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INTEGRATED CIRCUIT FOR STORAGE AND 
RETRIEVAL OF MULTIPLE DIGITAL BITS PER 

NONVOLATILE MEMORY CELL 

FIELD OF THE INVENTION 

[0001] This invention relates in general to semiconductor 
memories and, in particular, to nonvolatile semiconductor 
memories With the ability to store multiple digital bits per 
memory cell. 

BACKGROUND OF THE INVENTION 

[0002] Nonvolatile semiconductor memories, such as 
EEPROM, EPROM and FLASH integrated circuits, have 
traditionally been used to store a single digital bit per 
memory cell. This has been done by changing the threshold 
voltage (conduction) characteristics of the cell by retaining 
a certain amount of charge on the ?oating gate of the 
memory cell. The threshold voltage range is normally par 
titioned into tWo levels (conducting versus nonconducting) 
to represent the storage of one digital bit per memory cell. 

[0003] A Wide range of charge can be reliably stored on 
the ?oating gate to represent a range of threshold voltages. 
Charge retention on the ?oating gate can be partitioned to 
represent multiple number of threshold voltage ranges and 
the threshold range can be partitioned into multiple ranges to 
represent storage of more than one bit of digital data per 
memory cell. For eXample, four threshold partitions can be 
used to represent storage of tWo digital bits per memory 
location and siXteen partitions to represent storage of four 
digital bits per memory location. Furthermore, the threshold 
voltage range can be partitioned to appropriately ?ner reso 
lution to represent the direct storage of analog information 
per memory cell. 

[0004] The ability to store multiple digital bits per 
memory cell increases the effective storage density per unit 
area and reduces the cost of storage per digital bit. In 
addition to this, in the ?eld of semiconductor. memories, the 
costs of a modern fabrication facility often eXceeds a billion 
dollars. Application of multibit storage per cell techniques to 
eXisting memory fabrication processes and facilities alloWs 
the production of the neXt generation of higher density 
storage devices in the same manufacturing facilities, thereby 
increasing pro?tability and the return on investment. 

[0005] Nonetheless, the problem of operational speed, i.e., 
the reading and Writing operations, have yet to be satisfac 
torily addressed for devices having multiple bits per memory 
cell. Arelated problem is poWer dissipation. As more poWer 
is used to increase operational speeds, poWer consumption is 
also undesirably increased. Still another problem is reliabil 
ity. While charges can be stored in the ?oating gates of 
memory cells for very long periods, erasing and reWriting 
charges causes long term problems as to the certainty of the 
bits stored in a memory cell. And, of course, any integrated 
circuit has problems of space. In an integrated circuit having 
multiple bits per cell, additional circuits must be added to 
handle the neW requirements. This partially negates the 
advantages of the increased bits per memory cell. 

[0006] The present invention solves or substantially miti 
gates these problems. The present invention speeds up the 
reading and Writing operations of multibit memory cells. 
PoWer dissipation is loWered for reading operations. The 
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present invention also permits the reliable determination of 
the bits in the memory cells over the long term and also 
conserves space on the integrated circuit. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides for an integrated 
circuit having an array of memory cells, each memory cell 
storing multiple bits of information, and at least one data 
terminal. The integrated circuit also has a plurality of latches 
connected to the array of memory cells With the latches 
organiZed into a ?rst bank and a second bank. For reading 
and Writing operations from and into the memory cell array, 
the latches and memory cell array are controlled so the ?rst 
bank is coupled to the array of memory cells While the 
second bank is coupled to the data terminal. Alternately the 
second bank to the array of memory cells While ?rst bank is 
coupled to said one data terminal. This alternate coupling 
permits data to be simultaneously transferred betWeen one 
bank of latches and the array of memory cells and trans 
ferred betWeen another bank of latches and the data terminal 
for faster read and Write operations. 

[0008] To loWer poWer dissipation, the memory cells of 
the array are read by voltage-mode operation. Furthermore, 
during Writing operations, a voltage corresponding to the 
amount of charge stored in the selected memory cell is 
compared to a reference voltage to determine Whether high 
voltage programming of the memory cell should continue. 
Programming of the memory cells is terminated When the 
corresponding voltage matches the reference voltages. 

[0009] For reading operations, the voltage corresponding 
to the amount of charge stored in a selected memory cell is 
compared to an sequence of reference voltages in a binary 
search pattern to determine the plurality of bits stored in the 
memory cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a block diagram illustrating the major 
circuit blocks implemented on a single integrated circuit 
chip according to the present invention; 

[0011] FIG. 2 A shoWs a circuit generally illustrating 
current-mode reading of the memory cells in FIG. 1; like 
Wise, 

[0012] FIG. 2B shoWs a circuit generally illustrating 
voltage-mode reading of the memory cells in FIG. 1; 

[0013] FIG. 3 shoWs the organiZation of the reference 
cells and array cells Within a block and the connection of the 
threshold partition voltage reference generation blocks to 
their respective arrays; 

[0014] FIG. 4 is a block diagram of the multilevel dual 
mode shift registers in FIG. 1; 

[0015] FIG. 5 illustrates the general organiZation of tWo 
Y-drivers in FIG. 1; 

[0016] FIG. 6 shoWs details of the multilevel dual shift 
registers in FIG. 4 and circuitry that alloW the dual shift 
registers to be used both during Writing and reading opera 
tions; 

