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Preface

The VLSI memory era truly began when the first production of semiconduc-
tor memory was announced by IBM and Intel in 1970. The announcement
had a profound impact on my research at Hitachi Ltd., and T was forced
to change fields: from magnetic thin film to semiconductor memory. This
change was so exceptionally sudden and difficult, T felt like a victim of fate.
Looking back, however, I realize how fortunate I was. I have witnessed an
unprecedented increase in memory capacity (DRAM, for example, has had
a 6-order increase in the last three decades — from the 1-Kb level in 1970 to the
1-Gb level today). I have contributed to this progress with full involvement
in memory-chip development over my career. Such rapid progress would have
been impossible without many of the inventions and innovative technologies,
and without the effort of many talented people. Unfortunately, few systematic
books on memory-chip design have been written by experts. This is a result of
two factors: the difficulty of involving university professors because of rapidly
changing technology requiring huge investments and development resources,
and a shortage of time on the part of chip designers in industry due to severe
competition in the memory-chip business. Therefore, L.SI memory-chip design
has been isolated from the outside, preventing a deeper understanding of the
technology.

This book is based on my 30-year memory-chip (particularly DRAM)
design career. In addition to memory circuits and subsystem design issues,
I describe boundary issues between processes, devices, and circuits. I also
attempt to systematically describe concepts that remain unclear, and discuss
state-of-the-art memory-chip design. This book will be beneficial to students
and engineers interested in memory-chip design, and also to process and
device engineers involved in memory-chip development.

Chapter 1 describes the basics of various VLSI memory chips including
DRAM, SRAM, and nonvolatile memory. Particular emphasis is paid to
internal organization, operation principles and general trends in chip perfor-
mance. Chapter 2 deals with the basics of RAM design and technology. The
elements constituting a memory chip (MOSFETsS, capacitors, and resistors),
MOS memory circuits, the scaling law, and other relevant technologies are
discussed. The first two chapters lay the groundwork for understanding the
rest of the book. Chapter 3 focuses on DRAM chip design. After the catalog



VI Preface

specifications, the determinants of chip performance, the basic technologies
for memory-array configuration and each of the peripheral circuits are des-
cribed. Then, refreshing schemes and redundancy are explained. Chapter 4
discusses the signal-to-noise (S/N) issue in DRAM which strongly influences
stable operation in the memory cell and, thus, in the chip. The relation-
ship between memory-cell structure and its driving/sensing is explained in
relation to the S/N issue. Chapter 5 describes on-chip voltage generators
used for power-supply conversion. These generators are essential for power-
supply standardization and stable operation. Chapter 6 discusses subsystem-
memory architectures. These are increasingly important in providing wide
bandwidth (i.e. throughput) for modern DRAMS. Chapters 7 and 8 describe
low-power/low-voltage memory circuits, emphasizing the importance of the
partial activaiton of multi-divided arrays, and of lowering power-supply vol-
tage. Low voltage inevitably needs the subthreshold-current reduction which
is the key to future LSI design.

I am indebted to many people including colleagues and the office admi-
nistration staff members, Ms. Hosoda and Ms. Ohta, at Hitachi Ltd. They
offered support, advice, and the material needed to finalize my work. Special
thanks go to my wife, Kyoko. Without her continuing support and patience
this book would not have been possible.

Stanford, January 2001 Kiyoo Itoh
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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
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Fig. 1.1. The trend in the device count per chip [1.2]

13

Feature Size (um)



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-pm 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—102
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].

14
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6 1. An Introduction to Memory Chip Design
1.2.3 The I/0O 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/0 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)

| 1 I l

Dynamic RAM Static RAM PROM Mask ROM

(DRAM) (SRAM)

Fuse
EEPROM| EPROM ROM

. Non-
(ertable> (writable)

Fig. 1.6. Categories of semiconductor memories widely used [1.9]
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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 10*—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 floating WL
gate
T €. T
FLL P_ﬁ, vl
DL DL

data line
S

(a) (b) () (d)

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 (Vsg), and two switching
MOSFETS. 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, Ny and Ns. For
example, “1” is written for a polarity of H at DL (N;) and L at DL (Ns)
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 Ny and No, 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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1.4 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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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 Q2, respectively, from
the data lines when the transfer FETs (Q3, 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 Q1 or Q9 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 1 Kb 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 Q2 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 Q. gate voltage is high,
RD that has been precharged to a high level is discharged to 0V because
both Q2 and Qs are on. If the Qg gate voltage is low, RD is maintained
at the high level because Qs 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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RW
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Qi 32
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WD RD bL
(c) (d)
Fig. 1.11. The three-transistor cell [1.9]. (a) 4.5 lines; (b, c¢) 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 Qs 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 4 Kb 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 Q2 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 Q3
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 Vi and 2V (Vr is the threshold voltage of the
FET). When reading the low-level data at the Q. gate, the Q2 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 Q2 gate voltage must be
below Vr to ensure the low level, thus the WL voltage must be below 2Vr.
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1.4 General Trends in DRAM Design and Technology 15

On the other hand, the WL voltage must exceed Vit to turn Q3 on. Another
drawback of cell (d) is that a large dc current flows from the data line to
ground, since both Q2 and Qg 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.

DL DL
;I/; DL Fig. 1.12. The two-transistor cell (twin cell)

Fig. 1.13. The one-transistor cell
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Fig. 1.15. The read operation

signals is outputted as a differential voltage to the 1/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 1S 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 tRgrmax, as shown in Fig. 1.17, although each
cell actually has a data-retention time longer than tgRgrmax-

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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tends to generate clectrical irmbalances 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 MOSFETS 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 o-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 scnsc-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 DRAMs has quadrupled cvery three vears 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 techunology has bheen applied to
other successful products, such as video RAMs, ASIC memories, and the
merged logic and DRAM LSIs. Even 1.5 V 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 (Vgp) 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 64 Mb 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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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 1/0

—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 Cg, and reduces
the interference noise from adjacent data lines a resultant shielded data-line
structure. Moreover, a high-permittivity (&) Ta2Os 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 SiO»
film, with a lower permittivity, that would be formed between the poly-Si
electrode and the Ta,;O5 film would destroy the high-¢ benefit provided by
Tag 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
3pm NMOS 0.3pm triple-well CMOS

MOSFET (L/tox)
Memory cell  Structure

Cs/Cpb

Circuit

Arrangement of

peripheral circuit

Double poly-Si,
single metal

2pm/50 nm

144 pm?, planar Cy
Vpp electrode
381F/515fF

Vpp precharge
Two-divided DL

Two edges of chip

Double poly-Si,
single polycide,
W electrode,

triple metal
0.35um/6.5 nm

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

Redundancy

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

Cross-shaped area in chip

Chip Area 26 mm? (3.43x7.52) 198 mm? (9.74x20.28)
Vbp 5V 1.5V or 3.3V
(down-converter)
Access time 90ns 50 ns
Power 220mW (cycle 230ns) 44mW (cycle 180ns, 1.5V)
Organization 64KW x1b 16 MW x 4b
Refresh 2ms/128 cycles 64 ms/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 ((REFmax). As for the 64 Mb chip, however, 8192 refresh cycles
for 64 ms {rREFmax are needed to reduce the data-line power dissipation, as
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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 PMOSFETSs 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
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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 (Doyt) 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 (Ni, 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 (vg) developed by the read operation offers

a fast access time. The resultant ratio current (7) 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 QQ; conductance,
which is much smaller than the Z conductance. Thus, 7 is eventually
governed by the cell transfer FET, and vg is almost ¢Z.

