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1. An Introduction to Memory Chip Design

1.1 Introduction

Several essential inventions and innovations, and subsequent sustained ef-
forts [1.1] toward high densities have paved the way to large-scale integrated
circuit (LSI) memories, as shown in Fig. 1.1 [1.2]. Since two epoch-making
announcements accompanying the start of LSI memory production in 1970
[the first extensive usage of a semiconductor memory chip for the IBM 370
mainframe computers, and the first sales of a 1-Kb dynamic random ac-
cess memory (DRAM), named the 1103, from Intel], the increase in mem-
ory chip capacity has skyrocketed with the help of the ever-higher-density

1011 - 5
MSI 4 VLSI hY4 ULSI
Pl e
*
9 © MOS MEMORY ‘o‘"
10 O MOSLOGIC | Device Count/ Chip | * R
O BIPOLAR MEMORY o
108 [ | O BIPOLARLOGIC o
._g' L DRAM
) 10 (x1.6/YEAR)
g
t 108
3 D MICROPROCESSOR
O 5 | FIRST
® 10 FERROELECTRIC ¥V (x1.35/YEAR)
3 MEMORY —_
q;) 104 = 19§v3 - 102 £
a =
103 410" @
IC INVENTION 05)
1958
102 + v FIRST X0.7/3 YEARS 4100 o
TRANSISTOR MICROPROCESSOR 3
1 L invenTion .. Ji01 ®
10 1947 T, 0 e
100 v 1 | L | 1 | 1 1 1 102
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Fig. 1.1. The trend in the device count per chip [1.2]
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2 1. An Introduction to Memory Chip Design

MOS/CMOS design and technology. The resultant LSI memories have given
computers, networks, and almost everything with electrical components the
benefit of a dramatically reduced cost per bit and far superior performance.
Data processors and data terminals, such as personal computers, worksta-
tions, and POS terminals, as well as telephone exchanges, digital televisions,
and numerical control machines, could not have been produced without them.

The first priority of LSI development is high-density technology. In the
past, technology development has been driven by memory because of its
inherent features: a strong need for low cost, that is mainly realized by higher-
density technology, and a regular structure of memory chips, that enables easy
failure analysis as well as the application of redundancy techniques. Thus,
even higher-density technology quickly develops into mass production with
an acceptable yield. Fortunately, the vast level of chip production may pay off
the tremendous effort involved. Currently, 0.2-um CMOS technology is being
used in the manufacturing of 64-Mb DRAMs, as well as over 400-MHz 32-bit
microprocessors, with the numbers of transistors per chip in the 107—103
range. Even below 0.18-um, CMOS technology has been used in experimental
1—4 Gb DRAMs [1.3] that incorporate over 2—4 billion electrical components,
revealing a rapid increase in memory-chip capacity by more than six orders
of magnitude (1Kb—4Gb) in the past 30 years, since the DRAM advent
in 1970. Technologies necessary for 0.1 um or less are also being investigated
and reported at conferences. A typical example of the high-density technology
contributing to these advances is fine pattern technology with shorter light-
source wavelengths, as well as the larger wafer and related technology for
ever-larger chips. High-density/low-power devices and circuits, such as the
one-transistor, one-capacitor memory cell [1.4] and CMOS technology [1.5],
are also contributors, as shown in Chap. 2. The resultant reduction in the bit
cost of DRAM is shown in Fig. 1.2 [1.7]. Cost has been cut dramatically, at an
annual reduction of around 24%, proving of great benefit to system designers.
Sometimes, however, excessive competition aiming at a bigger slice of the pie
has made the market less profitable for all, with drops in cost, as exemplified
by the 256-Kb and 16-Mb generations. The drops has long been experienced
as the “silicon cycle”, which is fundamentally caused by the relation between
supply and demand since the advent of DRAM. Note that the annual bit-cost
reduction is around 27%, if the saturated cost of each DRAM generation is
assumed to be the same. The difference between the 24% above and 27%
implies an ever-increasing chip cost in each successive generation.

SRAM (Static Random Access Memory) using flip-flop memory cells, and
non-volatile memories such as ROM (Read-Only Memory) and Flash mem-
ory, have advanced with almost the same technology as DRAM. In particular,
the invention of non-volatile memories utilizing a floating gate structure is
noteworthy [1.6]. Sales of these memory chips have increased annually, as
shown in Fig. 1.3 [1.8].
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1.2 The Internal Organization of Memory Chips 3
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Fig. 1.2. The reduction in the bit cost of DRAM [1.7]

In general, the semiconductor chip is called by the following names, de-
pending on the number of components integrated in the chip: IC (integrated
circuit for less than 103), LSI (large-scale IC for 103—10°), VLSI (very-
large-scale IC for 105—107), ULSI (ultra-large-scale IC for more than 107).
Sometimes LSI, VLSI, and ULSI are comprehensively referred to as LSI or
VLSL

In this chapter, the fundamentals of MOS memory-chip technology are
described. First, the category of MOS memory chip, the internal organization
of the chip, and technology trends in memory chips are discussed. Next, the
individual trends of DRAM, SRAM, and non-volatile memory technologies
are investigated.

1.2 The Internal Organization of Memory Chips

A memory chip is composed of three blocks [1.9]: a memory cell array, a pe-
ripheral circuit, and an input/output (I/O) interface circuit, as shown in
Fig. 1.4.

1.2.1 The Memory Cell Array

A memory cell array comprising a matrix of 2V rows and 2 columns can
store binary information of 2V+M bits. For example, if N + M = 20, a mem-
ory chip can store 1 Mbit of information, and is called a 1 Mbit (or simply
1M or 1Mb) memory chip. Here M denotes 1024 K, with K = 1024. If
N+M = 30, we call it a 1 Gbit (1 G or 1 Gb) memory chip, with G = 1024 M.
Any cell can be accessed at random with the same speed by selecting both the
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4 1. An Introduction to Memory Chip Design
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Fig. 1.3. The amount of sales of LSIs (a) and various memory chips (b) [1.8]

corresponding row and column. Sometimes, the memory cell array is called
memory cell matrix, a memory array, or simply an array. The row is also
called the X line or word line, while the column is called the Y line, bit line,
or data line. Note that a matrix arrangement minimizes the number of driving
circuits of memory cells: the number is (2 + 2M), which is a minimum at
N = M for the matrix (two-dimensional) arrangement, while it is 2Vt for
a one-dimensional arrangement, as shown in Fig. 1.5. For a 1 Mb chip, the
matrix arrangement reduces the number from about one million to about two

thousand.
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1.2 The Internal Organization of Memory Chips 5
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1.2.2 The Peripheral Circuit

The block bridges between the memory array and the I/O interface circuit so
that they can communicate with each other. It sends write data to a memory
cell in the memory array under the control of the interface circuit, or sends
read data from the memory cell to the interface circuit. A typical circuit here
is a decoder, which is composed of many logic circuits. It selects a logic circuit
corresponding to one row or one column, based on a logical set of N or M
address signals from address buffers in the interface circuit. Then, a row or
column is driven by a driver, which is connected to the output of the logic
circuit. Here, an I/O control circuit in the figure controls the transfer of the
write or read data in the memory array.
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6 1. An Introduction to Memory Chip Design
1.2.3 The I/O Interface Circuit

This converts external signals, such as addresses, clocks, control signals, and
data inputs, to the corresponding internal signals that activate the peripheral
circuit. In addition, it outputs read data from the array as the data output
of the chip. Address buffers in the I/O interface circuit generate N and M
sets of complementary row and column address signals, respectively, through
the use of (N + M) external address signals. Data input and output buffers,
a write control buffer, and control clock circuits are also typical components
of the I/0O interface circuit. Note that, in general, ROM does not need data
input buffers. Here, access time is defined as the time from the start of chip
activation by a read control signal to the outputting of the resultant data
from the chip. The cycle time is defined as the time from the start of one
chip activation for a read or write operation to the start of the next chip
activation.

1.3 Categories of Memory Chip

The semiconductor memory [1.9] now widely used is categorized as RAM
(Random Access Memory) and ROM (Read Only Memory), as shown in
Fig. 1.6. RAM permits random write and read operations for any memory
cell in a chip. The stored data are usually volatile when the power-supply
voltage is turned off. RAM is further classified into DRAM (Dynamic RAM)
and SRAM (Static RAM). Due to the advantage of low cost, despite medium
speed, DRAM is widely and extensively used for the main memory in perso-
nal computers, mainframe computers, and engineering workstations. SRAM,
which features high speed and ease of use, despite high cost, is also used
for the main memory of supercomputers, the cache memory in mainframe

Random Access Memory Read Only Memory
(RAM) (ROM)
Dynamic RAM Static RAM
(DRAM) (SRAM) PROM Mask ROM

Fuse
EEPROM|| EPROM ROM

. Non-
< Wntable) < writable )

Fig. 1.6. Categories of semiconductor memories widely used [1.9]

BESANG EX2024
Intel v. BeSang, IPR2023-00991

Page 6



1.3 Categories of Memory Chip 7

computers, engineering workstations, and microprocessors, and memory in
handheld equipment.

ROM, dedicated to read operation with non-volatile stored data, is clas-
sified into two categories, depending on the process of the write procedure:
PROM (Programmable ROM), in which data are written after chip fabri-
cation; and Mask ROM, in which data are written during chip fabrication
by the use of a photo mask that contains the write data. PROM is further
categorized into two, depending on its erasable or non-erasable character-
istics; EPROM (Erasable and Electrically PROM) and EEPROM (Electri-
cally Erasable PROM), and Fuse ROM. EPROM erases the data by exposing
the memory cells to ultraviolet rays, while it writes the data by electrical
means. In EEPROM, the erase and write operations are both performed
by electrical means. There are some drawbacks: the write speed is two to
three orders slower than that of RAM, and there is an upper limit on the
number of write operations of 104—10°. Note that Flash memory — a kind of
EEPROM - is beeing intensively developed and has emerged in the market
offering the potential of high density and low cost, in some usages, it may
replace magnetic disk memory. In Fuse ROM, users cannot rewrite data once
they are written, because the fuses will be blown. ROM, which is generally
cheaper than RAM, is used as memory for character-fonts, games machines,
fax machines, telephones, engine-controls, and so on.