[0017] FIG. 7 illustrates the reference multiplexer circuit 
in FIG. 5 for each Y-driver; 
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[0018] FIG. 8A shows the circuit details of the voltage 
comparator, the latch, the program and read control block 
and the high voltage sWitch, Which are common to each 
Y-driver; FIG. 8B shoWs the circuit level detail of the 
voltage comparator, the latch, the program and read control 
block and the high voltage sWitch and the read mode path for 
the reference Y-drivers With additional circuitry Which alloW 
all reference cells in a block to be read in parallel; and FIG. 
8C shoWs the details of the Y-multipleXer circuit of a 
reference Y-driver and Y-multipleXers; 

[0019] FIG. 9A shoWs details of the Y-multipleXer com 
mon to all Y-drivers, the X-Decoder block, the X-multi 
pleXer common to each X-decoder and memory cells com 
mon to one Y-driver and one X-decoder With connections to 
the reference Y-multipleXer and reference cell array; and 
FIG. 9B shoWs the circuit of a single transistor memory cell 
according to one embodiment of the present invention; 

[0020] FIG. 10 is a scale from 0 Volts to VmaX Volts of the 
various program threshold partition voltages for the refer 
ence memory cells and the data storage memory cells; 

[0021] FIG. 11 details the threshold partition voltage 
reference generation blocks; and 

[0022] FIG. 12A represents the tree decoding in the 
binary search algorithm in a read operation to determine the 
digital bits stored a selected memory cell; and FIG. 12B is 
a How chart for the binary search algorithm for a read 
operation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0023] It should be noted that the draWings have the 
elements With same reference numeral. This emphasiZes the 
similar structure or operation of the elements. Furthermore, 
the symbol for a MOS transistor has been someWhat modi 
?ed to a straight line representing the source and drain of the 
transistor and a short line parallel to the source/drain line to 
represent the gate of the transistor. 

[0024] General Description of the Integrated Circuit 

[0025] The major blocks of a preferred embodiment of the 
present invention are shoWn in FIG. 1. A nonvolatile 
memory array 1 and a reference memory array 2 has 
memory cells connected in a tWo dimensional array of roWs 
and columns. The memory cells can be any of the existing 
device architectures, such as, for eXample, EPROM, 
EEPROM, FLASH, or eXisting cell structures, such as single 
transistor, tWo transistor, split-gate, NAND, AND, and 
DINOR cell structures, or ground array architecture, includ 
ing standard and virtual ground, knoWn in prior art. Depend 
ing on Which device architecture, cell structure or ground 
array architecture, is chosen, speci?c programming, erase 
and read algorithms can be easily developed, including the 
speci?c voltages required at each of the electrical terminals 
of the cell to facilitate the storage of more than one digital 
bit per nonvolatile memory cell. A cell can hold more than 
one nonvolatile device, for example, a NAND, DINOR or 
AND cell structure, already knoWn in prior art. The speci?cs 
of the device, array architecture or cell structure and algo 
rithms are not part of the present invention. 

[0026] Each of the memory arrays 1 and 2 are further 
organiZed into blocks, having single or multiple roWs. Each 
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block consists of all of the columns or part of the columns 
of the arrays 1 and 2. In FIG. 1 a memory block is shoWn 
With all the columns in a single roW. Each memory block 
consists of the cells from the reference array 2 and the cells 
from the memory array 1. 

[0027] An error correction array 3 has nonvolatile memory 
cells similar to those used in the memory 1 and the reference 
array 2. In one embodiment, the error correction array 3 
contains additional coding information required for an on 
chip Error Correcting Code (ECC) mechanism, as is knoWn 
in prior art for ECC implementation. In another embodi 
ment, the error correction array 3 contains the full address of 
defective cells Which should be avoided during a Write or a 
read operation. The siZe of the error correction array 3 
depends on the maXimum number of defective cells Which 
may be corrected. During a production veri?cation phase, 
the memory array 1 is tested to identify any defective cells. 
The address of these defective cells are programmed into the 
error correction array 3 before the chip is shipped from the 
factory. The error correction array 3 may be programmed 
using more than one bit per memory cell or may be pro 
grammed using a single bit per cell. If ECC correction is 
implemented, the error correction array 3 is automatically 
loaded With coding bits With on-chip ECC circuitry. An error 
correction control and logic block 16 contains all the nec 
essary addressing, decoding and sequencing circuitry nec 
essary to implement either one of the error corrections 
embodiments mentioned above. 

[0028] A memory management array 4 contains address 
information for the blocks that are available for further 
Writing at a certain time and also physical address informa 
tion for blocks during sequential Writing or reading of 
multiple blocks Which are not necessarily physically con 
tiguous in the memory array but are logically contiguous. 
Memory management of the array improves the long term 
reliability of the product and also alloWs for more ef?cient 
use of the memory in environments Where serial data of 
variable length are frequently erased and reWritten. In such 
operations, only the beginning and ending block addresses 
are provided and the data is accessed through clocking. 
Instead of providing the ending block address, a stop signal 
can also be used to signify the end of the variable block 
serial data. The mode is called the “serial Write and read 
access” mode and is generally used for digital audio record 
and playback systems, and also for semiconductor memory 
systems Which replace mechanical disks. The serial Write 
and read access mode With error correction and memory 
management alloWs the present invention to substitute inte 
grated circuit memory for digital audio record and playback 
systems and also for general digital data storage systems. A 
memory management logic block 24 contains the necessary 
sequencing circuitry to perform the memory management 
function in conjunction With the memory management array 
4. The data in the memory management array 4 may be 
simply a single bit per memory cell or more than one digital 
bit per cell as in the arrays 1 and 2. 