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 (N7, 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/0O 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 ) —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 -1/0 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.

41



42



43



1. An Introduction to Memory Chip Design

32

‘89104 Bursers /Furimrerdold ‘so[04d H/J ,
"AGTT 10 AZT=ddA ‘Agg 10 AG= TdY

‘1098I8URIY (T,

(-qur) JuaLIND JuLIIND
oqissod ¢0T—301 adp ddp [euuny, [ouuny,
-1 I-1 A1ourowa
SUOI}9]d Ju3IIND -gser
s[qssod  0T—,01 944 ddp 10H [euuny,
(qur) JUSIIND IUOIIND
aqissod 01,01 94 ddp [euung, [puuny, G¢-¢ 1 NOUdHAA
suoIjosfe  eansodxe
o[qissodwy  QOT ~ ada ddA 101 Jo[01ARIY () I LT WOYdd
(ANVN)
- 0 ads - - - £'0-8£0 I INOY AseN
peoy oMIM 9ILIM aseaqy
preoq uo  sopho  Aiddns Jemod (o19e1)
wrexdoxrd qa/d [euxa)xy UISTURYOSTA] BaxR (9D ol1PD

[6°T] seriowaw a13R[OA-UOU UsEMIaq uolstredwo) G a[qe],

44



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. EPROMSs, 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 EEPROMs, 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, Qrg,
is stored in the floating gate (FG). Then,

Qrc = Crc(Vre — Vea) + Cs(Vrg — V5) + Cp (Ve — W)
+Cs(Vrg — VB) , (1.1)
where Vg is the potential at the FG, Vg is the potential at the control gate,
and Vg, Vp, and Vg 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 Cb Cg
— xFG , MFC S+ 22y, 4+ 2By 1.2
Ve CT+CTVCG+CTS+CT Dt VB (1.2)

Cr=Cpc+Cs+Cp+Cg.

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

Qrc  Crc Cb
Vie = —2 + —=V, —Vpg . }
Fo =5 + Cr ce + Cp /DS (1.3)

| CONTROL GATE ]

1
B

| FLOATING GATE |

| 1 |

c c c
[ 1™ T ™°*

SOURCE DRAIN

UBSTRATE . .
SUBSTRA Fig. 1.28. A schematic of the cross-

section of a Flash memory cell [1.35]
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Here, we define Vp(FG) as the threshold voltage of the FG transistor, the
gate of which is the FG. If V¢ is lower than Vi (FG) the FG transistor turns
off, while if it is higher than Vp(FG) 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 Vg = Vp(FG). This point is just the treshold voltage, V1 (CG), of
the CG transistor. Thus, Vp(CG) is derived from (1.3) with Vg = Vr(FG)
and Vog = Vr(CGQG), as follows:

Va(CG) = S V(FG) — 26— Dy (1.4)

Therefore, V(CG) which is the memory-cell threshold voltage, depends on
ng. The VT(CG) Shift, AVT, is thus given by

AQrg
Crc '

AVyp = — (1.5)
where AQr¢ is the shift of Qra. 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 Vp(CG) shift. The current is approximately

low Vr(CG) high V: (CG)
CG (selected) CG (selected)
o FG o
s D P
)1 f 7 7
n n n n
PSSR T o 2]

p-sub p-sub

low V7 (CG) high Vr (CG)

Source-drain Current /os

{ ¢
0 7]
(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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100 uA 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 Voq; 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:

Vg > low V¢ (CG) >0,
Vi > high Vo (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

9
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10'”O 42 1'2 -y Fig. 1.30. The gate current cau-

sed by channel hot-electron injec-
Gate Voltage Vss (V) tion [1.35]
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Vs is increased. It increases with Vizg 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 F 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/icm?)

-9 L 1 L 1
We 7 8 9 10 11 Fig. 1.31. The Fowler-Nordheim tunneling
Field (MV/ecm) 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 10 MV 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 Crg. The
cell uses the FIN 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

Floating A

Gate Data Line Control Gate
INTERPOLY OX. ——

Word TUNNEL ox. , Floating Gate

Line
n* Source Drain "+
Common
A Source Line p-substrate

(a)

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’
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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 100 ms—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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40 1. An Introduction to Memory Chip Design

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, AVr, depends upon the width
of the programming pulse. To have AVy = 3-3.5V, a pulse width with
typical values in the 1—10pus 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
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Vg=5V Vg=10V Vg=-10V

Vd=5V Vd=5V Vs=5V Vd = open
Q o
—_—p -
e

(@)

Fig. 1.34. The negative word-line voltage scheme [1.38]. (a) Read, 60uA/cell;
(b) program, 0.5 mA /cell (8 mA for 161/0s); (c) erase, 10nA/cell (5 mA 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 5 mA, which is necessary for a block erase. An on-
chip negative voltage (—10 V) 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,
Qsz2) 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]
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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

54




1.6 General Trends in Non-Volatile Memory Design and Technology 43

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 Vir(CG) < 0 < high Vi (CG)
Vpags > high VT(CG) .

S low Vr(CG) high V+(CG) Data Line
g 5V —-| Qg1
3
o Vrass —" M-
c
E Vrass —“ M:
b i : oV —jJ[ M. (selected)
3 : !
‘g- ' - VPASS—" Ms
n Ty 5V _l Qs
A ;
~7

0 Veass
(selected) (non-selected)

Control-gate Voltage Vcs
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 100 ms per chip. However, the access time is slow because of a small
cell current of around 1pA. 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 V of the cells to have a high value, while to program
means to set the V of the selected cell to have a low value. Erasing is achieved
by applying a high voltage of 10V 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

o sa Jl’r | H‘r |

p— 1rr)1a|n data line (metal-2) subdata lin | T
WL ; £

gl & O @ ZNNA QD =l LA
WL I

e )} [=| =
o WLt 1

4—32122 — - 64 cells - /| L

Fig. 1.38. The cross-section and equivalent circuit of DINOR cells [1.40]
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i V is applied to the subdata linc of the selected blocks, and & negative voltage
of —8 V¥ 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-V7 erasc. Overprogramming is avoided by the Vp-verify
algorithm, which ensures a normally off condition even after programming.