In addition to the well-known serial memories such as shift registers, non-
volatile RAMs utilizing the hysteresis characteristics of ferroelectric and ma-
gnetic materials, various application-specific memories such as video memo-
ries, and merged RAM and logic LSIs are also beeing intensively developed.

Figure 1.7 shows schematic circuits of memory cells, which store binary
information, “1” or “0”, on the above-described memory chips. N-channel
MOSFETs (NMOSFETS) are used, due to ease of explanation. A DRAM
cell [1.4] comprises a MOSFET, that works as a switch, and a capacitor
for storing charges. For example, non-existence of charges (electrons for
NMOSFET) at the capacitor corresponds to “1”, while existence of charges
corresponds to “0”. In other words, for the voltage expression, a high stored

? WL
word line WL WL "Oatting WL
I gate
T T e T
DL DL

data line
o1

(a) (b) (c) (@

Fig. 1.7. Memory cell circuits [1.9]. (a) DRAM; (b) SRAM; (¢) EPROM and
EEPROM; (d) Mask ROM and Fuse ROM
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8 1. An Introduction to Memory Chip Design

voltage corresponds to “1” while a low stored voltage corresponds to “0”. The
write operation is performed by turning on the switch and applying a voltage
corresponding to the write data from the data line, DL, to the capacitor. Here,
the switch is turned on by applying a sufficiently high voltage to the word line,
WL. The read operation is performed by turning on the switch. A resultant
signal voltage developed on the data line, depending on the stored data at
the capacitor, is discriminated by a detector on the data line. In principle, the
cell holds the data without power consumption. Actually, however, a leakage
current at the p—n junction in the storage node degrades an initial high stored
voltage, finally causing the loss of information. This loss can be avoided by
a “refresh” operation: the cell is read before the stored voltage has become
excessively decayed, and then it is rewritten by utilizing the resultant read
information, so that the voltage is restored to its initial value. A succession
of read-rewrites operation at a given time interval retains the data. The time
interval, which is determined by the leakage current, is about 2—64 ms. The
name DRAM is derived from the fact that data is dynamically retained by
refresh operations, which differs from SRAM.

An SRAM cell consists of a flip-flop circuit that is constructed between
a power supply voltage (Vpp) and the ground (Vgg), and two switching
MOSFETSs. Data is communicated between a pair of data lines, DL and DL,
and a flip-flop by turning on two FETs. The write operation is performed by
applying a differential voltage between a high voltage (H) and a low voltage
(L) to a pair of data lines and thus to the storage nodes, N; and N,. For
example, “1” is written for a polarity of H at DL (N;) and L at DL (Ny)
while “0” is written for an opposite polarity of L at DL and H at DL. The
read operation is performed by detecting the polarity of a differential signal
voltage developed on the data lines. No refresh operation is needed, because
the leakage currents at N; and Ny, if any, are compensated by a static current
from the power supply, as long as Vpp is supplied. Thus it allows ease of use,
although the use of more FETSs in a cell increases the memory cell area to
more than four times that of DRAM.

Unlike RAMs, a PROM cell needs an additional erase operation, because
it must be initialized to a state of non-existence of electrons by extracting
electrons from the floating gate (i.e. the storage node). The succeeding write
operation is achieved by either injecting electrons to the floating gate or not
doing so. For example, “0” is written for the injection of electrons, while
“1” is written for the non-injection state, that is, the erased state. The read
operation is performed by capacitive coupling between the word line and
the floating gate. For “0”, the transistor is kept off even with the help of
a positive pulse coupled from WL to the floating gate, because electrons at
the floating gate prevent the FET from turning on. For “1”, however, the FET
turns on. Thus, a detector on the data line can differentiate the currents to
discriminate the information. Note that, in principle, the electrons injected
never discharge because they are stored at the floating gate and surrounded
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1.3 Categories of Memory Chip 9

by pure insulators. Data retention is ensured even when the power supply is
off, thus realizing a non-volatile cell. In an EPROM chip, the stored data of
all of the cells are simultaneously erased by means of exposing the memory
cells on the chip to ultraviolet rays through the crystal glass lid of the chip
package. In an EEPROM chip, the data are electrically erased by a tunnel
current. The erase operation is normally done for every unit of 8 bits. In
particular, an EEPROM in which all the data in a chip are simultaneously
erased is called Flash memory. In EEPROM, there are two kinds of write-
operation mechanisms: the injection of hot electrons, generated by avalanche
breakdown phenomena at the drain of the cell FET; and the injection of
electrons generated by a tunnel effect. In a Fuse ROM cell, the write operation
is accomplished by the blowing of program devices, such as fuses or p—n diodes
connected to the cell FET. Thus the on or off state of the cell FET can be
programmed according to the write data. The resultantly destroyed program
devices, however, permit only one write operation, as described before. In
a Mask ROM, a mask pattern that programs the on or off state of each cell
FET is used. It offers the smallest cell area and ease of fabrication, allowing
the largest memory capacity and the lowest cost, despite its limited function.

Figure 1.8 shows trends in memory cell area for various memories [1.9,
1.44] which have been presented at major conferences. Both DRAM and
SRAM cells have been miniaturized at a pace of about one-fiftieth per
10 years. Recently, however, there has been a saturation due to the ever-
difficult process of device miniaturization. Flash memory is about to catch
up with DRAM, by using the one-transistor, one-capacitor cell (the 1-T cell).
Figure 1.9 shows trends in the memory capacity of VLSI memories at the

10 000

from ISSCC
4= 1ull CMOS

; poly-Si load

1000 =

100 = full CMOS

planar capacitor

10 3-D capacitor

Memory Cell Area (um 2)

Year

Fig. 1.8. Trends in the memory-cell area of VLSI memories [1.9, 1.44]
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Fig. 1.9. Trends in the memory capacity of VLSI memories [1.9, 1.44]

R&D level [1.9, 1.44]. DRAM has quadrupled its memory capacity every two
and a half years, although at the production level it has quadrupled every
three years. As a result, standard (commodity or stand-alone) DRAMs have
reached 1—4 Gb at the R&D level, and 64—256 Mb at the volume-production
level. In addition, the throughputs have been boosted, as exemplified by the
1.6 Gb/s 1 Gb chip [1.45, 1.46], by new memory-subsystem architectures. An
8 Mb embedded DRAM [1.47] using the standard 1 Gb DRAM technology
has also revealed an address access time as fast as 3.7ns with a 1GHz
clock. However, standard DRAM technology tends to be saturated at the
1GDb generation. Note that the 4Gb [1.3] in the figure employed a risky
2-bit-per-cell scheme that degrades the inherently low signal-to-noise ratio
of the 1-T cell. The saturation is caused by both the ever-difficult process
of memory-cell miniaturization (as discussed above) and the ever-prevailing
chip-shrinking approach, rather than the traditional memory-capacity qua-
drupling approach, as discussed in Chap. 3. In the early days, the development
of SRAM chips was focused on low-power applications, especially with very
low standby and data-retention power, while increasing memory capacity
with high-density technology. Nowadays, however, more emphasis has been
placed on high speed rather than large memory capacity, a trend primarily led
by cache applications in high-speed microprocessors. Consequently, on-chip
SRAM caches have reached a 0.55ns, 43 W, 1 Mb BiCMOS macro [1.48] and
1.8—3.4ns, 1-7W, 8—18 Mb CMOS macros [1.49], while commodity SRAM
has stayed at around 16 Mb since 1992. The market for Flash memories has
expanded, due to their exceptional feature of non-volatility, despite small
memory-chip capacities of 16 Mb or less. Front-end commercial chips of 64
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1.4 General Trends in DRAM Design and Technology 11

and 256 Mb [1.50, 1.51] will soon help to expand the market as Flash memories
almost catch up with DRAMs in memory capacity, with their inherently small
cell structures. The pace of increase in memory capacity of Flash memory will
eventually follow the trend in DRAM, due to the limitations of their common
lithography technology, although it has skyrocketed since the advent of Flash
memory. Non-volatile ferroelectric RAM (FRAM) is still limited to small
memory capacities of less than 256 Kb for IC-card applications, although
experimental 4 Mb chips have been reported [1.52].

Table 1.3 shows a chip comparison [1.9] between 64 Mb DRAM ([1.10],
16 Mb SRAM [1.11], and 64 Mb Flash memory [1.12], all of which use 0.4 um
CMOS technology. With regard to the area ratio of the memory array to the
chip, SRAM is the largest because it has the largest memory cell. On the other
hand, Flash memory is the smallest due to the necessity for additional control
circuits, which is the main reason why it has a large chip area despite having
a small memory cell. In read operation, SRAM has the fastest speed, while
DRAM and Flash memory are almost the same. In write operation, Flash
memory is extremely slow and suffers from a limited number of write cycles.
In power dissipation, DRAM is inferior to Flash memory, supposedly due to
the large current that is dissipated when many data lines are simultaneously
charged and discharged.

1.4 General Trends in DRAM Design and Technology

1.4.1 The History of Memory-Cell Development

The one-transistor, one-capacitor (1-T) cell [1.4] has been universal since the
mid-1970s because it offers the highest density. This is a result of tremendous
efforts aimed at miniaturization of the memory cell, through reducing the
number of components and wirings necessary to construct a cell, as discussed
below. The features of the cells proposed so far are characterized by three
issues: gain or no gain; destructive or non-destructive readout characteristics;
and refresh operation schemes. Here, there are two refresh operation schemes,
depending on the number of cells that are simultaneously refreshed by only
one refresh operation; all of the cells in a chip or all of the cells along a selected
word line.