[0029] A redundancy block 5 has additional blocks of 
memory cells that can be used to repair Whole blocks of cells 
Which cannot be used. This sort of block redundancy is 
knoWn to designers of memory integrated circuits. The 
number of blocks in the redundancy block 5 de?nes the 
maXimum number of blocks that can be repaired either 



US 2002/0101778 A1 

during the production veri?cation phase or in the ?eld 
during an embedded repair phase. 

[0030] Addressing of the memory cells of the array 1 is 
provided by an address decoder 13 Which is coupled to a 
serial interface block 14 Which is connected to the external 
World. The decoded addresses are passed to a Y-counter 
block 12 and an X-counter block 11 from the decoder 13. 
The output from the Y-counter block 12 is passed to a 
Y-multiplexer block 8 Which selects the desired block of 
memory cells in the array 1. The output of the X-counter 
block 11 is decoded in the X-decoder block 7 and the 
X-multiplexer block 6, to select the desired roW in the 
selected block in the memory array 1. 

[0031] The address decode block 13 generates the starting 
address of a selected roW. The decoded address is set into the 
X-counter 11 and Y-counter 12 at the beginning of each neW 
access operation of a certain length of data stream. After the 
starting address is provided, data is serially accessed by a 
clock input to the chip. The serial interface block 14 contains 
the circuitry required to perform the appropriate serial 
protocol With other external chips. The serial protocol can be 
any of the industry standard serial protocols or a proprietary 
protocol. Generic serial interface signals are shoWn in FIG. 
1 going in and out of the serial interface block 14. 

[0032] The X-counter block 11 contains digital counters 
Which increment their count by a clock signal YOUT, the 
output of the Y-counter block 12, on a line 27. The Y-counter 
block 12 is clocked by a signal CLCK on an input line 28 
and generates a clock signal SHFT CLK on a line 29 to the 
various sections of the Y-drivers. The Y-counter block 12, in 
turn, provides the clock signal YOUT on the line 27 to the 
X-counter block 11. 

[0033] The X-multiplexer block 6 provides the output of 
one X-decoder stage in an X-decoder block 7 on a selective 
basis to multiple roWs of the array. This accommodates the 
circuitry of an X-decoder Without letting the aspect ratio of 
the integrated circuit layout of the X-decoder from becom 
ing inordinately large. X-multiplexers and their use are 
knoWn in the prior art. The X-decoder block 7 contains the 
X-decoders Which are used to select the roWs of the memory 
array 1 and 2. Details about the X-decoder block 7 and the 
X-multiplexer block 6 are provided beloW and are also 
shoWn in FIG. 9A. The Y-multiplexer block 8, similar to the 
X-multiplexer block 6, selects the output of one o f the 
Y-drivers, described in more detail beloW, and provides it on 
a selective basis to any one of a number of columns of the 
memory array. This is again done to ?t the pitch of the 
Y-drivers and the memory array in the column direction. 

[0034] A read-Write circuit block 9 contains the necessary 
circuitry to perform high-voltage Write and loW-voltage read 
operations of data to and from the array 1. Details about the 
read-Write block 9 are provided beloW. 

[0035] A multilevel dual-shift register block 10 Which has 
serially connected latches lies betWeen the data input and 
output terminals and the memory array 1 and 2. Data to be 
Written into the memory array 1 is moved serially through a 
DATA IN 25 line to the block 10 to the memory array 1. Data 
to be read from the memory array 1 is moved from the 
memory array 1 to the block 10 and then transferred serially 
from the block 10 through a DATA OUT 26 line. A detailed 
description is provided beloW. A system control logic block 
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15 contains the necessary control and sequencing circuitry to 
alloW proper system operation. Atest mode control and logic 
17 block contains circuitry that alloW full functional testing 
of the chip. Through the use of test modes, the chip is 
recon?gured into various alternative test con?gurations that 
alloW faster and more efficient veri?cation of the chip. These 
test modes are normally accessed in the veri?cation phase at 
the factory but certain test modes may also be accessed in 
the ?eld, such as for array repair test modes using the 
redundancy block 5. 

[0036] A program/erase/read algorithm block 18 provides 
all the control and sequencing signals to perform the intel 
ligent programming, erasing and reading of digital data from 
the memory array 1. 

[0037] An oscillator block 19 generates clock signals for 
the high voltage generation and also provides clock signals 
for the program/erase/read algorithm block 18 and also for 
other system clocking and synchroniZation purposes. Alter 
natively, if the oscillator block 19 is not placed on-chip, then 
its output signals must be supplied externally to the inte 
grated circuit. 

[0038] A charge pump 20 block generates high voltages 
on-chip. A high voltage shaping and control block 21 
receives the output signal of the charge pump block 20 and 
properly shapes the high voltage pulses With predetermined 
rise and fall times. High voltage pulse shaping is critical for 
long term reliability of the operation of the integrated circuit. 
High voltages shaped pulses can also be provided externally. 
Or unshaped high voltage can provided from an external 
source, Which can be then be pulse shaped With the proper 
rise and fall times With on-chip circuitry. 

[0039] A nonvolatile scratch pad memory and registers 
block 22 has memory cells similar to those in the nonvolatile 
memory array 1. These memory cells are suitably organiZed 
and are normally used for external system house keeping 
and feature requirements. In an audio record and playback 
system, for example, the nonvolatile scratch pad memory 
and registers block 22 contains the information for the 
number of messages and the time at Which these messages 
Were recorded. Data in the scratch pad memory and registers 
can be stored as single or multibit per memory cell. 