The AND ecell. This cell operates like the DINOR. cell. Figure 1.39 shows
the cell structure and equivalent circunit [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
trangistor. 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 & bits are stored in a memory cell, the density ncreases by
a factor of k. Instead, for a fixed maximum cell operating voitage the signal-
to-noise (S/N) ratio degrades by 1/(2* — 1) for the conventional 1 bit per cell
scheme. Thus, a high §/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 programn a state accurately, ability to
rcad 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 H_j_< Il_r
- M-
WL ~———— -
main data line - f—
EERS 1
% % % % WL —T—1— -
float ate Ward ling ]
s wL 1 T
oI — T ey == « U L 1L
e S " YA W We ¥ WL ——1 ——
p-well subsource fine  subdata line | L
n-wall ml |
562
p-sub I_” ['” st

Fig. 1.39. The ccll structure and cquivalent 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
LN F /N N N,
+ ¢+ 1 t * t ¢t (Flash Cell
EV Rl PV 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 V1 (PV) and Erase Verify Reference Vr (EV). Flash cells are
used to generate the reference V values to compare the V1 of array memory cell
with that of the cells. Logic 11 if V1 (array) < Vp(R2) and Vt (array) < Vp(R1);
logic 01 if Vp (array) < Vp(R2) and Vi (array) > Vp(R1); logic 10 if Vi (array)
> Vr(R2) and Vg (array) < Vp(R3); logic 00 if V¢ (array) > Vp(R2) and Vip
(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 Vr(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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Array Flash Cell
Threshold Voltage (V1)

<Vr(R2), 1 Compare to Flash >Vr (R2), 0

Reference R2

<Vt (R1), 11 Compare to Flash >Vr (R1), 01 <Vt (R3), 10 Compare to Flash > VT (R3), 00
Reference R1 Reference R3
State 0 State1 State 2
Data=11 Data=01 Data=10 ggf:%o

Array Input
- A D1
+7Te b
DO
Ref Input 1 J

r—o<]—|
R1 R3
——i%—b’—u

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,
Vep/Vop (V)

Memory Cell

Circuits

2Kb

8Kb

16 Kb

64 Kb

128 Kb

256 Kb

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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2. The Basics of RAM Design and Technology

2.1 Introduction

Advances in memory chip technology have been supported by extensive
technologies, such as high-density, high-speed device and circuit technology,
lithography and fabrication process technology, and high-density packaging
technology. In this chapter, the basics of some of the above supporting tech-
nologies are discussed.

First, various devices for RAM chips, such as MOSFETS, capacitors, resis-
tors, wiring and wiring materials, and silicon substrates, are discussed. Next,
basic MOS circuits, such as the NMOS static circuit, the NMOS dynamic
circuit, and the CMOS circuit, are described, followed by the basic memory
circuits that are widely used in modern RAMs. Third, a device scaling law
that gives a guiding principle for the performance of scaled-down devices
is explained. Then, lithography technology is briefly discussed, followed by
packaging technology.

2.2 Devices

2.2.1 MOSFETs

Basic Structure and Operation. All of the elements in a RAM chip are
integrated on to a silicon substrate, which ensures mechanical strength and
works as an ac ground because of a large self-capacitance. Figure 2.1 shows
a schematic cross-section [2.1] of an N-channel MOSFET (NMOS). Two
symmetric nt regions, whose doping concentration and depth are around
10%° cm~?3 and 0.1—0.5 um, are formed with ion-implantation on a p-type si-
licon substrate. The drain (D) and source (S) are interchangeable, depending
on their voltage conditions. In an NMOS, one n™ region at a higher voltage is
called the drain, while the other is called the source. Therefore, the drain (or
source) can change to a source (or drain) during operation. The surface of the
substrate between the drain and the source is called the channel. Conduction
from the source to the drain is controlled by the gate (G). The gate is usually
made of poly-silicon (poly-Si) and is isolated by a thin layer of silicon dioxide
(Si03), the so-called gate oxide, from the channel. To isolate the MOSFET
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Fig. 2.2. The transfer charac-
teristics of four types of MOS-
FET [2.1]
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relationships for an E-MOSFET [2.1].

Fig. 2.4. Ipg versus Vpg for a given
VBB [2.1]

are external supply voltages. In the following there are dc characteristics of
E-NMOSFET [2.3-2.5].

Figure 2.4 shows Ipg versus Vpg for different values of Vi;g at a given Vip.
Three regions of operation can be distinguished, as follows [2.3].

The Cutoff Region. This region corresponds to Vas < Vir and Ipg ~ 0. It is
also referred to as the subthreshold region, where Ipg in this region is much
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52 2. The Basics of RAM Design and Technology

smaller than its value when Vgg > V. Thus, in many NMOS circuits for
Vas < Vi, the transistor is considered off and Ipg = 0. However, the small
value of Ipg (i.e. the subthreshold current) in the region could affect the
performance of the circuit, as in MOS dynamic circuits. In ultra-low-voltage
operations with a lower Vr, the ever-increasing subthreshold current is an
emerging issue, as discussed in detail in Chap. 8.

The Non-Saturated Region. This region is also referred to as the “triode
region”, in which Ipg increases with Vpg for a given Vg larger than V.
The current is given by
Vas 2 Vr,
Vps = Vas — Vr,
Ins = 8 [(Vas — V) Vos — 5 Vs (2.1)
where 3 is the channel conductance, which is explained later. When Vpg «

Vas — Vr, the I-V charasteristics can be approximated by a straight-line,
Ips = B(Vgs — Vr)Vps, and the transistor is modeled by a resistor of

1
B(Vas — Vo)

The Saturated Region. In this region Ipg becomes constant, independently
of Vps. It is determined only by Vg, which is given by

Rox = (2.2)

Vas > Vr,
Vps = Vgs — Vr,
Ins = 2(Vas — V1)?. (2.3)

The conductance (3 is given by

Weoxp W W

P= T 9ox ~ TPo= pHCox (2.4)

where [y is the conduction factor, epox is the permittivity of the gate oxide,
tox is the thickness of the gate oxide, p is the average surface mobility of
carriers (yy in the case of electrons in NMOS, and g, in the case of holes
in PMOS), Cpox is the gate capacitance per unit area, L is the channel
length between the n' source and drain edges, which has a typical value
of 0.1-0.5um (the metallurgical length of the gate is the gate length L,
which is usually larger than L), and W is the channel width perpendicular
to L.

