 One embodiment allows the sharing to take place in 
each erase operation, erasing all cells in one row simulta 
neously, as described above. In this case, however, erase 
lock-out on a group of cells (or floating gate transistors in the 
case of dual floating gate cells) sharing a common steering 
line can only be invoked when all cells in that group have 
achieved the required erased state margin. This will result in 
a fraction of the cells becoming overerased as they wait for the 
weakest cell in each group to achieve Sufficient erasure. For 
example, if each sharing group consists of four cells, in gen 
eral three cells will become overerased. FIG. 21 models the 
impact of this sharing approach on a population of 5000 cells, 
the erase voltages of which follow a normal distribution with 
a one-sigma of 0.7V. In the case of two-cell sharing, 50% of 
the cells will have minimal overerase, and the remainder will 
follow a normal distribution with a one-sigma of about 1 v. 
Comparing this to the original distribution (i.e. without any 
lockout) shows that with lock-out much fewer cells are sub 
jected to overerasure, at any level of overerase (i.e. they are 
further up the sigma tail), and the worst case overerase Volt 
age is about 1.3v lower than the original distribution's worst 
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case overerase of about 4.7v. The situation is similar in the 
case of four-cell sharing, with slightly increased levels of 
overerase to those of two-cell sharing. 
0142. A second embodiment takes advantage of the seg 
ment level selection capability, thereby completely avoiding 
the sharing limitation. Referring specifically to the previously 
described embodiments, wherein one global steering line is 
shared by two local steering lines (e.g. FIGS. 19 and 20), the 
present embodiment exploits the segment steering line 
addressing capability to only drive one of the two local steer 
ing lines in each cell pair (or half the row’s worth of cells) 
during each erase operation. The unaddressed cells local 
steering lines are precharged and floated at the non-erase 
enabling Voltage condition (e.g. Ov). Once the addressed half 
row's worth of cells are taken through their erase/verify/ 
lockout operations to completion, the steering address is 
shifted to the other, previously unaddressed cell group half, 
which are then erased to completion, while the first group of 
cells are maintained in the non-erase-enabling condition. 
Although this approach doubles the total erase time compared 
to using a single erase pulse for the entire row, it will have no 
impact to write performance in erase-hidden implementa 
tions, while it does maintain the desirably tight erase distri 
bution. 

0143. In an alternative embodiment, the above controlled 
overerase methodology is used to write the multi-state data, 
with the hot electron programming mechanism relegated to 
the data unconditional preset operation. While optimum write 
bias conditions and disturb prevention would depend on spe 
cific cell and tunneling characteristics, such a tunneling based 
write approach is made possible by the fundamental cell array 
architecture, consisting of the independently controllable col 
umn steering feature, plus the bit-by-bit lock-out capability of 
the above disclosed memory concept relating to FIGS. 19 and 
20. 

0144. A variety of alternative embodiments of this inven 
tion have been taught, which provide improved performance 
and cost efficiency for multi-state memory devices and sys 
tems. The invention now being fully described, it will be 
apparent to one of ordinary skill in the art that many changes 
and modifications can be made thereto without departing 
from the spirit or Scope of the appended claims. 
0145 All publications and patent applications mentioned 
in this specification are herein incorporated by reference to 
the same extent as if each individual publication or patent 
application was specifically and individually indicated to be 
incorporated by reference. 