[0040] An on-chip bandgap reference block 23 generates 
the necessary analog voltage and current references required 
for operation of the integrated circuit. These voltage and 
current references are used to provide reference voltages and 
currents Which are compensated for temperature and poWer 
supply variations. System performance is stabiliZed over 
Wide temperature and poWer supply ranges. 

[0041] General Reading Operation of a Memory Cell 

[0042] Heretofore, current-mode operation is typically 
discussed for the reading of multiple bits per memory cell. 
Current-mode reading has an advantage of fast access times. 
FIG. 2A illustrates the general circuit arrangements for 
reading in the current-mode, using a single transistor 
memory cell. This general topology is applicable to other 
cell structures too. 

[0043] A nonvolatile memory cell 30 is typically con 
nected in an inverter mode. The voltage Vs at the source 31 
of the transistor, Which forms the cell 30, is connected to 
ground. The control gate 36 of the memory cell 30 is 
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connected to a suitable voltage, Vg, or switched to the power 
source voltage. The drain of the memory cell 30, Which also 
forms part of a column line 32 of the memory array of Which 
the memory cell 30 is a part, normally is connected to a 
current sense ampli?er 33. The nonvolatile memory cell 30 
is connected to the column line 32 through some selection 
circuitry (not shoWn here for simplicity’s sake). The current 
sense ampli?er 33 typically is also connected to a reference 
current input line 34 for comparison purposes. The result of 
the comparison betWeen the column line 32 current through 
the nonvolatile memory cell 30 and the reference current 
line 34 is generated as a logic level at the logic output line 
35. 

[0044] For a single bit per cell, the simple absence or 
presence of current through the memory cell 30 is deter 
mined. For multibits per memory cell, the amount of current 
passing through the cell 35 is compared against a set number 
of currents by changing the reference current at the input line 
34. The signal at the logic output 35 is then decoded to 
determine the stored bits. For example, US. Pat. No. 5,172, 
338 by Mehrotra et al. teaches multibit reading schemes 
using current-mode reading and also shoWs various alterna 
tive embodiments. HoWever, While current-mode reading 
could be used in the present invention, reading of memory 
cells in the voltage-mode is preferred. This loWers poWer 
consumption compared to the current-mode technique and 
renders the multibit per cell memory integrated circuit more 
appropriate for loW poWer, relatively sloWer access appli 
cations, such as audio record and playback systems, and 
mechanical magnetic disk replacement systems. 

[0045] In voltage-mode reading, the nonvolatile memory 
cell 30 is connected in the source folloWer mode, as illus 
trated in FIG. 2B, using a single transistor memory cell. The 
general voltage-mode topology is also applicable to other 
cell structures. The source 31 of the transistor forming the 
cell 30 is connected to a regulated supply at voltage Vs from 
a stable voltage reference, such as a bandgap reference. The 
control gate 36 is also connected to the same supply voltage 
as the source 31 or a voltage that is high enough to alloW the 
accurate reading of the highest expected voltage Vd at the 
drain of the cell 30. A stable ?xed bias current circuit 37 is 
connected betWeen ground and the transistor’s drain, Which 
also forms part of the column, line 32 of the memory array, 
as in FIG. 2A. The amount of ?xed bias current is small, in 
the range of 0.5 microampere to 5.0 microampre. This small 
current prevents undue cumulative trapping of electrons 
during multiple read cycles, thereby preventing false read 
ings of the memory cell 30. The voltage at the drain, Which 
is also connected to the column line 32 through selection 
circuitry (not shoWn here), is equal to Vg-Vgd, Where Vgd 
is the gate-to-drain voltage of the memory cell 30 required 
to source the current draWn by the bias current circuit 37. 
The drain of the transistor, part of the column line 32, is 
connected to an input terminal of a voltage sense ampli?er 
38. The voltage sense ampli?er 38 also has a reference 
voltage input line 39 and a logic out put line 40. Voltages at 
the transistor drain, the column line 32, and the reference 
voltage line 39 are compared and the resulting logic output 
signals are provided at the logic output line 40. The current 
required for reading in the voltage-mode is much less than 
for the current-mode. Thus reading in the voltage-mode has 
loWer poWer dissipation. 
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[0046] The voltage read out at the line 32 depends on the 
amount of negative charge (electrons) on the ?oating gate 36 
of the non-volatile memory cell 30. Alarge amount of charge 
on the ?oating gate increases the threshold voltage of the cell 
30. The higher threshold voltage increases the gate-to-drain 
voltage Vgd of the cell 30. The voltage at the line 32 is then 
loWer With respect to ground. Conversely, When the amount 
of charge in the ?oating gate is loW; the threshold voltage of 
the cell 30 is loWered and the Vgd is decreased. The voltage 
at the line 32 is then higher With respect to ground. By 
controlling the amount of charge on the ?oating gate, 
suitable read back voltages are generated at the line 32. The 
process of injecting negative charge (electrons) into the 
?oating gate is referred to as “erasing” and the process of 
removing charge from ?oating gate is referred to as “pro 
gramming” the ?oating gate or memory cell. 

[0047] During a multibit reading from a single memory 
cell, the voltage at the transistor’s drain is compared to 
various voltages at the reference voltage line 39. The logic 
output at the line 40 is then decoded to provide the appro 
priate bits. With the source folloWer connection of the 
memory cell 30, data access is sloWed because the Whole 
column line 32 must be pulled up through the small memory 
cell. For certain applications, this sloWer access rate is 
acceptable. As described beloW,the multilevel dual shift 
registers effectively improve the read access times. 