The conduction factor 3y is technology-dependent and is specified for
a given MOS process. Thus it is not a circuit design variable. An NMOSFET
has a larger value of 8 compared with a PMOSFET because u, = (2.5 —
3.0)up. The factor fy is a function of temperature, and is given by

Bo/By = (T/Tp) %/ (2.5)
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2.2 Devices 53

where (3 is the value of §y at room temperature (T = 298K) and T is the
absolute temperature (K). The ratio W/L is a circuit design parameter. The
minimum value of L (= Ly, ) is determined by the MOS fabrication process,
mainly by the mask channel length, the tolerances on that length, and the
lateral diffusions of both the source and drain regions. The minimum value
of W is usually of the order of L,y;,. Increasing W/ L increases Ipg for a given
set of operating voltages. However, increasing W increases the gate, source,
and drain diffusion areas, and thus increases the gate capacitance, and the
source-substrate and drain—-substrate junction capacitances.
The threshold voltage Vr is given by

Vr = Vo + AVp(Vag) (2.6a)

Vo = Ve + K /20 + 29, (2.6b)
AVr(Ves) = K+/|Vag| +2¢ — /29, (2.6¢)
K = \/2:5qN/Cox , ¥ = (kT/q) In(N/n;) (2.6d)

where Vg is V for Vg = 0, Vg is the flat-band voltage, v is the Fermi
potential, NV is the substrate doping concentration, n; is the intrinsic carrier
density of silicon, €g is the permittivity of silicon, ¢ is the magnitude of
electric charge, and k is the Boltzmann constant. The body-effect coefficient
or substrate-bias effect constant K, which is about 0.1-1.0 V1/2, represents
the sensitivity of V1 for Vgg. V1 decreases linearly, as given by

Vo (T) = V1 (0) — o(T ~ Tp) , (2.7)

where Vip(0) is for room temperature (T = 298K), and a is 0.5—5.0mV /K.
Note that the temperature dependence of Ipg tends to be canceled with
reductions in By and Vr as the temperature increases.

Table 2.1 shows an example of 0.5 um MOSFET characteristics [2.1].

Table 2.1. The characteristics of the 0.5 um MOSFET [2.1]

NMOS PMOS

tox 15nm 15nm
L 0.6 um 0.6 um
B 115uS/V 34uS/v
V2 0.5V 0.5V

® Bo = 0e0xH/tOX, pa = 500 cm?/ Vs,
ptp = 150cm? /Vs, g9 = 8.854 x 10712 F/m, eox = 3.9.
b Vas at Ipg = 10nA, W = 15 um.

Increases in V1 in Source—Follower Mode. When the source voltage,
and thus source-substrate voltage, change, V1 changes even at a fixed Vpg,
as exemplified in Fig. 2.5a. Vi increases as node A — which is the source in
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Fig. 2.5. Examples of source-follower mode. (a) Charging and discharging of
node A; (b) discharging of node A by stacked NMOSFETs

this case — is charged up by applying a sufficiently high voltage to the gate
and Vpp to node B of an NMOSFET. Finally, V1 becomes a maximum at
a source—substrate voltage of Vgg + Vpp, as follows:

Vimax = Vo + K (\/IVBBl + Vpp + 29 — \/ﬂ) . (2.8)

On the contrary, when node A is discharged from Vpp to 0V by fixing node
B (which is in turn the source), V1 becomes a minimum, as follows:

Vrmin = Vo + K (\/ |VeB| + 2¢ — M) : (2.9)

The difference is thus
Vimax — VTmin = K (\/IVBBI + Vbp + 29 — \/lVBB’ + 2’(/)) . (2.10)

For example, the difference is as large as 0.67V at Vgg =0V for Vpp =5V,
K =0.3V'Y2 and 2¢) = 0.6 V. If Vipyin is set to be 0.5V, as for the usual
5V Vpp designs, Vrmax is 1.17 V. Hence, to charge node A to Vpp, with
elimination of the reduction in Vr, the gate voltage must be higher than
6.17V (= Vbp + Vrmax ), glving the gate oxide a high stress voltage. A higher
|VeB| reduces the difference (e.g. 0.31V at |Vgg| = 3V), enabling a lower
gate voltage (e.g. 5.81V).

The discharging of node A by stacked MOSFETSs, shown in Fig. 2.5b,
is another example. During discharging, the V1 values of all NMOSFETSs
except QQ, rise due to their instantaneous source voltages. In particular, the
Vr of the upper MOSFET Q; is maximized at the beginning of discharging,
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2.2 Devices 55

because Vg, > Vgg > -+ > Vg,,. The raised Vit eventually limits the number
of stacked NMOSFETsSs for high speed.

Channel Length Modulation. The Ipg equation at saturation is derived
by simply assuming that Ipg at saturation does not change when Vpg in-
creases, resulting in a zero slope of the Ing versus Vpg characteristics. In the
actual MOSFET characteristics [2.1] shown in Fig. 2.6, however, Ipg increases
slightly with Vpg even in the saturation region, which can be accounted for
by empirically multiplying the voltage-dependent term in (2.3) by the factor
1+ /\VDS [2.3]; i.e.

Ins = g(vgs — Vr)?(1 + A\Vps) (2.11)

where A is the channel length modulation parameter (= 0.1-0.01V~1). The
resultant source—drain resistance r is given by the reciprocal of the drain
conductance gpg, as [2.4]

AIDS B 9 IDS/\
- = Z(Vas — Vo)ta = — 252 o pen;
905 = Aips 2 \Ves TVIVA= png = oshs
L. (2.12)
= .
gps  Alps

Small-Size Effects. The dc equations described above are for a sufficiently
large MOSFET, since they are based on one-dimensional analysis. However, if
the channel is short and/or narrow, behavior of actual MOSFETS differs from
that predicted by the equations. A typical example is the short-channel effects
that arise from a two-dimensional potential distribution and high electric
fields in the channel region. An excessively short channel or excessively high
drain voltage even causes a punch-through, in which the depletion region of
the drain junction is punched through to the depletion region of the source
junction.

los -g Vps2({Vbs = Vas — V1)
A non- « saturation
saturation : region
region + (Vos> Vas-—Vr)
(VDs<Ves—VT) ¢

channel length
modulation

»Vps Fig. 2.6. Actual Ips—Vpg character-
0 istics [2.1]
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(a) (b)

[_L

channel length L channel width W

Vr
VT

Fig. 2.7. Small size effects in a MOSFET [2.1]. (a) The short-channel effect;
(b) the narrow-channel effect

The lowering of Vr in a shorter channel, shown in Fig. 2.7a [2.1, 2.2|,
is a result of short-channel effects. On the contrary, the increase in Vr in
a narrower channel, shown in Fig. 2.7b, is a small-size effect, that is related
to the depletion region spreading laterally in the substrate along the channel
width [2.2]. For a given size tolerance, such shifts in V1 make the Vp variation
more prominent as MOSFETSs are miniaturized. Therefore, MOSFET sizes
appropriate to circuit operations must be chosen: the use of an excessively
short channel must be avoided for differential circuits such as sense amplifiers
and comparators, in order to reduce the Vr imbalance (i.e. offset) between
paired MOSFETSs. If the setting of the nominal L and W is changed despite
the same W/L ratio, the resultant Ing characteristics can be changed, since
the short-channel effects are changed.