Figure 1.10 shows flip-flop cells comprising four FETs (4-T cells). Despite
the number of components necessary in a cell, both cells develop a quite
large readout signal on the pair of data lines (DLs) because of gain cells.
The cells enable non-destructive readout characteristics because the stored
voltages in the cell are almost maintained even during a read operation.
Furthermore, they feature low noise and high speed due to their differential-
mode operations. Cell (a) was incorporated in an actual 1 Kb product in the
early 1970s. The operations are similar to the SRAM cell operations discussed
before. “1” is written by application of a combination of a high voltage (H)
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1.4 General Trends in DRAM Design and Technology 13
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Fig. 1.10. The four-transistor cell [1.9]. (a) Standard; (b) charge pumping

and a low voltage (L, i.e. 0V) to the gates of Q; and Qg, respectively, from
the data lines when the transfer FETs (Qs, Q4) are turned on by activation of
the word line (WL). “0” is written by an opposite polarity combination. The
read operation is performed only by activation of the word line. As a result,
either Q; or Q2 is turned on and discharges the corresponding data line while
another data line, is almost quiescent. The polarity of the differential voltage
between a pair of data lines corresponds to the read data. Obviously, a high
voltage is held at the gate capacitance of the FET for a long time. A degraded
high voltage due to leakage currents is refreshed by activation of the word
line after a high supply-voltage is applied to both DL and DL, so that Q3 and
Q4 work as the loads of a flip-flop. Thus, a compensation current is supplied
through either Q3 or Q4. Note that a simultaneous activation of all the word
lines enables a simultaneous refreshing of all of the cells in a chip, although it
involves an excessive spike current. It is also possible to refresh all of the cells
on each of the word lines in order. Cell (b) [1.13] features additional charge-
pumping capacitances which work as refresh-function devices. Charges to
compensate for leakage charges are given by cyclic clock (¢) drivings of the
capacitances. All of the cells in a chip are simultaneously refreshed, but the
charge-pumping device is difficult to design.

Figure 1.11 shows various three-transistor (3-T) cells. They are categori-
zed by the number of lines necessary to compose a cell. Here, a ground wiring,
which is shared with an adjacent cell, is counted as a half in number. These
cells possess a gain that gives a large signal voltage on the data line, non-
destructive readout characteristics, and a refresh operation that is performed
for each word line. Cell (a) was used in a 1Kb product in the early 1970s.
The write operation is achieved by applying the data voltage (H or L) from
the write data line (WD) to the Qo gate through Q; after activating the
write word line (WW). The information is read out on the read data line
(RD) by activating the read word line (RW). If the Q2 gate voltage is high,
RD that has been precharged to a high level is discharged to 0V because
both Q2 and Q3 are on. If the Qo gate voltage is low, RD is maintained
at the high level because Qg is off. The stored data is discriminated by
detecting the resulting RD voltage. The Q2 gate capacitance is responsible
for data retention. A refresh operation needs a succession of read and rewrite
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Fig. 1.11. The three-transistor cell [1.9]. (a) 4.5 lines; (b, ¢) 3.5 lines; (d) 2.5 lines

operations, with the help of an inverter at the end of the RD. The operation
is successfully performed as long as a degraded Q- gate voltage can discharge
the RD. The resultant low RD voltage is inverted to a sufficiently high voltage
by the inverter so that a high enough voltage is rewritten to the Qs gate. Cell
(b) [1.14] was also used in a 4Kb product in which the read and write data
lines of cell (a) were merged into one data line. The read or refresh operation
differs from that of cell (a). When reading, an inverted voltage of the Q, gate
voltage is developed on the data line, which has been precharged to a high
voltage. The resultant data-line voltage is directly rewritten into the Q, gate,
making the Q2 gate voltage switch from high to low or from low to high at
every read operation. Thus, a monitor is connected at the end of each word
line. Exclusive OR of the output of the monitor and the data-line voltage
makes the read and write operations logically consistent. Cells (c) [1.15] and
(d) [1.16] merge the separated word lines (RW and WW) of cells (a) and
(b) in one word line (WL), respectively, in order to reduce the cell area. The
read operation is performed with an intermediate WL voltage to make Qg
turn on but to make Q; turn off. A succeeding sufficiently high WL voltage
enables the rewrite operation. Here, the intermediate level must be controlled
precisely so as to be between Vr and 2Vt (V7 is the threshold voltage of the
FET). When reading the low-level data at the Q. gate, the Qo gate can be
raised by a current through Q; from the data line, that stays at a high level
after precharging. Even in this case, the resultant Qs gate voltage must be
below Vr to ensure the low level, thus the WL voltage must be below 2Vi.
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1.4 General Trends in DRAM Design and Technology 15

On the other hand, the WL voltage must exceed Vt to turn Qs on. Another
drawback of cell (d) is that a large dc current flows from the data line to
ground, since both Qs and Qg3 are turned on when a high level is written.

Figures 1.12 and 1.13 show the two-transistor, two-capacitor (2-T or twin)
cell and the one-transistor, one-capacitor (1-T) cell, respectively. Neither cell
has any gain. Each transistor works as a switch, and each capacitor stores the
information charge. The read operation of both cells, which is preceded by
a precharge operation that leaves the data line at a high floating voltage, has
the following two features. The cell signal voltage developed on the data line is
very small, and thus a large signal-voltage component that was stored at the
cell node is destroyed by the read operation (the so-called destructive readout
characteristics), as shown later. Thus, to successfully amplify the small cell
signal and rewrite (restore) the cell with the amplified signal, a sense amplifier
and a rewrite circuit are connected to the data line. The refresh operation
is almost same as the above read-rewrite operation. The 2-T cell features
a stable operation because of a completely differential operation, as described
previously, despite having a larger cell area.

1.4.2 The Basic Operation of The 1-T Cell

Figure 1.14 shows a conceptual 1-T cell array of n rows by m columns, and an
actual data-line configuration. Plural memory cells, a precharge circuit and
equalizer (PE), and a latch-type CMOS sense amplifier (SA) are connected
to each pair of data lines (DLs) which communicate with a pair of common
data input/output lines (I/O and I/O) through a column switch. The 1-T
cell operation comprises read, write, and refresh operations. All operations
entail common operations: precharging (i.e. initializing) all pairs of data lines
to a floating voltage of a half Vpp by turning off the precharge circuit and
equalizer, and then activating a selected word line.

iWL
1
2

c 1 [ s
DL DL
;[/; ;I/; bL Fig. 1.12. The two-transistor cell (twin cell)

.......................

Fig. 1.13. The one-transistor cell
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Fig. 1.14. A conceptual DRAM array (a), and an actual data-line configuration (b)

In the read operation (Fig. 1.15), a stored data voltage, Vpp (“1”) or 0V
(“0”), at the cell node (N) of each cell along the word line is read out on
the corresponding data line. As a result of charge sharing, the signal voltage
(£vs) developed on the floating data line (for example, DL) is expressed by

Voo  Cs
2 Cp+0Cs’

Unfortunately, vg is inherently small (100—200mV) because the data-line
parasitic capacitance (Cp) is much larger than the cell storage capacitance
(Cs). A small Cs and a large Cp result from the need for a small cell area and
for connecting a large number of cells to a data line, respectively. Hence the
original large signal component (Vpp/2, usually 1—2.5 V) at the storage node
collapses to vg. The destructive readout characteristics necessitate successive
amplification and restoration for each of cells along the word line. This is
performed by a latch-type differential CMOS sense amplifier on each data
line, with the other data line (DL) as a reference. Then, one of the amplified

Vg =
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Fig. 1.15. The read operation

signals is outputted as a differential voltage to the I/O lines by activating
a selected column line, YL.

The write operation (Fig. 1.16) is always accompanied by a preceding
read operation. After almost completing the above amplification, a set of
differential data-in voltages of Vpp and 0V is inputted from the I/O lines to
the selected pair of data lines. Hence, the old cell data are replaced by the new
data. Note that the above read operation (i.e. amplification and restoration)
is done simultaneously for each of the remaining cells on the selected word
line to avoid loss of information.

The stored voltage of each cell degraded by the leakage current is restored
by a refresh operation that is almost the same as for the read operation,
except that all YLs are kept inactive. This is done by reading the data of
cells on the word line and restoring them for each word line so that all of
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Fig. 1.16. The write operation for low-voltage (“0”) binary information

the cells retain the data for at least tREFmax. Here tREFmax is the maximum
refresh time for the cell, which is guaranteed in catalog specifications, and is
exemplified by trREFmax = 64 ms for a 64 Mb chip. Thus, each cell is periodi-
cally refreshed at intervals of tREFmax, as shown in Fig. 1.17, although each

cell actually has a data-retention time longer than trRErmax-

The fundamental circuit design issues of the 1-T cell can be summarized
as the signal-to-noise ratio (S/N), power dissipation, and speed, because of

the following inherent 1-T cell characteristics:

1. A small read signal, and relatively large levels of noise. Thus, the read
operation is unstable unless a high S/N design is achieved. A small read
signal is caused by the cell having no gain. There are many noise sources
during the read operation. The difficulty in accommodating the sense
amplifier and precharge circuit within a small layout pitch of data lines
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Fig. 1.17. The refresh operation. tRcmin, minimum cycle time

tends to generate electrical imbalances to a pair of data lines. A large
number of sense amplifiers results in a large deviation of the threshold-
voltage mismatch (the offset voltage) between pairs of MOSFETSs in the
sense amplifier. Simultaneous charging and discharging of many heavily
capacitive data lines with a high voltage invariably introduces many kinds
of noise. In addition, cell leakage currents and a-particle hitting which
degrade the stored charges (as discussed in Chap. 4) effectively work as
noises.

2. The above charging and discharging of data lines also causes a high power
dissipation.

3. Slow sense-amplifier operation. The relatively poor driving capability of
the sense amplifier, which stems from the need for a small area, and
operation based on a low voltage of a half-Vpp, makes the sense amplifier
operation slow. Thus, the sensing time is the largest component of the
access time for the chip.