[0048] OrganiZation of the Memory Arrays 

[0049] FIG. 3 illustrates the organiZation of the nonvola 
tile memory array 1 and the nonvolatile reference array 2. 
The memory cells in the reference memory-array 2 are used 
to generate the comparison reference voltages for a voltage 
sense ampli?er to determine the bits stored in the memory 
cells selected in the array 1. In the preferred embodiment 
described here, four bits are stored per memory cell of each 
array 1 and 2. As mentioned previously, each block in the 
preferred embodiment consists of a roW. Each roW consists 
of reference memory cells and array memory cells. All the 
cells in a roW are erased simultaneously, and depending on 
the Y-multiplexer multiplexing scheme only part of the roW 
is programmed and read from simultaneously. Since four 
bits are stored per memory cell, there are sixteen reference 
memory cells per roW. In this embodiment, each Y-driver 
drives eight memory cells so there are tWo Y-drivers 42 for 
a roW of sixteen cells in the reference array 2. These 
Y-drivers 42 are labeled REFY-DRIVERs. In FIG. 3 only 
three Y-drivers 41 for the memory array 1 are illustrated. 
There are M Y-drivers 41. The three memory array Y-drivers 
shoWn are labeled Y-DRIVERO to Y-DRIVER2. A reference 
threshold partition voltage generation block 44, part of the 
bandgap reference block 23 of FIG. 1, drives sixteen 
reference lines, each With one of the reference voltages 
REFBO-REFB15, into the REFY-DRIVERS 42 and an array 
threshold partition voltage generation block 43, also part of 
the block 23 of FIG. 1, drives the sixteen reference lines, 
each With one of the reference voltages REFAO-REFA15, 
into the array Y-drivers 41. The voltage relationships 
betWeen the REFAO-15 and REFBO-15 signals is shoWn in 
FIG. 10. 

[0050] During a Writing operation, a WRITE signal on 
WR line 46 is high, Which turns on a set of N-channel 
transistors 45 (outlined by a dashed rectangle). The sixteen 
REFA015 reference voltages of the block 43 are passed to 
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the Y-driver reference voltage lines, RFL015. These refer 
ence level voltages, REFAO-REFA15, from the block 43 are 
selectively programmed into the memory array 1 cells. 
Likewise, the reference voltages, REFBO-REFB15, from the 
block 44 are selectively programmed into the reference cells 
of the array 2. 

[0051] During a reading operation, the WRITE signal on 
the WR line 46 is driven loW to turn off the transistors 45. 
Instead, a set of transistors 47 (also outlined by a dashed 
rectangle) are turned on to pass the reference REFBO-15 
output voltages stored in the reference cells of the array 2 to 
the Y-driver 41 reference voltage lines, RFL015. The 
REFBO-REFB15 voltages stored and read back from the 
cells of the reference array 2 are used as reference voltages 
to ascertain the digital bits stored in the cells of the memory 
array 1 through a binary search technique described beloW. 
The use of reference cells per block, or roW as in the 
preferred embodiment, cancels poWer supply and tempera 
ture variations by placing such variations in the common 
mode. The memory cells in both array 1 and 2 are subject to 
the same variations. The reference cells in array 2 are also 
subject to the same number of program and erase cycles as 
that of the memory cells in the array 1, thereby placing the 
long term aging effects of the cells in a block or roW in the 
common mode. This reference mechanism has the advan 
tage of loWer current read back mode and alloWs for longer 
and better long term reliability and accurate read back of 
digital bits, compared to previously described techniques. 
The on-chip threshold voltage generation (temperature and 
poWer supply compensated) blocks 44 and 43 also create 
higher reliability compared to prior efforts in this ?eld. The 
blocks 44 and 43 do not use nonvolatile memory cells to 
generate threshold partition voltages, but rather depend on 
much more reliable and stable components, such as resistors, 
operational ampli?ers and bandgap voltage sources. Thus 
the present invention has improved long term reliability and 
accuracy, and stability over temperature and poWer supply 
variations. 

[0052] In another embodiment of the present invention, 
the cells of the reference array 2 are ?rst programmed. Then 
the output of the programmed reference cells from the array 
2 are used to selectively program the cells of the memory 
array 1, With an offset to place the programmed levels 
midWay betWeen the programmed reference levels, as indi 
cated in FIG. 10. This method does not require the block 43 
but requires additional time to program the reference cells 
?rst. 

[0053] Dual Shift Registers for Data 

[0054] FIG. 4 is a block level representation of the mul 
tilevel dual shift registers block 10, shoWn in FIG. 1 and part 
of each of the Y-drivers 41 of FIG. 3. The multilevel dual 
shift register block 10 has latches Which are organiZed into 
tWo banks, A and B. Each bank of latches is connected 
serially to form a large shift register. Each bank has four 
latches for each Y-driver 41. In FIG. 5, for each Y-driver 41, 
during a Writing operation the data enters serially through 
the dual shift registers of block 10 and during reading 
operations the data eXits serially through the dual shift 
registers of block 10. The data information travels from top 
to bottom Within each Y-driver 41 during Writing operations 
and from bottom to top during reading operations. In gen 
eral, signals common to all Y-drivers 41 travel horiZontally. 
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[0055] Of course, the depth of the Y-driver latches 
depends on the number of bits stored in one memory cell. In 
the preferred embodiment four bits are stored in each cell. 
Therefore, four latches eXist per each Y-driver 41. For 
eXample, in FIG. 4, the Y-driver 0 has four serially con 
nected latches 60-63 and the Y-driver 1 has four latches 
65-67. Continuing further, Y-driver M-1 has the last four 
latches connected serially. M is the number of Y-drivers and 
therefore, the total number of latches is 4><M. It is important 
to note that all the latches are connected across all of the 
Y-drivers 41 of a bank in a long serial link to form a shift 
register. True and complementary outputs of every latch are 
parallel, as described beloW With respect to FIG. 6. 