Advanced Structures and Power-Supply Voltages. Figure 2.8 shows
advances in MOSFET structures [2.6]. The miniaturization of the MOSFET
calls for a low operating voltage, because of reduction of the hot-carrier
breakdown voltage of the MOSFET (BVyc). In DRAMs, the external stan-
dard power-supply voltage (Vpp) has changed from 12V to 5V at the 64 Kb
generation. After that, a 5V Vpp has been maintained up to the 4 Mb ge-
neration, using devices as small as 0.8 um. Accordingly, the maintenance of
BVyc despite the ever-smaller FET has imposed improvements in the FET
drain structure, such as a double drain structure (DDD) in which n™ layer
is covered by a lightly dosed n (n™) layer, and a lightly dosed drain (LDD)
which features an offset structure with an n™ layer. At the 16 Mb generation
(0.5—0.6 um), even the structures suffered from a low BVyc. Then an on-
chip voltage down-converter approach was adopted. This lowers a 5V Vpp
to 3.3V internally, and then an internal voltage of 3.3V is supplied to the
internal major circuits. In the subsequent 0.35um 64 Mb generation, Vpp
has been reduced to 3.3 V. In the 64 Mb generation, two approaches coexist.
One is that a whole chip operates directly at 3.3 V. The other is that only
the array operates at an internal voltage of 2.0—2.5V, while the remaining
circuits operate at 3.3 V.
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Fig. 2.8, Breakdown voltage, threshold voltage, and operating voltage versus the
channel length of a MOSFLET [2.6]

2.2.2 Capacitors

The capacitors in a RAM chip are MOS-gate capacitors, p n-junction capaci-
tors, and capacitors of wiring layers (i.e. interconnection layers). Reductions
of their capacitances are essential for high speed, because they form loads on
circuits. In DIRAM, however, higher capacitances, utilizing the MOS capacitor
and high-permittivity insulators, have been used intensively for memory-cell
and bootstrap capacitors. In general, all of the capacitances per unit area are
rednced with device miniaturization.

The MOS8 Capacitor. The capacitor components of an E-MOSFET are
the overlap capacitance Coy (= CoxfovW) between the gate and the n™
regions at the source and drain edges, the gate source capacitance Cgg, the
gate—drain capacitance Cpy, and the gate substrate vapacitance Cap [2.3],
as shown in Fig. 2.9a. Figure 2.9b shows the gate capacitance Co versns Vg,
excluding the less contributing Coy. Here, (g i3 the sum of Ces. Can, and
Cap- At Vag = 0, Ce is ecqual to Cen, which is the pate-oxide capacitance
Cox LW, because no chanmel is formed. When Vg is increased, a series con-
nection of the gate capacitance and the depletion-layer capacitance, formed
at the silicon surface beneath the gate, is established. Thus Cg is decreased
as the depletion capacitance is decreased with Viag. When Vg exceeds Vi,
however, Cq increases. In this region Cep becomes zero, hecause a channel
(i.e. an inversion layer or an n-type thin conduction layer) is formed and works
as a shicld. Instead, Cag appears as the resnlt of a channel forined at the
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Fig. 2.9. The capacitance characteristics of an E-ENMOSFET [2.1]. (a) Capacitor
components; (b) Cq versus Vggs; (¢) the MOS capacitor

source. In the non-saturation region at Vgog > Vpg + Vi, the channel spreads
fully between the source and the drain. Hence, the gate-oxide capacitance,
which equals Cg, is equally distributed between Cgg and Cgp.

When the source (S) and drain (D) are connected to each other, a large
capacitance is formed between the S-D terminal and the gate when Vg
exceeds VT, as shown in Fig. 2.9c.

Figure 2.10 shows various MOS capacitors [2.1]. Structure (a) is the basic
one described above. Structure (b) eliminates the drain. It was widely used for
DRAM-cell capacitors in the 16 Kb and 64-Kb generations, in which Vpp was
applied to the gate. However, the drawback is a charge loss due to a reduction
in Vr at the gate capacitor: when Vpp is inputted to the source, a full Vpp
is stored at the small p—n junction capacitance of the source, while a partial
voltage of Vpp — V1 due to the drop in Vr is stored at the large source—
gate capacitance. The resultant small amount of charge at the junction is
quickly lost by a given p—n junction current, allowing the source voltage to
decay quickly to Vpp — V. After that, a large amount of charge stored at
the large capacitance dominated by the gate capacitance starts to be lost,
allowing the stored voltage to decay slowly. Eventually, the capacitor cannot
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Fig. 2.10. Various capacitors that utilize a MOSFET structure [2.1]. (&, b) E-type,
variable; (¢, d} D-typc (fxed)

store a full Vpp signal charge. To solve the problem, structure (¢) uses an n™
layer heneath the gate, which realizes a pure gate capacitance. This structure
was also widely used with an application of 0V or Vp/2 to the gate in
the 256 Kb and 1 Mb gencrations. The application of Vpp/2 is particularly
preferable, since the stress voltage across the gate insulator is halved, or the
capacitance is doubled at a fixed stress voltage. Structure {d), in which an
NMOSFET is embedded in an n-well, is useful when a large capacitance is
needed in peripheral circuits.

Figure 2.11 shows vertical capacitors for DRAM cells [2.1]; stacked and
trench capacitors. They have been used widely since the 4 Mb generation. The
plate voltage is Vbp /2, to increase the capacitance. To further increase the
capacitance, high-permittivity insulators [2.7] such as multi layered SiOg,
SigNy4. and Tas0O; Hlms have been developed. The details are explained in
Chap. 3.

The p—n Junction Capacitor. The p—n junction capacitance C; [2.1] is
given by

Ci/Cho = 1+ V3/0)", (2.13)

where V; is the reverse bias voltage at the junction, g is the capacitance at
V; = 0V, ¢ is the built-in potential (about 0.6 V), and n varies between —0.5
and —0.3. The capacitance is small, and thus it is not useful as a capacitor
element. However, the resultant parasitic capacitance degrades the circuit
specd. Table 2.2 compares the various capacitors [2.1, 2.4, 2.8] formed in
a chip, including the wiring capacitors, that arc discussed later.

electrode PL PL
poly-Si i § .
i U= IS'OPI /- poly-Si
poly-Sit—= = o i
Lo |
P P
(2) (b)

Fig. 2.11. Vertical capacitors [2.1]. {a) Stacked; (b) trench

71



60 2. The Basics of RAM Design and Technology

Table 2.2. Capacitor elements [2.1,2.4,2.8]

Capacitance Conditions
MOS capacitor, Cox 2.3fF/um? tox = 15nm
Junction caption n*t 0.18 fF/pm? Bias 2V, area®
pt 0.51 fF /um? Bias O v, area®
n-well to p-sub  0.10 fF /um? Bias 3.3V
memory cell capacitor, Cs 6.9 fF /um? tox = 5nm
Single line capitor Al 0.22fF /pm Wint /tint = 2.9, Hing /tint = 1.4
Poly-Si 0.26 fF /pm Wint/tint = 5, Hing /tint = 0.5