1.4.3 Advances in DRAM Design and Technology

The density of DRAMSs has quadrupled every three years since their advent
in the early 1970s. The development of this higher density has made them
cheaper than other types of RAM. Low power dissipation and a fast ac-
cess time have been obtained even with an increase in chip area for every
successive generation, as shown in Fig. 3.1. This has also contributed to
the advantages of DRAMs. As a result, 64 Mb DRAMs have now reached
maturity in production, and are being followed by the development of 256 Mb
and 1Gb DRAMs. The resultant DRAM technology has been applied to
other successful products, such as video RAMs, ASIC memories, and the
merged logic and DRAM LSIs. Even 1.5V or less DRAMs for battery-based
applications have been proposed. Their rapid evolution [1.17-1.24] has been
achieved mainly because of progress in the 1-T cell and its supporting circuit
technologies, as well as in photolithography. The 1-T cell still surpasses gain
cells such as the 3-T and 4-T cells, which were common to the 1 and 4Kb
generations, with respect to chip area. A smaller chip area and the resulting
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20 1. An Introduction to Memory Chip Design

lower cost due to the 1-T cell justify the complexity of the fabrication process
in forming the cell capacitor.

Table 1.2 shows circuit innovations [1.17] that have contributed to pro-
gress in DRAM development. With regard to a high S/N design, word voltage
bootstrapping, a shared amplifier, and multidivided data lines are essential to
increase the cell signal voltage. Differential sensing, a folded data-line arran-
gement, and transposed data lines are representative techniques for reducing
noise. To reduce power dissipation, in addition to reducing the external power
supply Vpp, dynamic amplifiers, dynamic drivers, CMOS circuits, half-Vpp
data-line precharge, a shared I/O combined with multidivided data lines,
and on-chip voltage down-converters have played important roles. To in-
crease speed, multidivision of poly-Si word lines shunted by aluminum wiring
and small signal chip-to-chip interfaces, as well as multilevel metal wiring
and device scaling, are important. They contribute to reducing RC delay in
a chip. There is no doubt that, in addition to the refreshing scheme, address
multiplex, chip coatings against soft error, a substrate bias (Vgg) generator
to realize a single power supply, and redundancy circuits are also important.
Besides, the testing issue is becoming increasingly important with increasing
memory capacity. On-chip multibit (parallel) testing, which enables parallel
testing for multiple data read from subarrays, plays an important role in
drastically reducing the testing time. Moreover, ECC circuits and an on-chip
microcoded test pattern generator are expected to be promising circuits.

Examples of the Advances. Advances in high-density and large memory-
capacity technology are explained in detail here. Table 1.3 shows a compari-
son [1.9] of technology between a 64 Kb chip [1.25, 1.26], presented in 1980,
and a 64Mb chip [1.27, 1.28], presented in 1990. Although the 64 Kb chip
was in the early stages of production while the 64 Mb chip was still at the
research level, the memory capacity increased one thousand-fold over about
10 years. The MOSFET and the memory cell were reduced in size by about
one-tenth. Figures 1.18 and 1.19 show comparisons of memory cell structure
and chip configuration. Figures 1.20 and 1.21 show microphotographs of
a cross-section of the memory cell, different facets from that in Fig. 1.18,
and the 64 Mb chip. Note the use of multilevel wirings, vertical structures,
and new materials. A low-resistance metal (i.e. the first-level Al) line straps
a highly resistive poly-Si word line for reducing the line delay, which becomes
more prominent as the chip area increases. Hence, a through-hole (or contact)
with a large aspect ratio is needed to connect the lower poly-Si line to the
upper metal line, with a small pitch on the hilly surface. Another metal
line (i.e. the second-level Al) running along each pair of data lines works as
a column selection line. It confines the increase in chip area, which is caused
by the use of a multidivided data-line structure, and reduces the number
of bundles of column decoders, as discussed in Chap. 3. There are many
possible improvements to obtain a larger cell capacitance, Cs. The capacitor
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1.4 General Trends in DRAM Design and Technology 21

Table 1.2. Circuit innovations for DRAM [1.9,1.17]

Capacity Power Memory Circuits
supply (V) cell
1-4 Kb > 12 3-T —Differential sensing
—Adress multiplexing
16 Kb 12 1-T —Dynamic amplifier
—Dynamic driver
64 Kb 5 1-T —Folded data (bit) line

—Word bootstrapping
—Substrate bias generator

256 Kb 5 1-T —Shared amplifier
—Metal-strapped poly-Si word line
—Redundancy
1Mb 5 1-T —CMOS peripheral circuits

—Half-Vpp precharge
—Multidivided data line
—Shared I/0

—On-chip parallel test

4 Mb 5 1-T
(3-D capacitor)
16 Mb 5 1-T ~On-chip voltage down-converter
—Transposed data line
64 Mb 3.3 1-T ~Multidivided word line

—Small signal interface

features a cylindrical stacked capacitor formed on the data (bit) line, the so-
called COB (Capacitor Over Bit) line. The COB maximizes Cs, and reduces
the interference noise from adjacent data lines a resultant shielded data-line
structure. Moreover, a high-permittivity () TazOj film is used to increase Cs.
Instead, it necessitates a tungsten (W) electrode that is an oxidation-immune
material. A poly-Si electrode would be oxidized, and the resulting thin SiOj
film, with a lower permittivity, that would be formed between the poly-Si
electrode and the TasOs film would destroy the high-¢ benefit provided by
Taz 05.

Regarding circuit technology, the number of array divisions has increased
remarkably, from eight to 256. Each data line is divided into 64 for the 64 Mb
while it is divided into 2 for the 64 Kb. The increased number of division
is necessary to increase the cell signal voltage with a reduction in Cp, and
to reduce the data-line power dissipation through partial activation of the
resultant subdata lines. The increased number of word-line divisions reduces
the line delay even for the Al-strapped poly-Si word line. A large chip area,
increased by a factor of eight, and a large memory capacity need a redundancy
technique to improve yield, and a built-in parallel test circuit to cope with
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22 1. An Introduction to Memory Chip Design

Table 1.3. Advances in DRAM chip technology [1.9]

64 Kbit 64 Mbit
Process 4in wafer 8in wafer
3um NMOS 0.3 pm triple-well CMOS

MOSFET (L/tox)

Memory cell ~ Structure

Cs/Cp

Circuit

Arrangement of

peripheral circuit

Chip Area
Vob

Access time
Power
Organization
Refresh

Double poly-Si,
single metal

2pm/50 nm

144 um2, planar Cg
Vpp electrode
38{F /515 fF

Vbp precharge
Two-divided DL

Two edges of chip

26 mm? (3.43x7.52)
5V

90 ns

220mW (cycle 230 ns)

64KW x 1b
2ms/128 cycles

Double poly-Si,
single polycide,
W electrode,
triple metal

0.35um/6.5 nm

1.3 um?, stacked Cg
Vbp/2 electrode
44 {F /250 {F, shielded DL

Redundancy

Multibit test (parallel test)
Vbp/2 precharge
64-divided DL

Cross-shaped area in chip

198 mm? (9.74x20.28)
1.5V or 33V
(down-converter)

50 ns

44mW (cycle 180ns, 1.5V)
16 MW x 4b

64ms/8192 cycles

the ever-increasing testing time. The location of the peripheral circuit has
changed from the two outer edges of the 64 Kb chip to the cross-shaped
layout area at the center of the 64 Mb chip. This is due to equalizing the
delay from the peripheral circuit to each divided array as much as possible,
which is especially important for a larger chip. Note that a higher speed and
a lower power dissipation are realized even for a memory capacity as large as
64 Mb. The 64 Mb chip works even at 1.5V, although it also works at 3.3V,
combined with an internal power supply of 1.5V that is generated from an
on-chip voltage down-converter. With regard to the refresh operation, all of
the cells in the 64 Kb chip can be refreshed by 128 refresh cycles for a 2ms
refresh time (tREFmax)- As for the 64 Mb chip, however, 8192 refresh cycles
for 64 ms trEFmax are needed to reduce the data-line power dissipation, as
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Fig. 1.18. A comparison between a 64 Kb memory cell (left) and a 64 Mb memory
cell (right) [1.9]. Top, layout; bottom, cross-section A-A’. The word line Al-1, the

Y-selection line Al-2, and the electrode W for the 64 Mb cell are omitted for ease
of understanding

peripheral circuit

peripheral circuit
peripheral circuit

(a) (b) 256k array

Fig. 1.19. A comparison between the configurations of a 64 Kb chip (a) and a 64 Mb
chip (b) [1.9]

discussed in Chap. 3. Hence, a 32-fold reduction of the cell leakage current is
needed to extend tREFmax from 2ms to 64 ms.
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Fig. 1.21. A microphotograph of the 64 Mb DRAM chip in Fig. 1.19 [1.28]

1.5 General Trends in SRAM Design and Technology

1.5.1 The History of Memory-Cell Development

An SRAM cell consists of two inverters, and two transfer MOSFETSs that
are connected to a pair of data (or bit) lines, as shown in Fig. 1.22. To
achieve a flip-flop, the input and output of one inverter are connected to
the output and input of the other inverter, respectively. The SRAM cell has
enabled high performance through circuit and structural improvements of the
inverter loads [1.18, 1.29, 1.30].

Cells (a) and (b) are MOSFET-load cells, featuring the use of enhance-
ment MOSFETSs for cell (a) and depletion MOSFETs for cell (b). Cell (a)
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Fig. 1.22. Flip-flop SRAM memory cells [1.9]. (a) Enhancement MOS load; (b)
depletion MOS load; (¢) PMOS load (full CMOS); (d) polysilicon load

suffers from a narrow voltage margin, a slow speed, and a large area, which
come from Vp drop of the enhancement MOSFET and a ratio-circuit ope-
ration, as discussed in Chap. 2. A dc current flow, which is a data-retention
current, at either of the inverters is an additional problem. This causes an
obstacle to increasing the memory capacity, because of the ever-increasing
power dissipation. Cell (b) partly solves the above problems with a full swing
of Vpp at the inverter output node, although the dc current still remains.
Cell (c), called the full CMOS cell, inherits the advantages of the CMOS
inverter that cuts the dc current completely and has a wide voltage margin.
However, the cell area is quite large unless a tight isolation technology bet-
ween NMOS and PMOS is available. Cell (d) is called a poly-silicon load cell,
and is suitable for higher-density SRAMs. Poly-silicon (poly-Si) facilitates
an extremely high resistance load with a small area, thus allowing a high
density and a small dc current. It has brought about an advance in cell
miniaturization by the use of a vertical structure with double poly-silicon
technology; that is, the first poly-silicon for the MOSFET gates, and the
second poly-silicon, which overlays the first poly-silicon, for the loads. For
4-Mb or higher density SRAMs, however, the poly-silicon load cell starts to
be replaced by a TFT (Thin Film Transistor) load cell since polysilicon is
unable to keep the data-retention current low enough. The TFT load cell
is a kind of full CMOS cell, in which PMOSFETsSs are built into the second
poly-silicon layer.