What is claimed is: 
1. A multi-state memory comprising: 
a plurality of EEPROM memory cells, each for storing one 

of a plurality of multi-states, organized into a plurality of 
Sectors; 

one or more tracking cells for each of said multi-states, 
associated with each of said plurality of sectors; 

read circuitry for reading raw data associated with the 
programmed State of said tracking cells; 

converter circuitry for converting said raw data to digital 
form; and 

a memory controller for establishing desired read points 
for each of a plurality of physical states, based upon said 
raw data converted to digital form read from each said 
tracking cell. 
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2. A multi-state memory comprising: 
a plurality of EEPROM memory cells, each for storing one 

of a plurality of multi-states, organized into a plurality of 
sectors, each sector comprising an array of rows and 
columns; 

cell operating circuitry comprising: 
sense circuitry organized in a column oriented manner; 
steering elements organized in a column oriented man 

ner, and 
Select circuitry organized in a row oriented manner, 
wherein one or more selected cells along a row are 

capable of being read simultaneously; 
a reference source 
Verification circuitry for selected cells for applying to asso 

ciated Steering elements of said selected cells conditions 
corresponding to verification of corresponding write 
state and for receiving read data using said reference 
Source for determining if a selected one of said memory 
cells has been adequately programmed to the conduction 
characteristics associated with a desired programmed 
state; and 

write circuitry organized in a column oriented manner, 
wherein a selected one or more of said memory cells are 

capable of being written simultaneously with associated 
steering elements set to corresponding write states,and 
including termination circuitry for terminating the pro 
gramming of selected memory cells along said row 
being programmed when said verification circuitry indi 
cates said selected memory cells have been adequately 
programmed to thier desired States. 

3. A memory as in claim 2 wherein said reference com 
prises an adjustable reference capable of presenting a plural 
ity of reference values, each associated with one of said 
multi-states. 

4. A memory as in claim 3 wherein said reference com 
prises a stairstep current source. 

5. A memory as in claim 2 wherein said reference com 
prises a plurality of reference values, each associated with 
one of said multi-states. 

6. A memory as in claim 5 wherein each of said reference 
values comprises a current source. 

7. A memory as in claims 3 or 5 wherein said write circuitry 
operates to write a selected set of cells along a selected row, 
independently terminating said programming of each of said 
selected set of cells when said verification circuitry indicates 
that level of programming has been achieved. 

8. A memory as in claim 2 further comprising a memory 
controller for establishing desired read points for each of a 
plurality of physical states, based upon said raw data con 
Verted to digital form read from each said tracking cell. 

9. A memory as in claims 1 or 8 wherein a sector is the 
Smallest erasable unit. 

10. A memory as in claims 1 or 8 wherein said memory 
controller also determines a physical to logical state transla 
tion of each sector. 

11. A memory as in claims 1 or 8 wherein said memory 
controller also determines the quality of data read from each 
cell. 

12. A memory as in claims 1 or 8 wherein said tracking 
cells are read periodically to establish said read compare 
points. 

13. A multi-state memory as in claim 12 wherein said 
tracking cells are read in the event of a failure in order to 
establish said read compare points. 
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14. A memory as in claims 1 or 8 wherein said tracking 
cells are read as part of normal read operations in order to 
reestablish said read compare points. 

15. A memory in claims 1 or 8 wherein said raw data 
comprises memory cell current measurements. 

16. A memory as in claims 1 or 8 wherein said compare 
points are established with an optimum margin established 
based upon the raw data read from said tracking cells. 

17. A memory as in claims 1 or 8 wherein said memory 
controller also established poor margin compare points. 

18. A multi-state memory as in claim 17 wherein said poor 
margin compare points are used to provide a measure of the 
quality of data read from memory cells. 

19. A multi-state memory as in claim 18 wherein said 
memory controller, in response to determining that read data 
has poor margin, causes said data to be rewritten. 

20. A multi-state memory as in claim 19 wherein said 
rewriting of data is performed on a cell basis if the poor 
margin read data requires a cell to be moved to a more pro 
grammed State. 

21. A multi-state memory as in claim 19 wherein said 
rewriting of data is performed on a sector basis if the poor 
margin read data requires a cell to be moved to a less pro 
grammed State. 

22. A multi-state memory as in claim 21 wherein said 
reprogramming is performed by erasing the sector, and then 
reprogramming the sector. 