[0056] The tWo shift registers, bank A and bank B, are 
connected through transmission sWitches 145 and 146 to the 
DATA IN line 25 and DATA OUT line 26, respectively. 
When a REGSEL control line 147 is high, the DATA IN line 
25 and the DATA OUT line 26 are connected to the bank A 
shift register through the sWitches 145. When the REGSEL 
line 147 is loW, the DATA IN line 25 and the DATA OUT line 
26 are connected to the bank B shift register through the 
sWitches 146. The SHFT CLK signal on the line 29 clocks 
the shift registers. With every cycle of the SHFT CLK 
signal, the data bits move to the neXt latch. For eXample, the 
bit in latch 60 moves to latch 61 and the bit previously in 
latch 61 moves on to latch 62 and so on. In the normal 
operation of the dual shift registers, one bank alWays oper 
ates in the serial mode and the other bank in the parallel 
mode. The bank Which is in the serial mode, receives data 
from, or reads data out of, the data terminals connected to 
the DATA IN and DATA OUT lines 25 and 26 serially. At the 
same time, the other bank in the parallel mode receives data 
from, or loads data into, the memory cells of the array 1 in 
parallel. As the bank in the serial mode completes its serial 
operations on the data, the other bank simultaneously com 
pletes its parallel operations With the data to and from the 
array 1. Thereafter, the serial bank is sWitched to the parallel 
mode and the parallel bank is sWitched to the serial mode by 
changing the state of the REGSEL line 47. This synchronous 
sWitching from serial to parallel and vice versa occurs 
continuously during Writing into and reading from the 
memory array 1. Since there are M Y-drivers, M memory 
cells are Written in parallel. Since four bits are Written per 
cell, a total of 4><M bits are Written in parallel. This essen 
tially provides a 4><M faster Write rate compared to a single 
bit operation. Similarly, 4><M bits are read in parallel and 
then shifted out providing 4><M faster read rates. In fact, the 
read rate can be performed even faster by clocking the shift 
registers at a higher clock rate. The maXimum clock rate is 
limited by the time required for the parallel data to be loaded 
into the latches for a serial shifting operations. Hence, as 
described above, the multilevel dual shift registers block 10 
alloWs for faster read and Write access times of the memory 
cell array 1. 

[0057] The sWitching betWeen bank A and bank B during 
both reading and Writing operations can also be non-syn 
chronous. For eXample, during Writing operations, if the 
latches of the bank in the serial mode are loaded before the 
latches of the other bank in the parallel mode can program 
the memory cells With multiple bits, then the sWitch of serial 
and parallel modes betWeen the tWo shift registers must Wait 
until for the bank in the parallel mode part completes its 
programming operation. Conversely, if the parallel mode 
programming operation is completed before the serial opera 
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tions of the ?rst bank are completed, then the parallel mode 
bank must Wait until the serial mode bank is loaded With 
data. The same is true for read operations. Thus both 
synchronous and non synchronous operations of the dual 
shift register operation are possible through the implemen 
tation of the appropriate circuitry in the system control logic 
block 15 (shoWn in FIG. 1). Details of the latches 60-63 of 
the Y-driver0 and latches 64-67 of the Y-driver1 are shoWn 
in FIG. 6. 

[0058] Data BetWeen Dual Shift Registers and Memory 
Array 

[0059] FIG. 5 illustrates the organiZation of the Y-drivers 
41 With the multilevel dual shift registers block 10, the 
read-Write block 9 and the Y-multipleXer block 8. The 
individual Y-drivers 41 are each the same in terms of 
operations and circuit detail. Only Y-driver 0 and Y-driver 1 
are shoWn. The other Y-drivers up to Y-driver M-1 are 
represented by dashed lines. 

[0060] FIG. 7A illustrates the circuit details of a reference 
multiplexer 50 of each read-Write block 9 in a Y-driver 9. 
The true and complementary output signals of each of the 
latches Within a Y-driver 41 are passed to a reference 
multiplexer 50. Depending on the particular bits in the four 
latches Within a Y-driver 41 (in this case, Y-driver 0), the 
reference multiplexer 50 connects one of the reference 
voltage lines, RFLO-RFL15, to the RFLOUT output terminal 
of the multiplexer 50. signals on the lines 60A, 61A, 62A, 
63A and 60B, 61B, 62B, 63B carry the true and comple 
mentary output signals, AA, AB, BA, BB, CA, CB, DA and 
DB, respectively from the four latches of each Y-driver 41, 
as shoWn in FIG. 6. 

[0061] The reference multiplexer 50 is essentially a 
16-to-1 multiplexer, commonly knoWn in prior art. As 
apparent in FIG. 7A, only one of the RFLO-15 signals 
appears as the output signal RFLOUT, depending on the 
signals, 60A through 63B, from the output terminals 60A 
63B of the latches. Transistors T11 through T164 are N type 
transistors and the operation of the multiplexer 50 should be 
understood. The siZe of the multiplexer depends on the 
number of bits that are being stored in one memory cell. For 
eXample, a 6 bit per memory cell storage system requires a 
64-to-1 multiplexer. 