Recently, a full CMOS cell (c) has become increasingly important for
use in cache memories [1.30]. This is because it offers a stable operation
— that is, a wide voltage margin and noise immunity even for high-speed
operation — and ease of fabrication, with a process compatible with CMOS
logic in microprocessors. Although a cache SRAM does not need a density
as high as that of a DRAM, the memory cell area is still a prime concern to

BESANG EX2024
Intel v. BeSang, IPR2023-00991

Page 25



26 1. An Introduction to Memory Chip Design

reduce the fabrication cost, especially for microprocessors that have a denser
on-chip cache. Denser cells have been realized that uses the following techno-
logies [1.30]: two-level local interconnection to form a flip-flop, source—drain
silicidation, trench isolation fabricated by a chemical mechanical polishing
(CMP) process, and thin TiN local interconnection for fine patterning.

1.5.2 The Basic Operation of a SRAM Cell

Figure 1.23 shows a conceptual full CMOS cell array. The read operation
starts with activation of a selected word line after equalizing all pairs of data
lines to around Vpp, as shown in Fig. 1.24. Each cell along the selected word
line develops a small signal voltage, vg, on one of the data lines, depending on
the stored cell information. For example, for “1” stored information, where
cell node N is at a low voltage and cell node Ny is at a high voltage, a small
signal voltage is developed on the data line (DL) as a result of the ratio of
a data line load (Z), a transfer MOSFET (Qj5), and a driver MOSFET (Q;).
Another data line (DL) remains at the equalized voltage with both Q, and
Q4 cut off, as long as the resultantly raised N; voltage is smaller than the Q5
threshold voltage (V). A read data from one pair of data lines is transferred
to a pair of I/O lines by turning on the column switch selected by a column

¢ VoD
-l[: NMOS -lE:‘ PMOS |f| P [‘]
equalizer
load | Z E 7 4
[EQ) .
TE  EE e
WL —esth) D i
R \
|
DLo  array DLm-1 M taline| memorycell |
' DL }-{}--- (MC) ...j}--| DL
| Co Co
| °
WLn-1 Pan yan) / WLn-1
L/ \ 1 T
1 MC H
buffers \x m // column line
Di‘""’D‘] YLo % YLm-1 i —Y— g
YL
10 { ______ %] 10 [

input & )
D‘—| I-] output line o
(a) (b)

Fig. 1.23. A conceptual SRAM array (a) and an actual data-line configuration (b)
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Fig. 1.24. The read operation

line (YL) activation. The polarity of the differential signal voltage is detected
by a differential amplifier in a data output buffer, so as to be outputted as
the data output (Deyt) from the chip. For “0” stored information, the same
operation is carried out, except that the opposite voltage polarity is applied.

The write operation is carried out by applying a differential input, whose
polarity corresponds to the write binary information, to the I/O lines through
the data input buffer, as shown in Fig. 1.25. The full differential voltage is
quickly transferred to the data line and then to the cell nodes (N1, Ng) if
the conductance of the column switch MOSFETs is sufficiently higher than
that of the data-line loads. That is why each column switch is composed of
parallel-connected N- and PMOSFETs. An NMOSFET can fully discharge
the data line with its high gate voltage, while a PMOSFET can fully charge
up the data line with its low gate voltage. The write operation is completed
by turning off the word line so that the differential voltage is held as stored
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Fig. 1.25. The write operation

information. Note that each of the remaining cells on the selected word line
continues to develop a small signal voltage on the corresponding data line, in
the same manner as in the read operation.

The SRAM cell has the following features which differ from those of the
DRAM cell:

1. The small signal voltage (vs) developed by the read operation offers
a fast access time. The resultant ratio current (i) discharges the data-line
capacitance (Cp) according to the following equation:

i = Cp(vs/At) .

Hence, the discharge time (At) is shortened by reducing vs. Here, to
achieve non-destructive readout characteristics the Q5 conductance is set
to be the smallest: it is 1.5—2 times smaller than the Q; conductance,
which is much smaller than the Z conductance. Thus, ¢ is eventually
governed by the cell transfer FET, and vg is almost iZ.

2. Non-destructive readout characteristics allow the elimination of a sense
amplifier on each pair of data lines. A possibly degraded voltage diffe-
rence between the two nodes (N1, N3), that is developed during the read
operation, finally recovers to a full Vpp after the word-line voltage is
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turned off, with the help of the cells feedback loop. Hence, a SRAM cell
does not need a rewrite operation. This is the origin of the faster cycle
time compared with a DRAM cell.
3. Instead, a ratio current continues to flow during word-line activation for
each of the cells along the word line. This causes a high power dissipation.
In addition, a small vg needs a highly sensitive differential amplifier on

the I/O line.

1.5.3 Advances in SRAM Design and Technology

Circuit innovations [1.18, 1.21, 1.29, 1.30] in the development of SRAMs are
summarized in Table 1.4. For the peripheral circuit of SRAM chips, a PMOS

Table 1.4. Circuit innovations for MOS SRAM [1.9]

Capacity Power Memory Circuits
supply (V) cell”
256 bit—1 Kb 5 E-load, D-load, -PMOS
full CMOS -NMOS
4K 5 Polysilicon —CMOS periphery
load —CMOS differential sense
16 Kb 5 —Address transition detection
—Data-line equilibration
64 Kb 5 —Double-ended full differential
sense
—Multidivided word line
-BiCMOS periphery
256 Kb 5 —Redundancy
—Multistage sense amplifier
1Mb 5 -I/0 line equilibration
-I/0 line sense amplifier
4 Mb 3.3-5 TFT load

—On-chip voltage down-
converter '

—Positive feedback sense

—Synchronous/pipeline

aE, enhancement; D, depletion.
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30 1. An Introduction to Memory Chip Design

circuit was first used, and then quickly followed by an NMOS circuit to
improve the speed. After that, a CMOS peripheral circuit combined with
a poly-silicon load NMOS memory cell was introduced in the 4 Kb generation,
to reduce the power dissipation. A typical example is a CMOS differential
amplifier with a PMOS current mirror. In the 16 Kb generation, address
transition detection (ATD), which has been used hereafter for SRAM and
DRAM, was developed to generate short pulses at every address-signal tran-
sition. This enables high-speed and low-power dynamic operations of specific
peripheral circuits on which static operations have been imposed, despite
the CMOS circuit era. For example, it allows each pair of data lines to be
quickly equalized for the next activation, and it cuts the cell ratio current,
with a narrowed word pulse. Moreover, it achieves automatic power-down
of the differential amplifiers on the I/O lines. In the 64 Kb generation, the
double-ended full differential CMOS sensing technique, partial activation of
the multidivided word line (i.e. a hierarchical word line) that reduces the
ratio current while reducing the number of activated cells, and high-speed
BiCMOS circuits were developed. In addition to improvements in amplifier
and equilibration techniques to increase the circuit speed, redundancy and
pipeline architectures were proposed in the 256 Kb generation and beyond.

Example of Advances. Figure 1.26 shows the structure of a high-speed and
high-density full CMOS cell [1.31, 1.32]. A 0.25um CMOS process featuring
two-level poly-Si, one-level TiN local interconnection, and a three-level metal
process provides a 6-T cell in 2.6 x 3.15 um?. Poly-2 power lines (Vpp and Vss)
are strapped at every 64 cells along the word line with metal 1, and each data

A
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. R WL DL Vss interconect VoD
m (poly—1) (Al) (poly-2)(TiN) (poly-2)
v 17

l ] WL (poly--1)

: : ! : s ez L
,_h__gq_o"::'__x::‘. ;Eiq-*_ ] == A
[ 40 A 12 -wy [N v !  S— T <
B 3 .. : : ot nt p*
| | _& S '\ [ Vss (poly-2 p-well n-well

' E N - i
Lo e e . T L

- ' d===h > ! ' ! local n-sub

- : . : 4 4 interconect

: : y ==y ' : (TiN) (b)

. L - ] - A . n-well

=R 1]
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Fig. 1.26. A schematic of a fulll-CMOS SRAM-cell layout (a) and a cross-section
along line A-A’ (b) [1.31]. The Al wirings for data lines in (a) are omitted for ease
of understanding
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=320,
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Fig. 1.27. A microphotograph of a 4 Mb CMOS SRAM [1.32]

line is composed of metal 2. To construct a hierarchical word line, a metal 3
main word line runs for every four poly-1 subword lines. Here, these metal (Al)
lines are omitted for ease of understanding in the figure. P- and NMOSFETs
use a gate length of 0.25 um and a gate oxide thickness of 6 nm. A double
well adjusts the values of V for both the N- and PMOSFETSs. Figure 1.27
shows the chip micrograph for a 4Mb CMOS SRAM [1.32], using the above
full CMOS cell. The chip measures 8 x 14.1 mm?, and it is divided into four
quadrants, each of which is composed of 16 small blocks and thus 16 I/O pads.
Each block has cells in a 128 x 512 row-and-column format. An access time
of 9ns and a 300 MHz data-rate read operation can be achieved at 2.5V Vpp.
A pipeline scheme, discussed in Chap. 6, is responsible for such a high data
rate.