2 Area Component

2.2.3 Resistors

Resistors have been widely used for voltage conversions and for eliminating
floating nodes [2.1]. Resistances as high as 100 k-1 M are needed to sup-
press the chip standby current to 10 tA-100pA. They are usually made
of poly-silicon because it has no voltage or temperature dependences, and
because of ease of use, despite large variations in resistance during volume
production. Here, let us evaluate the length of poly-silicon line with width of
1um and a sheet resistance of 100 2/square needed to make a 1 MSQ resistor.
The sheet resistance ps, which is defined by the resistance ({2/square, or
2/0) of a square with thickness t;,; (Fig. 2.12), is related to the resistivity
p (- cm) [2.1] as follows:

ps = p/tint - (2.14)
The resistance R of a poly-silicon line with a width of Wi, and a length of
lint is

R= Ps (lint/Mnt) . (215)

The length can thus be as long as 10mm, but it is practical, since the
necessary area becomes small relative to the ever-increasing chip area.

_ P im
R= tot Wi — Ps Wint
=pPs (Iint =Wint)

R : wiring resistance

p E"ehSiSt'V'ty_ Fig. 2.12. Wiring resist-
Ps - S eet resistance ance [24]
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Diffused n and p layers could be used for resistors, although they have
voltage and temperature dependences and need a large area due to small sheet
resistances. A combination of an n-well resistor and a poly-silicon resistor has
been proposed for a refresh timer [2.9]. Different temperature dependences of
resistance between the two — large (+0.6%/°C) for the n-well and almost
zero for the poly-silicon — enables detection of the junction temperature
and accordingly variation of the refresh interval. Table 2.3 compares various
resistors [2.10], including wiring resistors that are discussed later.

Table 2.3. Resistor elements [2.10]

Materials Resistivity Sheet resistanceW /O ¢
u2em Width 2pym Width 0.5 pum
Poly-Si 1000 15 60
Diffused Layer (n™) 1500 23 90
Silicide (WSig) 130 2 8
Metal Wiring Al 3 0.05 0.18
\'"d 10 0.15 0.60

“Width= 3x thickness.

2.2.4 Wiring and Wiring Materials

A small parasitic capacitance and resistance, and high reliability against open
failures and corrosion, are required for wiring (i.e. interconnections), although
these are sometimes contradictory requirements.

Figure 2.13 shows average load-capacitance components for 33 critical
circuits on the access path of a 1.3um 1Mb CMOS DRAM [2.1, 2.11]. Ob-
viously, the gate capacitance dominates with 65% of the total, and the wiring
capacitance occupies as much as about 33%, although the occupancy is dif-
ferent for row and column circuits, and array-driving circuits. Even for a 3 um
NMOS 64 Kb DRAM [2.12], the wiring capacitance occupies about 30% of the
total. Therefore, approximately one-third of the total load capacitance of an
average critical circuit is for wiring capacitance. This implies that reduction
of wiring capacitance is important for high speed. Wiring resistance should
be also reduced as much as possible, since even a small wiring resistance, if
coupled to a large gate capacitance at the load, could cause a large RC' delay.
For a 7.8 ns access 4 Mb DRAM |[2.13], the delay caused by wiring resistance
occupies about 23% (1.8 ns) of the access time. The parasitic capacitance and
resistance are closely related to the reliability of the wiring.
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0 100%
row oo : i junction C
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drive signal ~ © 254 Ce 744|422
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327 651 |4-2.2

*1 average for 11 RAS-relevant clocks

*2 average for 10 CAS-relevant clocks

*3 average for 12 signals that directly drive the array
*4 average for the above 33 clocks

Fig. 2.13. Average load-capacitance components for critical circuits on the access
path of a 1.3um CMOS 1Mb chip (tox = 25nm, L.g = 1.5um}

Wiring Parasitic Capacitance. The capacitance influences not only speed,
but also the spike current, the power consumpiion and the cireuit, noise [2.10].
In particular, for the 0.5 pm 16 Mb DRAM generation and bevond, crosstalk is
an emerging issuc, because the coupling capacitances between adjacent lines
arc relatively increased. The increase stems from the fact that the thickness
cannot be so scaled down as the areal size, to reduce wiring resistance and to
ensure the breakdown voltage of the interlayer dielectric film, and immunity
from clectromigration.

Figure 2.14 shows the capacitance Cjy, of a single strip line [2.8]. For
a fixed thickness ¢, Ciy decreases with a decreasing width W,,.. However,
it is saturated to 1pF/em when Wi ~ #i0 = Hiye, due to a fringe effect.
Therefore, reducing only Wi, is not a very effective way of reducing Ci.
Figure 2.15 shows the capacitance € of one of a number of strip lines [2.8].
The capacitance €] beeomes lowest at Wine /time =~ 1, when Wiy /iy is
decreased. At Wi /fiw < 1, however, it increases again due Lo incrcased
coupling capacitances 2C7;. When another set of parallel-runming strip lines
crosses over the total capacitance, C increases by 25%. Note that the cross-
capacitance of two intersecting strip lines, whose widihs are 1.4 for the
lower one and 2.0 um for thc npper onc with the same thickness (0.4 um),
and with a 1 um thick SiO; interlayer dielectric film, is as large as six times
that calculated by a parallel-plate capacitor approximation [2.14].
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resistance line due to a low-resistivity silicide, and a self-aligned process and
highly reliable MOSFET, realized by the poly-silicon gate process. For long
signal lines, low-resistivity metals such as aluminum (Al) and copper (Cu)
are absolutely vital. However, even an Al line creates quite a large RC' delay
with miniaturization. For example, the resistance of a 0.5 um wide, 2.8 mm
long Al line is about 1k{2, and the RC delay is thus about 1ns for a load
capacitance of 1pF.

Reliability of Wiring [2.15]. Despite a low resistivity, Al does not fully
meet the ever-stronger needs for fine patterning capability and high relia-
bility, which is closely related to current density. Thus, since the 256-Kb
generation, an AlSi alloy has been used to prevent Al from penetrating the
silicon substrate at contact holes. In the 1 Mb generation, an AlCuSi alloy
was used to avoid electromigration, followed by stacked metals with Al and
refractory metals, to avoid stress migration at the 4 Mb generation. Recently,
tungsten and copper have started to be used in commercial chips.