[0062] FIG. 8A shoWs the details of the Voltage Com 
parator 51, the Latch 52, the Program/Read control circuit 
53 and the High Voltage SWitch 54 of the read-Write block 
9. The circuitry in FIG. 8A is common to each of the 
Y-drivers 41. The Voltage Comparator 51 has transistors 
70-76. Transistors 70 and 71 are P-channel transistors and 
the rest are N-channel transistors. AVBIAS voltage on a line 
198 from the block 23 in FIG. 1 provides proper current 
biasing for the Voltage Comparator 51. The circuit of the 
Voltage Comparator 51 is knoWn in prior art. Whenever the 
voltage on a signal line 200 to the gate of the transistor 73 
is higher than RFLOUT voltage on the signal line to the gate 
of the transistor 72 by even a very small amount, then the 
SET output on the Voltage Comparator output line 199 is 
also high, and vice versa. The gate of the transistor 73 is 
normally called the non-inverting input and the gate of the 
transistor 72 is called the inverting input. The signal line 200 
and the signal line 206 described beloW connect the non 
inverting input to the Y-multipleXer 55. The tWo lines 200 
and 206 form a path to read the multiple bits stored in the 
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cells of the array 1. The inverting input receives the 
RFLOUT signal, the output of the reference multiplexer 50, 
as previously described. The SET output line 199 of the 
Voltage Comparator 51 is connected to an input terminal, the 
gate of the transistor 80, of the Latch 52. 

[0063] The Latch 52 has transistors 80 through 85. Tran 
sistors 82 and 83 are P-channel transistors and the rest are 
N-channel transistors. The Latch 52 is a classic cross 
coupled inverter type With an input node, the gate of the 
transistor 80, connected to the SET output line 199 and 
another input node, the gate of the transistor 85, connected 
to the RESET input line 202. This latch circuit and its 
operations is Well knoWn to integrated circuit designers. The 
transistors 81 and 82 form one inverter and the transistors 83 
and 84 form the other inverter. The output node of the Latch 
52 is connected by a signal line 201 to the Program Read 
Control circuit 53. When the signal on the SET line 199 is 
high or pulsed high, the Latch output on the output line 201 
is high. When the RESET line 202 is high or pulsed high, the 
signal on the Latch output line 201 is loW. The signals on the 
SET line 199 and the RESET line 202 are never high at the 
same time. 

[0064] The Program/Read Control circuit 53 has tWo AND 
gates 88 and 89 and tWo inverters 86 and 87. A PROG 
(program) line 204 is an input to this circuit. The signal on 
the PROG line 204 is high When the Write mode is active, 
i.e., a Writing operation, and is loW When the read mode is 
active, i.e., a reading operation. When PROG is high (Write 
mode active), the output of the AND gate 88 depends on the 
state of the output line 201 from the latch 52. If Latch output 
line 201 is loW, then the output of the AND gate 88 on the 
line 205 is high if the PROG signal on the line 204 is high, 
and vice versa. When the signal on the PROG line 204 is 
high (Write mode active), then the output of the AND gate 
89 is loW. The output line 203 of the AND gate 89 is 
connected to the gate of a transistor 100. During Writing 
operations, the transistor 100 is turned off and does not alloW 
signals to pass from the line 206, Which is connected to the 
Y-multipleXer 55, to the line 200. Lines 200 and 206 form 
part of the read path. 

[0065] The High Voltage SWitch 54 has an inverter 90, tWo 
N-channel transistors 91 and 94, a capacitor 92 and a high 
voltage transistor 93. The High Voltage SWitch 54 operates 
as a transmission gate Which alloWs high voltages on an HV 
line 209 from the high voltage shaping and control block 21 
(FIG. 1) to pass to the line 206 When the line 205 is high, 
or blocks high voltages from the HV line 209 from passing 
to the line 206 When the line 205 is loW. 

[0066] Connected to the read path formed by the signal 
lines 200 and 206 are the transistors 101 and 102 Which 
provide the current load to a selected nonvolatile memory 
cell during reading operations. A VB line 208 is a current 
bias line generated from the Bandgap Reference block 23 
(FIG. 1) to the gate of the transistor 102. The transistor 102 
operates as a source of the load current during the read 
mode. The transistor 101 With its control gate connected to 
a VCTL line 207 acts as a sWitch to turn the load current on 
or off. Inverters 103 and 104 buffer the SET output on the 
line 199 from the Voltage Comparator 51 and provides an 
output signal on a READ DATA line 210 during reading 
operations only. The line 210 is connected to its correspond 
ing latches (see FIG. 6) and the line 206 to its corresponding 
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Y-multiplexer 55. Thus the transistors 101 and 102 act as the 
bias current circuit 44 and the Voltage Comparator 51 acts 
as the voltage sense ampli?er 41 of FIG. 2B for reading 
operations in the voltage-mode. 

[0067] FIG. 8B shoWs the read-Write block 9 of the 
reference Y-drivers 42. The Voltage Comparator 51, Latch 
52, Program Read Control 53 and High Voltage SWitch 54 
are same as that of the Y-drivers 41 for the memory array 1, 
but there are modi?cations to read eight reference memory 
cells at a time. During a reading operation, a reference 
Y-driver 42 reads all the reference cells connected to it. 
Since there are eight reference cells for each reference 
Y-driver 42 in the present embodiment, there are eight 
current loads formed by the transistors 111 and 112, each set 
of transistor output by dashed boxes. The eight VCTLO 
VCTL07 lines are forced high to connect the current loads 
to their respective read lines 220-227. 

[0068] During Writing operations, only one of the refer 
ence cells is Written to, as selected by the REF Y-multiplexer 
56, shoWn in FIG. 8C, in reference Y-driver 42. Whenever 
any one of the control lines MCTLOMCTL7 is high, the bit 
line side RVD is connected to the read path lines 260267 in 
FIG. 8B. 