1.6 General Trends in Non-Volatile Memory Design
and Technology

1.6.1 The History of Memory-Cell Development

Table 1.5 summarizes various non-volatile memories [1.9]. The mask ROM
cell is the smallest if a NAND structure (i.e. series-connected cells) is em-
ployed. The EPROM cell is the second smallest, while the EEPROM cell
is the largest because it needs two transistors. Except for Mask ROM, non-
volatile memories suffer the drawback of a limited endurance; that is, a limited
number of programming and erasing cycles, of 102—10°. Note that a write
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1.6 General Trends in Non-Volatile Memory Design and Technology 33

(i.e. programming) operation is always accompanied by a preceding erase
operation.

The concept of the non-volatile memory cell, in which charges are injected
into a floating gate, was first proposed for a P-channel EPROM cell, called
the FAMOS (Floating-gate Avalanche-injection Metal Oxide Semiconductor)
cell [1.6]). Once charges are injected by a write operation, they are held at
the gate surrounded by insulator even if the power supply is turned off. In
this cell, the erase and write operations are performed by ultraviolet expo-
sure and avalanche injection, respectively. Since then, the development of
EPROMs [1.18] has centered on the simplification of the memory cell and
the reduction of the programming voltage (Vpp), which is the control-gate
voltage for the write operation, as discussed later. Consequently, the above-
mentioned FAMOS cell was replaced by N-channel stacked gate cells. The
original Vpp of around 25V was reduced to 12.5V by tailoring impurity
profiles. EPROMs, which were developed up to the 16 Mb generation, were
eventually replaced by Flash memories. Note that data in EPROM chips are
not erased as long as the chips are mounted on a memory board (card) in
a system. To erase the data by exposing the memory cells to ultraviolet rays,
the package must be removed from the board. Thus both a special package
with a glass lid for penetrating the rays and a socket are necessary. This is
a problem in terms of cost and ease of use. EEPROM solves the problem.
To achieve better electrical erasability in EEPROMs, a variety of memory
cells [1.18] have been developed. However, EEPROM has failed to attract
a large market because of its large cell area and the standardization problem,
although it was produced up to the 1 Mb generation. Thus, EEPROM was
also replaced by Flash memory. Note that a small memory-capacity EEPROM
is still used in a system LSI chip, where an EEPROM and a large logic cell are
merged on to a chip. This is because the peripheral circuit for EEPROM is
simple despite its large cell, thus making the overall chip design simple. Flash
memory is based on the technology of either EPROMs or EEPROMsSs, and
in price and functionality it falls somewhere between the two. Flash memory
is suitable for applications that require a high storage density and repro-
grammability without removing memory chips from the system, as discussed
previously. Flash memory, as well as EEPROM, also need a high voltage
when writing data into the cells (i.e. programming). In general, if the write
operation utilizes a hot-electron injection mechanism, Vpp must be supplied
directly from an external supply voltage. An inherently large hot-electron
current in a cell transistor requires an external Vpp, as shown later. However,
if it utilizes a tunneling mechanism, Vpp can be supplied internally from an
on-chip Vpp generator that boosts Vpp to Vpp using a charge pump, thus
enabling a single external Vpp. A quite small tunneling current allows the
use of the charge pump which is inherently poor in current driving capability.
Thus, it is essential to utilize a tunneling mechanism for both the write and
the erase operations.
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1.6.2 The Basic Operation of Flash Memory Cells

Since the concept of the Flash memory was first reported in 1984 [1.33],
several approaches to Flash memory cells have been proposed [1.34-1.36].
However, their operations are based on the floating-gate concept, in which
the threshold voltage of a transistor can be changed repetitively from a high
to a low state, corresponding to the two states of the memory cell, i.e. the
binary values (“1” and “0”) of the stored bit. Cells can be “written” into
the “1” or “0” states by either “programming” or “erasing” methods. One
of the two states is called “programmed” and the other “erased”. In some
kinds of cells, the low-threshold state is called “programmed”; in others, it
is called “erased”. Although this may cause some confusion, the different
terms are related to the different organizations of the memory array. Their
read operation is performed by applying a gate voltage that is between the
above two threshold voltages, and by sensing the current flowing through the
transistor.

The simple model shown in Fig. 1.28 helps in understanding the electrical
behavior of the Flash memory cell. Consider the case when the charge, Qrq,
is stored in the floating gate (FG). Then,

Qrc = Crc(Vre — Veg) + Cs(Vee — Vs) + Cp(Vee — V)
+Cs(Vrg — VB) , (1.1)

where Vgg is the potential at the FG, Vg is the potential at the control gate,
and Vg, Vp, and V3 are potentials at the source, drain, and bulk (substrate),
respectively. Hence, the potential at the FG due to capacitive coupling is
given by
Qrc , Crc Cs Cp Cg
Ve = —+ —/—W —Vs+ =—VWp+=—V 1.2
FG CT+CT CG+CT s+CT D-I-CTB, (1.2)

Cr=Crc+Cs+Cp+Cp.

If the source and bulk are both grounded, (1.2) can be rearranged as

Qrc |, Crc Co
Vrg = ——+ Voo + 5 Vbs . 1.3
FG OT CT cG CT DS ( )
| CONTROL GATE |
C
—— CFc
| FLOATING GATE |
| 1 |
c c c
[ S l B —[ D
SOURCE DRAIN
SUBSTRATE Fig. 1.28. A schematic of the cross-
section of a Flash memory cell [1.35]
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Here, we define V(FG) as the threshold voltage of the FG transistor, the
gate of which is the FG. If V¢ is lower than V1 (FG) the FG transistor turns
off, while if it is higher than V1 (FQG) it starts to turn on. Consider another
transistor (i.e. the CG transistor) with the same source and drain, the gate
of which is the control gate. Obviously, the CG transistor also starts to turn
on when Vpg = Vo (FG). This point is just the treshold voltage, Vi (CG), of
the CG transistor. Thus, V1(CG) is derived from (1.3) with Vpg = Vr(FG)
and Vog = Vp(CG), as follows:

Ct Qrc Cp
= —Vr(FG) - =— — — . 1.4
Vr(CG) o Vr(FG) Coo ~ Coc Vbs (1.4)
Therefore, Vr(CG) which is the memory-cell threshold voltage, depends on
Qrc. The Vo (CG) shift, AVr, is thus given by

AQrc

AV = —
VT CFC )

(1.5)

where AQrg is the shift of Qrg. This equation shows that the role of the
injected charge is to shift the I-V curves of the cell (i.e. the CG transistor).
If the reading biases are fixed (usually at Vog ~ 5V and Vpg ~ 1V), the
presence of charge greatly affects the current level used to sense the cell state.
Figure 1.29 shows two curves: curve A represents the “0” state, while curve
B is for the “1” state with a V4(CG) shift. The current is approximately

low V+(CG) high Vr (CG)
CG (selected) CG (selected)

e i
s [Essed PNQELIID

122G s g
n 0L n nj"OFF"\ n_|

p-sub p-sub
Q low Vr(CG) high Vr (CG)
= A
c
o
5
(&)
[
g
3 —AVr—y/ AVr=-AQec/Cre
g
3
[«
/] i J:OFF"

0 Ve

(non-selected) (selected)

Control-gate Voltage Vce

Fig. 1.29. The principle of the read operation of a Flash memory cell [1.36]
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36 1. An Introduction to Memory Chip Design

100 pA for “0” while it is 0 for “1”, when Vg is chosen to be an appropriate
voltage between two threshold voltages. It is indispensable for the normally
off transistor to start to turn on only by the application of Vcq; otherwise,
the cells connected to the same data line may turn on even without the
application of a word pulse. Thus, to ensure a successful read operation the
following relationships must be satisfied:

VR > low VT(CG) >0 y
Vr > high VT(CG) .

There are two typical mechanisms to transfer electric charges from and into
the FG. They are the hot-electron injection (HEI) mechanism and the Fowler—
Nordheim (FN) tunneling mechanism [1.35].

Hot-Electron Injection. Electrons traveling from the source to the drain
are “heated” by a high lateral electric field (between source and drain),
causing avalanche breakdown phenomena in the vicinity of the drain. The
resultant impact ionization generates hole—electron pairs in the drain region.
The electrons of the pairs are injected into the floating gate through the oxide
by a transverse electric field (between the channel and the control gate),
while the holes of the pairs flow to the substrate as the substrate current.
Figure 1.30 shows the relationship between the gate current (Ig) and the
gate voltage (Vgs) of an FG transistor. The gate current starts to flow in
accordance with the start of the channel (source-drain) current flow when

107

Vos bl /3
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Vs is increased. It increases with Vigg because of the increase in the channel
current. An excessive Vgg for a fixed Vpg, however, decreases Ig because
of a reduced drain—gate potential difference. Thus, if the bias condition for
the drain and floating gate is set so that the gate current is maximized,
this realizes the fastest injection speed. This injection always entails a large
channel current, causing a high power dissipation. For example, the current
is as high as about 0.5 mA at a control-gate voltage of 12V.

Fowler-Nordheim Tunneling. The current density (J) of the tunneling
current is obtained in the simplest form as

J = AE? exp(—B/E) (1.6)

where A and B are almost constants, and E is the electric field. Figure 1.31
shows log J versus E. There is a large variation, of about seven orders of
magnitude, in the tunnel current when the field is changed from 7MV cm™!
to 10MV cm~!. Since the field is roughly the applied voltage divided by the
oxide thickness, a reduction in the oxide thickness for a fixed applied voltage
produces a rapid increase in the tunneling current. An optimum thickness, of
about 10nm with 10 MV cm™!, however, is chosen in present-day devices
as the result of trade-off between performance constraints and reliability
concerns. Thin oxides reduce the erasing speed. However, they increase power
consumption and degrade the reliability of the oxide instead. The above
exponential dependence of the tunnel current on the oxide — electric field calls
for very good process control. Otherwise, some critical problems are caused.
For example, a very small variation in the oxide thickness among the cells in
a memory array produces a great difference in the erasing or programming
currents, thus spreading the threshold voltage distribution in both logical
states. Moreover, the tunneling currents may become important in device
reliability at low fields, either in the case of poor-quality tunnel oxides or when

10°

Fowler-Nordheim
tunneling current

N

Current (A/cm?)
T

-9 L L 1
" 7 8 9 10 1 Fig. 1.31. The Fowler-Nordheim tunneling

Field (MV/cm) current, as a function of the electric field [1.35]
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thin oxides are stressed many times at high voltages. In fact, poor-quality
oxides are rich in interface and bulk traps, and trap-assisted tunneling is
made possible, since the equivalent barrier height seen by electrons is reduced,
and thus tunneling requires a much lower oxide field than 10MV cm™!. The
oxide defects, whose density increases with decreasing oxide thickness, must
be avoided to control the erasing and programming characteristics, and to
ensure good reliability.