Electromigration phenomena cause open failures of metal wiring while
a current is flowing. When the current density of Al wiring exceeds a cer-
tain magnitude, exemplified by 10° A cm—2, which corresponds to 10mA for
a 1um thick, 10um wide Al line, electromigration occurs. The phenomena
are characterized by diffusion of Al atoms caused by electron kinetic energy.
Consequently, voids are created inside the film, and the resultant increased
current density causes a melting of the Al. The lifetime of the metal to failure
is given by

T = 'AVVinttintJ_z exp(¢/kT) , (2.16)

where A is a constant, Wiy is the width, ¢;,; is the thickness, J is the current
density, ¢ is the activation energy (0.5—0.6€V for pure Al and AlSi), k is the
Boltzmann constant, and 7' is the absolute temperature. Thus, the lifetime
is shortened as the current density and temperature are increased. To reduce
the phenomena, the cross-section Wi,ti,s must be kept as large as possible,
causing difficulty in reducing ¢;,; when reducing Wiy. The addition of 1%
copper extends the lifetime, with a raised activation energy ¢ of 0.6—0.8¢V.

Stress migration phenomena also cause open failures of metal wiring, even
without any current flow. This failure occurs even in a high-temperature
acceleration test, depending on the width and thickness and thus preventing
from fine patterning. It is caused by mechanical stresses being transmitted
from the surrounding insulator and silicon substrate to the Al wiring. Stacked
structures with Al and stress-migration-immune refractory metals, such as Ti,
W, TiW, WSi,, MoSi;, and TiN, are useful to reduce migration. However, the
refractory metals eventually cause difficulty in fine patterning and corrosion
after etching. In addition, the resistivities of stacked structures increase as
the migration is reduced, due to the increasing content of refractory metal in
the pure Al
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Fig. 2.16. A double-well structure [2.1]

2.2,5 Silicon Substrates and CMOS Latch-Up

Silicon Substrates. In the NMOS DRAM era, in the 1970s and early 1980s,
a p-type substrate with a resistivity of about 102 - ¢m was used. A substrate
bias voltage Vgp of —2 to —3V was supplied to the substrate to ensure stable
opurations and isolation between NMOS memory cells. In the 1980s this was
replaced by a double-well (or tub) CMOS structure, shown in Fig. 2.16 [2.1].
Iu principle, the p-well is unnecessary, because a p-type substrate is used. The
double well, however, allows NMOS parameters such as Vr to be controlled by
adjusting only the p-well dose concentration [2.1). In order to avoid a forward-
biasing of the p—n junction, the p-well and p-substrate are back-biased at
a voltage lower than any NMOSFET source voltage, while the n-well is back-
biased at another voltage higher than any PMOSFET source voltage. Since
the lowest source voltage is Vag (0V), and the highest PMOSFET source
voltage is Vphp. the p-well voltage is 0V or a negative voltage, and the n-well
voltage is ¥y or a higher voltage. Recently, a triple-well structure has been
used to protect a memory-cell array fromi minority carricr injections or to
enable ultra-low-voltage operations, as explained in Chaps. 4 and 7.

CMOS Latch-Up. Latch-up occurs in CMOS structures [2.1], in which
a parasitic thyristor consisting of parasitic npn and punp bipolar transistors is
easily formed. As soon as the thyristor is triggered by a spike noise, it is turned
on by positive feedback. As a result, a large current Hows from Voo to ground,
and melts junctions and metal wiring throughout the chip. For exampie, in
the structure forming an n-well on to a p-substrate shown in Fig. 2.17 [2.1],
an npnp thyristor cormposed of an NMQOS source, a p-substrate, an n-well and
a PMOS source is developed. Here, Rw and Eg are the n-well resistance and
substrate resistance, respectively. These resistors are represented by lumped
devices in the figure, although they are actually distributed. The resultant
circuit features positive fecdback, and thud it causes Lhe latch-up when either
of two transgistors is turned on. When a positive noise is inpuited to the
Qu-base, @, is turned on. The resultant collector current creates a voltage
drop across iy, so that the basc-cmitter of {Qy is forward-biased. When the
bias exceeds a certain voltage, (s is turned on, and the collector current
makes the Q-base voltage increases further. Thus, the current grows if the
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Fig. 2.17. Parasitic bipolar transistors in a CMOS structure [2.]]

product of the current gains of both transistors is larger than unity. Latcli-up
can be triggered by transient uoises, which forward-bias p-n junctions, such
as local voltage variations in the substrate and wells, caused by capacitive
couplings, ringing waveforms on the signal lines, overshoots exceeding Vpn
and undershoots excecding Vgs to gate protection diodes at the input and
output pins, and noises coupled to power supply lines. In order to suppress
latchup, the current gains of parasitic bipolar transistors must be reduced,
which is realized by deepening the wells for the vertical transistor (Qz),
and isolating MOSFETs from the well edges as much as possible for the
lateral transistor (Q;). Reductions of the parasitic resistances Rw and Rg
are also effective for suppression. They are achieved by the use of guard rings
(Fig. 2.17), a Vgg-supplied p* guard ring surrounding an NMOSFET, and
a Vpp-supplied nt guard ring surrounding a PMOSFET. The guard rings
also lower the current gains, because they capture minority carricrs injected
before reaching the bases. Latch-up immunity and the usefulness of guard
rings have been reported as follows [2.16]. Latch-up occurs more easily with
a higher temperature and a wider pulse width of noise. For example, for an
npn parasitic ‘transistor, the latch-up starting base-voltage was lowered from
1.2V at 25°C and a 10ns pulse width to 0.4V at 125°C and a 50ns pulse
width. An nt guard ring improved the latch-up immunity from 0.4V to 1.2V,
An additional p* guard ring brought about a further improvement, to 2V.

Guard rings are not so effective for the parasitic transistors formed in
the deeper regions of substrate and wells, since they lower only the surface
resistances. Therefore, increases in the doping concentrations of the substrate
and the wells further improve latch-up immunity with lowered Rg and Nw.
Excessive doping, however, increases junction capacitances, degrades the
mobilities of MOSFETSs, and raises Vp. An epitaxial wafer that drastically
improves ilnmunity solves the above problems, since it comprises a thin silicon
layer with an appropriate doping concentration, grown on to quite a high
doping concentration wafer.
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2.2.6 Other Devices

Gate-protection resistors, diodes that protect against surges at input pins
of chips [2.17], and poly-silicon laser-fuses are also indispensable for higher-
density, large-memory-capacity chips.

2.3 NMOS Static Circuits

An inverter is a basic element of MOS digital circuits, such as logic and
SRAM-cell circuits. It can be categorized as either a static inverter or a dy-
namic inverter. A static inverter outputs a voltage determined by the ratio
of the effective resistances of two MOSFETSs, while a dynamic inverter out-
puts a voltage determined by the charging and discharging of the output
capicitor. NMOS static inverters were widely used in the 1970s due to the
high-speed advantage of NMOSFETs over PMOSFETS, which stems from
a higher electron mobility, and the stable operation of the static inverter.
The high-power dissipation of the static inverter was still acceptable in an
era of relatively small-scale integration. Nowadays, static inverters are rarely
used, since CMOS circuits dominate. However, they represent basic circuit
structures for understanding MOS circuit analysis and design. Figure 2.18
depicts NMOS static inverters, each consisting of an E-MOS driver (Qp) and
a load. The load is one of the following: (a) a saturated E-NMOS, with its
gate connected to its drain; (b) a non-saturated E-NMOS; (c¢) a D-NMOS;
or (d) a poly-silicon resistor. Type (a) in particular was widely used in the
early digital integrated circuits.