23. A memory as in claim 19 which further comprises a 
counter for maintaining a count of the number of times data is 
rewritten in response to poor margin and, upon reaching a 
predetermined count, causes selected ones of said memory 
cells to be mapped out rather than rewritten. 

24. A memory as in claim 23 which comprises one such 
counter per sector. 

25. A memory as in claims 1 or 8 wherein said memory 
cells and said memory controller are contained on a single 
integrated circuit. 

26. A memory as in claims 1 or 8 wherein said memory 
cells are contained in one or more integrated circuits, and said 
memory controller is contained on another integrated circuit. 

27. A memory cell comprising: 
a read/write path; 
a read only path; and 
a floating gate common to said read/write and said read 

only paths. 
28. A memory cell as in claim 27 wherein both said read/ 

write and said read only paths are used during reading. 
29. A memory comprising: 
a plurality of EEPROM memory cells organized into a 

plurality of sectors, each sector including at least one 
wear detecting cell comprising: 
a read/write path; 
a read only path; and 
a floating gate common to said read/write and said read 

only paths; and 
control circuitry for detecting the difference in conduction 

characteristics of said read/write and read only paths 
during reading, to measure the amount of wear of said 
wear detecting cell. 

30. A memory as in claim 29 which further comprises: 
replacement sectors for replacing those ones of said sectors 

having associated wear detecting cells which exhibit 
excessive wear. 
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31. A memory as in claim 29 wherein said control circuitry 
causes both said read/write and said read only paths to be 
operated during each reading of a memory cell. 

32. A memory as in claim 29 wherein said control circuitry 
causes both said read/write and said read only paths to be 
periodically operated. 

33. A memory as in claim 32 wherein both said read/write 
and said read only paths are operated based on one or more of 
the following events: data read failure, data read poor mar 
ginality, passage of time, number of read cycles, number of 
write cycles, and number of erase cycles. 

34. A memory as in claim 32 wherein both said read/write 
and said read only paths are operated based on a random 
number generator. 

35. A method of operating a memory which comprises a 
plurality of word lines, and a plurality of EEPROM memory 
cells, each cell uniquely associated with one word line and 
one bit line, each memory cell having a floating gate elec 
trode, a steering electrode, and an erase electrode, said 
method comprising the steps of 

Selecting one or more of said memory cells along a row; 
controlling the magnitude of a steering Voltage appled to 

said steering electrodes of said selected one or more 
memory cells, on a cell by cell basis; 

establishing erase potentials on said selected one or more 
memory cells, thereby removing charge from said float 
ing gates of said selected one or more memory cells, 

wherein the magnitude of electron removal from each 
floating gate is established on a cell by cell basis by the 
magnitude of the steering potential applied to its asso 
ciated steering electrode. 
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36. A method as in claim 35 which further comprises the 
steps of iteratively: 

pulsing said erase potentials; 
determining which cells have been adequately erased; and 
again pulsing said erase potentials for those cells which 

have not been adequately erased and terminating appli 
cation of said erase potentials on cells which have been 
adequately erased. 

37. A method as in claims 35 or 36 wherein said erasure 
serves to write data to said selected memory cells. 

38. A method as in claim 37 wherein said data is repre 
sented by less or equal charge on said floating gates than the 
amount of charge on said floating gates prior to said erasure. 

39. A method as in claim 38 wherein said data comprises 
multi-state data. 

40. A method as in claim 38 wherein establishing said 
amount of charge on said floating gates prior to said erasure is 
accomplished by hot electron programming from a source 
region of said memory cell to said floating gate of said 
memory cell. 

41. A memoth as in claim 35 which further comprises the 
steps of: 

dividing said word line of memory cells into a plurality of 
Subsets of memory cells; 

simultaneously erasing each of said Subsets of memory 
cells; and 

terminating the erasure of each of said Subsets of memory 
cells on a cell by cell basis when all memory cells in a 
given Subset have been adequately erased, regardless of 
whether erasure of others of said subsets of memory 
cells has been completed. 

c c c c c 