The following are the typical types of Flash cell. Some of them differ
in their charge-transfer mechanisms, their cell structures, and the logical
connections of their cells.

The NOR Cell. The name of the cell is derived from the logical connection
of the cells. Figures 1.32 and 1.33 show the industry-standard one-transistor
stacked-gate Flash memory cell [1.37] and its operation [1.9]. The tunnel oxide
under the floating gate is about 10nm thick. To have a junction that can
sustain the high applied voltages without breaking down, the source junction
is carefully designed by using the process to achieve a lighter and deeper junc-
tion. Therefore, the source diffusion is realized differently from the drain diffu-
sion, which does not undergo such high bias conditions. Oxide/nitride/oxide
(ONO) interpoly dielectrics are used to realize a high value of Cpc. The
cell uses the FN tunneling current for erasing, and the electron injection for
programming (write).

The erase operation is performed by a combination of a 0V control-gate
voltage and a high source-voltage, so that electrons, if any, at the floating gate
are ejected to the source by the tunneling effect of the thin oxide. All cells
are erased simultaneously, since a high voltage is applied concurrently to the
sources of all cell transistors. Here, different initial values of the cell threshold
voltage and different gate oxide thicknesses of the FG transistors may cause
a variation in the threshold voltage at the end of the erase operation. A higher
threshold voltage after erasing results in a slower read operation. Thus, in
practice, before applying the erase pulse, all of the cells in the array/block

A.
Floatin :
G g ! Data Line Control Gate
INTERPOLY OX. ——>
- _ |__Floating Gate |

Word TUNNEL OX.

Line —_— N——
n* Source Drain M
Common

A':  Source Line p-substrate

(a) (b)

Fig. 1.32. The NOR cell [1.37]. (a) The layout of a typical double-polysilicon
stacked gate cell; (b) a schematic cross-section along line A-A’

BESANG EX2024
Intel v. BeSang, IPR2023-00991

Page 38



1.6 General Trends in Non-Volatile Memory Design and Technology 39

cell array

open open
&l /.‘; ~ ,"L_L ~ 0
12 Vo599 1]
(Ver) I i e St —12 V
ECIETY At An
(@
12 V(Vrp) A8V g 0
e S L 12V
a| o 6V Select {T— 1J=L
S0 L L
T+—Tho
D
(b) \data line
95 V (Voo) v
7T SV

Fig. 1.33. The basic operation
of the NOR cell [1.9]. (a) Erase;
(b) write; (c) read

(c)

are programmed so that all of the thresholds start at approximately the
same value. After that, an erase pulse that has a controlled width is applied.
After an erase pulse, however, there may be typical bits and fast erasing
bits due to gate-oxide thickness variation. Therefore, subsequently, the whole
array/block is read to check whether or not all of the cells have been erased. If
not, another erase pulse is applied and another read operation follows. This
algorithm is applied until all of the cells have threshold voltages that are
lower than the erase verify level. A similar algorithm is also useful to avoid
“over-erase” that may cause normally on transistors. Typical erasing times
are in the range 100ms—1s. As for the write operation (i.e. programming),
a high-voltage pulse is applied to the control gate so that the capacitive
coupling makes the transistor turn on, with a floating-gate voltage raised
from a voltage that was set by the preceding erase operation. If the write
data corresponds to a high voltage (for example, “1”) applied to the drain
(i.e. the data line), a high source—drain current of about 0.6 mA flows. As
a result, hot electrons generated by the avalanche breakdown phenomena in
the vicinity of the drain are injected into the floating gate. Consequently,
after turning off the word pulse, the FG transistor is deeply cut off with
a negative gate voltage. If the write data is for a drain voltage of 0V (“0”),
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the floating gate remains at the previous erasing state of having no electrons.
Thus, after programming, the cell-threshold voltage, Vr(CG), becomes high
or low. The shift in the threshold voltage, AV, depends upon the width
of the programming pulse. To have AVp = 3-3.5V, a pulse width with
typical values in the 1—10 s range must be applied. Here, the drain is made
open to prevent a turn-on current in the transistor, caused by capacitive
coupling from the source to the floating gate. The read operation is done by
the application of 5V (Vg = Vpp) to the control gate and 1V to the drain, as
described before. An access time of 50—100 ns is obtained. Note that a higher
drain voltage may cause “soft-write” for the cell during the read operation,
although it offers faster sensing with a larger read current.

The reliability issue regarding the programming/erasing cycles and re-
tention characteristics is highlighted for Flash memories. The following is
an example of programming disturbances: there are two major disturbances
when programming the selected cell (A) in Fig. 1.33. One is due to the high
voltage (12 V) applied to the control gates of the non-selected cells (B) on the
same word line. The other is due to the medium high voltage (6 V) applied
to the drains of the non-selected cells (C) on the same data line. For cell
B there might be tunneling of electrons from the FG to the control gate
through the interpoly oxide if the FG is filled with electrons. This induces
a charge loss, reducing the margin for the high threshold voltage. There
might also be tunneling of electrons from the substrate to the FG if the
FG is “empty”. This induces a charge gain, reducing the margin for the low
threshold voltage. For cell (C) electrons tunnel from the FG through the
gate oxide to the drain, reducing the margin for the high threshold voltage.
Disturbances similar to the above are present even during read operations.
That is why a drain voltage as low as 1V is applied, to avoid the soft-
write that can occur during read operations. The influence of disturbances
becomes more and more prominent when increasing the number of reading—
programming or programming—erasing cycles.

Flash memory needs multipower supplies internally, calling for on-chip
voltage converters. A voltage down-converter, which converts the high exter-
nal supply voltage to a low internal supply voltage, allows the resultant low-
voltage generator to drive the internal load with a quite large output current.
On the other hand, a voltage up-converter, by means of charge pumps, suffers
from a small output current. The details will be discussed in Chap. 5. In any
case, Vpp must supply a large erasing current, because all of the cells in
a block as large as 64 KB (i.e. 512K cells) are simultaneously erased. Thus,
an external Vpp supply is indispensable. In addition, the drain supply vol-
tage (6 V) in the write operation must manage a large avalanche breakdown
current that is necessary when a number of cells (for example, 16 cells) are
written simultaneously. Thus, the drain voltage must be generated from the
external Vpp (12V) through an on-chip voltage down-converter. An on-chip
voltage up-conversion from the external Vpp (5V) to 6 V by using a charge

BESANG EX2024
Intel v. BeSang, IPR2023-00991

Page 40



1.6 General Trends in Non-Volatile Memory Design and Technology 41

Vg=5V Vg=10V Vg=-10V
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(a)

Fig. 1.34. The negative word-line voltage scheme [1.38]. (a) Read, 60pA/cell;
(b) program, 0.5mA /cell (8 mA for 161/Os); (c) erase, 10nA /cell (5mA for 64 Kb
block)

pump fails to supply a high enough current. A read voltage of 1V is also
generated from Vpp, using another voltage down-converter. Thus, the cell
needs two external power supplies, Vpp and Vpp.

A negative word-voltage erasing scheme [1.38] allows even the NOR cell
to operate at a single external Vpp, as shown in Fig. 1.34. Here, there are
minor changes, caused by an advanced device, in the values of Vpp and
currents, from those described so far. The scheme features a voltage setting
of a negative control-gate voltage and a Vpp source voltage in the erase
operation. This setting gives almost the same tunneling current as that for
the conventional setting shown in Fig. 1.33. The Vpp at the source can supply
a large tunneling current of 5mA, which is necessary for a block erase. An on-
chip negative voltage (—10V) converter from Vpp, which comprises a charge
pump, manages to drive its load despite the charge pump because of pure
capacitive CG load. Even for write and read operations, single Vpp operation
is realized: The external Vpp supplies a large enough hot-electron current of
8 mA at the Vpp drains, and generates a high CG voltage of 10V through
a voltage up-converter. Note that reduction of the source voltage simplifies
the source structure.

The NAND Cell. In this type of cell the elementary unit is not composed
of the single three-terminal cell, but of more FG transistors connected in
a series (eight or 16), which constitutes a chain connected to the data line
and to ground through two selection transistors, as shown in Fig. 1.35 [1.39].
This organization eliminates all contacts between word lines, which can be
separated by their minimum design rule, thus reducing the occupied area
by 40%. Figure 1.36 shows the cross-section of an 8-bit elementary block
for a NAND array with peripheral circuits [1.39]. The FN tunneling current
is used for both erasing and programming. The erase voltages are 20V to
the n-substrate, the p-well 2, and the drain and source of the chain, and
0V to all the control gates of the chain when the selection transistors (Qsi,
Qs2) are turned on. This biasing induces electron tunneling toward p-well
2, resulting in a low threshold voltage for all of the cells. Note that a low
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Fig. 1.35. NAND architecture. The dimensions of a NAND array are compared to
those of a NOR array [1.39]

peripheral circuit Ly NAND cells

[ Y

Fig. 1.36. A cross-section of NAND cells and the peripheral circuit [1.39]

threshold voltage is set to be negative (i.e. normally on), which differs from
the NOR cell. There is no voltage difference between the drain of each cell
transistor and the p-well, so that there is no breakdown of the junction. The
programming voltages are 20V to the control gate of the selected cell and
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10V to all of the remaining control gates of non-selected cells, with p-well
2 grounded. The selection transistors are biased to connect the chain to the
data line and isolate it from the ground. If a “0” is to be stored, the data line
is grounded. Hence, the sources, drains, and channels of the cell transistors
are grounded, and only the selected cell transistor has an electric field in
the oxide to induce electron injection from the channel (substrate) into the
FG, causing a high threshold voltage. This is because the FG voltage of the
selected cell is raised to a sufficiently high tunneling voltage of about 10V,
while the other FG voltages are raised to a sufficiently low voltage, of about
5V. This is justified by an exponential relationship between the tunneling
current and the electric field, as expressed in (1.6). If a “1” is to be stored,
the data line is biased at 10 V. However, there is no tunneling for the selected
cell because of a small voltage difference between the FG and the substrate,
which keeps the threshold voltage negative. Obviously, to transfer the data-
line voltage to any selected cell in the chain, the non-selected cell transistors
must always be conductive, independent of their stored information. Thus,
the FG voltages of the non-selected cells must exceed the high threshold
voltage sufficiently. The read operation is performed by applying 5V (Vpass)
to all of the control gates except the selected one, which is grounded. The
selection transistors are turned on to connect the chain to the ground and
data line. Thus, the data line, which has been precharged, is discharged if
the stored data is “1” (normally on). It holds the precharged voltage if the
stored data is “0” (a threshold voltage high enough to cut off the transistor).
Figure 1.37 shows the voltage relationships for the selected and non-selected
cells. A read operation succeeds when the following conditions for the selected
cell and for the non-selected cells are satisfied, respectively:

low V1 (CG) < 0 < high Vp(CG) ,
VpAss > high VT(CG) .