[0069] During a reading operation, all the VCTLO 
VCTL07 and MCTLO-MCTL7 control lines are high; this 
alloWs all the reference cells to be read in parallel. All 
VCTLO-VCTL07 control lines high also places the current 
loads on the respective read paths of the reference cells. In 
a reading operation the READ signal 219 is also high to 
alloW the re ad voltage from the reference cells to be passed 
to the RFL lines. Eight reference voltages read back from the 
reference cells 0-7 are passed to the RFLO-7 signal lines 
respectively through reference Y-driver0 and eight reference 
voltages read back in parallel from the reference cells 8-15 
are passed to the RFL8-15 signal lines through reference 
Y-driver1. In the present embodiment it is assumed that the 
voltages REFB015 (FIG. 10) are programmed into the 
reference cells 0-15 respectively. With the READ signal on 
the line 219 high, the transistors 211 are OFF and thus the 
read back voltage signals do not pass to the Comparator 200. 
Notice that transistors 203 and 93 have been placed similarly 
on all the lines to alloW same functionality during a Writing 
operation mode for all the reference cells as occurs to the 
memory cells in array 1 through the Y-drivers 41. 

[0070] In the reference Y-multiplexer 56 shoWn in FIG. 
8C, each MCTL signal drives three series transistors M1, 
M2, M3. This arrangement provides same impedance on the 
line as provided by the Y-multiplexer 55 for the array 1, 
since there are three transistors in series Whenever a memory 
array 1 cell is selected by the Y-multiplexer 55. This achieve 
better Write and, more importantly, read mode matching 
characteristics betWeen the cells of the reference array 2 and 
the memory array 1. The inverters 103 and 104 in FIG. 8A 
have been removed in the FIG. 8B. This is because in read 
operations digital bits are read out from the cells of the 
memory array 1, Whereas reference voltage levels are read 
out from the cells in the reference array 2. 

[0071] FIG. 9A shoWs a Y-multiplexer 55 for the Y-driver 
41 for the memory array 1. The Y-multiplexer 55 is similar 
to the reference multiplexer 50. In the present embodiment 
the Y-multiplexer 55 is 8-to-1. The type of the multiplexer 
varies (N to 1) depending on the cell siZe and also on the 
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amount of circuitry in the Y-drivers. For the described 
Y-multiplexer, a single transmission path is connected 
betWeen the line 206 and one of the lines, VDO through 
VD7, depending on the Y-address signals MOA-M2A and 
MOBM2B from the Y-counters. VDO through VD7 are the 
column lines in the memory array 1. During program and 
erase operations, the signals pass from the line 206 to the 
VDO-7 lines. During a read operation, signals pass from the 
VDO-7 lines to the line 206. 

[0072] FIG. 9A also shoWs connections to a certain num 
ber of the nonvolatile memory cells of the array 1. In this 
embodiment, one Y-driver drives eight columns and one 
X-decoder drives four roWs of the array 1. Each roW is 
considered to be a block in the present embodiment. In other 
embodiments, multiple roWs may form one single block. 
The selection of the roWs by a single X-decoder is performed 
by the X-multiplexer 58 receiving four X-address signals, 
PA through PD, from the X-counters, as described previ 
ously. This basic topology can be extended in both the 
X-direction to increase the number of roWs in the array and 
in the Y-direction to increase the number of columns, in 
order to increase the siZe of the array. 

[0073] FIG. 9A also shoWs the reference array 2 and the 
reference drivers 42. There are sixteen reference cells from 
the reference array per block. Whenever a block is selected 
through the X-multiplexers 58, both reference and array 
cells are selected. The VCTLO-VCTL7 lines drive the ref 
erence Y-multiplexer 56. RMOA,B through RM2A,B 
address sign also drive the input terminals of the reference 
Y-multiplexer 56 for the reference array 2, as the MOA,B 
through M2A,B signals drive the input terminals of the 
Y-multiplexer 55 for the array 1 for each coupled reference 
Y-driver 42 and Y-driver 41. 

[0074] For the embodiment described here, there are eight 
times more cells Within one roW than the number being 
programmed at one time. The Y-multiplexers 42 and 41 
program every eighth cell in a roW. A total of eight pro 
gramming cycles are required to program all the cells in a 
roW. Thus cells 0, 8, 16 . . . are programmed in the ?rst 

programming cycle. Cells 1, 9, 17 . . . are programmed in the 
second programming cycle and so on. Eight programming 
cycles program one roW. At the same time, the reference 
cells 0 and 8 are programmed in the ?rst programming cycle. 
The reference cells 1 and 9 are programmed in the second 
programming cycle and so on until eight programming 
cycles complete the programming of all sixteen reference 
cells. 

[0075] The latches of the REF Y-DRIVERO and REF 
Y-DRIVER1 are set to output 0 and 8 respectively during the 
?rst programming cycle, to 1 and 9 respectively during 
the-second programming cycle, and so to set the reference 
multiplexer of the reference Y-drivers 42 to select the proper 
RFLOUT voltage at the multiplexer’s output terminal from 
the REFBO-15 voltages provided by the reference generation 
block 44 shoWn in FIG. 3. During this Writing operation, the 
latches of the reference Y-driver 42 are internally set to 
program the appropriate voltages into the reference cells at 
the selected locations in the array 2. At the same time, the 
latches of the Y-driver 41 are set externally by the data Which 
is to be stored in the memory array 1. Of course, the number 
of programming cycles for a roW is dependent upon the ratio 