= low Vr(CG) high v;(CG)  Data Line
g 5V—[ Qs

=3

o Veass —“ M

c

{E Veass —“ M2

9 0V —]j[ M: (selected)
8 !

‘3- Veass —“ Ms

o 5V— a=

0 Veass
(selected) (non-selected)

Control-gate Voltage Vca
Fig. 1.37. The principle of the read operation of the NAND cell [1.39]
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Since tunneling is more efficient than hot-electron injection, currents are
smaller, and different supply voltages can be internally generated by on-chip
charge pumps through the use of a single external power supply. The small
currents allow an increase in the number of parallel programmed cells without
increasing power consumption. Thus, the programming time per byte is as
fast as 200—400 ns. Electron tunneling from whole channel region is uniform
through the oxide. This makes erasing fast, exemplified by 6 ms per block and
around 100ms per chip. However, the access time is slow because of a small
cell current of around 1yA. A chain structure is responsible for this current.

The DINOR (Divided Bit-line NOR) Cell. This features the high-speed ran-
dom access of the NOR cell and the low power of NAND cell. FN tunneling is
used for both erasing and programming. Figure 1.38 shows the cross-section
and equivalent circuit [1.40]. Each data (or bit) line is composed of a hierarchi-
cal structure of poly-Si subdata lines, each of which connects 32 or 64 cells,
and metal-2 main data lines. Thus, a main data line can “see” only one
selected subdata line, which enables a reduced capacitance and thus a high
speed. The hierarchical structure also confines the array area, which gives rise
to disturbances, within the resultant small segment. The cell area is reduced
by using self-aligned drain contacts without double-diffused drains. Metal-1
word-line strapping is used for high speed. In DINOR cells, the programming
and erasing operations are opposite to those in the conventional NOR cell. To
erase means to set the Vr of the cells to have a high value, while to program
means to set the Vi of the selected cell to have a low value. Erasing is achieved
by applying a high voltage of 10 V to the control gates and a negative voltage
of —8V to the p-well. Thus, electrons are injected into the FGs of all of the
cells via channel FN tunneling. When programming, a high drain voltage of

main data line (metal-2) ) SG JI Il:r I [r
WL(metal-1) subdata line WL -+ —-
720 V7 % X -

--------------------------------------------------------- ||y
WL i 1

- 7. 4| Y
AN\ WL —1— —1-

4—32',‘;2‘ — - 64 cells > L/ L

777 7T

Fig. 1.38. The cross-section and equivalent circuit of DINOR cells [1.40]
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6V is applied to the subdata line of the selected blocks, and a negative voltage
of —8V is applied to the selected control gate. Thus, electrons are selectively
ejected from the FG though the gate/drain overlapping area. Disturbances are
reduced by the high-Vr erase. Overprogramming is avoided by the Vp-verify
algorithm, which ensures a normally off condition even after programming.

The AND cell. This cell operates like the DINOR cell. Figure 1.39 shows
the cell structure and equivalent circuit [1.41]. It increases the gate coupling
in the word-line direction and realizes a small cell area due to diffused drain
and source lines. Both the drain and source lines have hierarchical structures.
Each subdata line is connected to a metal main data line through a selection
transistor. Each subsource line is also connected to a main source line through
another selection transistor. This structure greatly reduces programming dis-
turbances from other blocks.

The Multilevel Cell. To improve Flash memory density, the multilevel cell
concept [1.42], which increases the number of possible states in a cell, has
been proposed. If k£ bits are stored in a memory cell, the density increases by
a factor of k. Instead, for a fixed maximum cell operating voltage the signal-
to-noise (S/N) ratio degrades by 1/(2% — 1) for the conventional 1 bit per cell
scheme. Thus, a high S/N design is the key. The inherent features of the Flash
cell, such as a gain cell and a Vp-adjustment capability for each cell, might
overcome the S/N issue, although the concept has been difficult to implement
on a commercial DRAM chip. The number of states is determined by the total
available charge range, the ability to program a state accurately, ability to
read a state accurately, and the disturbance of a state over time [1.43], as
understood below.

If programming can be done accurately enough, the cell can store one
of four discrete charge bands to achieve 2 bits per cell storage, as shown in

DL DL
SG1 ll'r 1[—'|—<
|| T
WL 1 .
main data line = =
W 4 ==
; =i
floating gate Word line ) H_1—<
ol i s =
LY 1
F—C\_p—:\_;:—C\_/7J L‘\_;_r === - », 2
e subsource line  subdata line <.J:L_ ._l—l_
n-well o i
SG2
p-sub 1_“ f” )

Fig. 1.39. The cell structure and equivalent circuit of an AND cell [1.41]
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Population

State 0 : State 1 : State 2 : State 3
Data 11 : Data 01 ! Data 10 ! Data 00

N LN N N,
+ + ¢ t ¢ t 3 (Flash Cell

EV R1 PV1 R2 PV2 R3 PV3 Threshold Voltage)

Fig. 1.40. The multilevel-cell threshold voltage distribution for 2 bits/cell sto-
rage [1.42]. The states (ranges of threshold voltages) are determined by Program
Verify Reference Vi (PV) and Erase Verify Reference Vp (EV). Flash cells are
used to generate the reference Vi values to compare the Vi of array memory cell
with that of the cells. Logic 11 if V (array) < Vp(R2) and Vr (array) < Vp(R1);
logic 01 if V (array) < Vp(R2) and Vi (array) > Vp(R1); logic 10 if Vi (array)
> Vr(R2) and Vr (array) < Vp(R3); logic 00 if Vi (array) > Vp(R2) and Vp
(array) < Vp(R3)

Fig. 1.40 [1.42]. State 0 (1,1) corresponds to the erased state. In the figure
EV is the Vp-verify level for erasing. The remaining states are controlled by
the degree of programming. PV 1, PV 2 and PV 3 are the Vp-verify levels
for programming, and each state can be discriminated by a sensing circuit,
shown in Fig. 1.41 [1.42]. The reference current (R2) of the first stage, that
corresponds to Vp(R2), discriminates between states 0 and 1 and states 2
and 3 of the selected cell. The reference currents (R1, R3) of the next stage
discriminate between state 0 and state 1, and state 2 and state 3, respectively.

1.6.3 Advances in Flash-Memory Design and Technology

Circuit innovations in the development of non-volatile memory are summa-
rized in Table 1.6. In addition to advances in the high-density memory cell
discussed so far, innovative circuits [1.18] focusing on ease of use and high
speed have been developed. They are a byte-erasable scheme, the CMOS
peripheral circuit, redundancy, and page (32—-128 bytes) programming. Page
programming effectively performs high-speed programming through parallel
programming of many data, each of which has been latched into a latch
circuit connected to each data line. Moreover, data polling that acknowledges
completion of erase and programming, a silicon signature that enables auto-
matic programming based on read data from ROM (in which a procedure
regarding erasing and programming is stored), command-port architecture,
an internal erase/erase-verify function, and a single power supply scheme
have all improved ease of use.
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Fig. 1.41. The binary search sensing scheme (a) and its circuit (b) for 2 bits/cell
storage [1.42]
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Table 1.6. Circuit innovations for non-volatile memory [1.9]%

Capacity Power Supply,
Vpp/Vpp (V)

Memory Cell

Circuits

2Kb

8Kb

16 Kb

64 Kb

128 Kb

256 Kb

1Mb

4 Mb

16 Mb

32MB

~ 50 (EP)
25 (EP)

25/5 (EP)
5/5 (EEP)

21/5 (EP)
5/5 (EEP)

21/5 (EP)
5/5 (EEP)
12/5 (FL)

12.5/5 (EP)

5/5 (EEP)
12/5 (FL)

12.5/5 (EP)
5/5 (EEP)
12/5 (FL)

12.5/5 (EP)
12/5 (FL)

12.5/5 (EP)

12/3.3,5 (FL)

5/5 (FL)

PMOS 2-T FAMOS

(EP)

NMOS 1-T staked

gate (EP)

MNOS, FLOTOX,
triple poly-Si (EEP)

Split gate (FL)

Stacked gate,
FLOTOX

Triple poly-Si (FL)

NAND (FL)

~Byte-erasable (EEP)

—CMOS peripheral
—Redundancy

—Page programming (EEP)
—Data Polling (EEP)

—Silicon signature (EP)

—Command-port
architecture (FL)

-Word-wide (x16) (EP)
—Page programming (EP)

—Internal erase/erase-verify
(FL)

—Negative word voltage (FL)

—Multilevel Cell (FL)

“EP, EPROM; EEP, EPROM; FL, Flash memory; T, transistor; Vpp = Vpp denotes
single power supply.
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