ElE, Q VGG—”:E !—|_|:.D é

— out — — -
in—”:E,QD —”:E —”:E —Il:E
7 4 7 7

(a) (b) (%) (d)

Fig. 2.18. Various NMOS inverters [2.1, 2.3]. (a) Saturated E-MOS load;
(b) non-saturated E-MOS load; (c) D-MOS load; (d) resistor load
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2.3.1 The dc Characteristics of an Inverter

Saturated E-NMOS Load Inverter [2.1, 2.3]. The inverter is analyzed
here by using the notation D and L for the parameters of the driver MOS
Qp and the load MOS Qr, respectively (Fig. 2.19).

When the input voltage Vin < Vip, Qp is off (Ip ~ 0) and Voyr =
Vob — V. When Vi is still low with Viy > Vrp, Qp conducts and Qy, is
in saturation, since Vpg > Vigs — V1. Thus, the load current Iy, is given by

I, = 62—1“ (Voo — Vour) — Voo ), (2.17)
Ve = Vr([Vesl + Vour) = Vro + AVr(|Ves| + Vour)
=Vpo+ K (\/IVBBI + Vour +2¥ — v 2@) : (2.18)

Note that the source—substrate bias of Qr, is increased to the sum of Vg and
VouT, since the source voltage of Qr, becomes Voyr. The driver Qp is also
in saturation, which allows the driver current Ip to be expressed as
I = Bp (Vin — Vap)?
P 2

Vo= Vg + K (\/ Veg| + 20 — \/27,[)) (2.20)

Here, we assume Vpp = 0 for simplicity and replace Vp with V. Hence, the
equilibrium conduction of It, = I yields

VIN—Vr = \/—2—7; {(VDD - Vour — V1) -K(\/2¢+V0UT - Vﬁ)}

(Vin — V1 < Vour), (2.21)

where (g (the §-ratio) = 8p /L.
When Wiy is raised sufficiently, Qp is in non-saturation. Thus,

Ip = Bp {(Vin — Vr)Vour — 3Vur} (in — Vr > Vour). (2.22)
By setting Ip = I,

(Vin — Vo < Vour), (2.19)

Vob

iIL

—l [: Qu (B, Vm)

+— out Vour

i Io
in ViN —l [:J Qo (Bo, V)

747 Fig. 2.19. A typical MOS inverter
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Fig. 2.20. The transfer characteristics of a saturated E-MOS load inverter [2.1].
(a) Br dependence; (b) K dependence v

{(VDD —Vour —Vr) - K (\/m— \/2—W)}

28rVour
(Vin — Vo > Vour) (2.23)

Figure 2.20 illustrates relationships between Viny and Vout as parameters
of Br and K [2.1], which were calculated using (2.21) and (2.23). At Vix < Vi
Vour is VOFF(: Vop — VTL)> which is higher with a small K. When Viy is
increased Qp is turned on, and Vgur is decreased with a further increasing
Vin. The decrease is more prominent with a larger 8g. When Qp is in non-
saturation, Voyt gradually decreases with Vin. The magnitude of Vour (i.e.
on-level Von) becomes smaller with a larger Sg. The inverter is called a ratio
circuit because Vour is determined by fg; that is, the ratio of the W/Ls of
the two MOSFETs.

Other Inverters [2.1, 2.3]. A drawback of the saturated E-NMOS load
inverter is a reduced off-level Voprp(= Vpp — VirL) that raises the on-level
Von of the succeeding inverter. This problem is solved by other inverters in
Fig. 2.18. Figure 2.18b shows a non-saturated load with its gate voltage Vo
raised to over Vpp + V1. A higher Vg enables a larger load current and thus
a higher speed or a small W/L of Q. However, further drawbacks are the
need for an additional power supply Vg and the application of a higher stress
voltage to the Qp-gate insulator. A D-MOS load in Fig. 2.18c solves these
problems. The negative Vpr, that characterizes the D-MOSFET ensures an
off-level of a full Vpp. Moreover, the gate—source connection of Qy, provides
a constant current Iy given by By, V2 /2, which is independent of Vpg and
can be adjusted with Vy,. The constant-current characteristics enable a high
speed, as discussed later. Assuming that Viy is high enough (i.e. Vin = Vpp)
and Vouyr is thus low enough (i.e. Von < Vpp — Virp), fr is given by setting
the Qp-current equal to the Qp-non-saturation current, as follows:

2

Vin — Vo = 2Vour +
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Iy = %V%L = Bp {(Vbp — Vo) Von — 2Vix}
~ Bp(Vop — Vrp)Von ; (2.24)
V2
. Br=Pp/BL= L

2Von(Vop — Tp)
In the resistor load (d), Vour ~ Vpp for a sufficiently low value of Vix.
When Viy is high enough and Qp is thus in non-saturation (i.e. Von < Vpp),
Io = (Vop — Von)/R = Bp {(Vbp — Vrp)Von — 2Vix} 5
Iy = Vop/R = Bp(Vop — Vrp)Von ;

Vb
. R-Bp= .
bo Von(Vop — Vp)

The resistor load has been used for SRAM memory cells. The resistor
is made of an extremely highly-resistive poly-silicon to reduce the SRAM-
standby current with a high resistance and a small load.

2.3.2 The ac Characteristics of an Inverter

Saturated E-NMOS Load Inverter [2.1, 2.3]. Discharging Times. The
B-ratio Ogr is usually large enough to ensure a large on—off ratio, Vopr/Von-
Therefore, the Qy, current is negligible compared with the Qp current while
discharging the load capacitance C. The discharging time of the inverter
shown in Fig. 2.21 is thus calculated as follows [2.1, 2.3].

When a positive step pulse is inputted, the output is discharged from the
initial off-voltage Vorr by the Qp conducting current. At a certain Vi, Qp
enters into the non-saturation region from the saturation region. The time
tpis(1) to Vi is as follows:

tpis(1) = C(Vorr — Vour)/Ips
Ins = fp(Vin — Vip)?/2,
Vour = Vin — Vrp;
, _ C{Vorr —(Vin—Vrp)} . Vopr — (Vin — VD)
) .tDIS(l) = 5 = 2™ ,
Bp/2(Vin — Vrp) Vin ~ Vrp

_ ¢ (2.25)
~ Bo(Vin — Virp) '

The discharging current after ¢pis(1) is not constant because of non-saturated
Qp. The time tpis(2) from Vi to Von is as follows:

dVour

™

~C et Bo {(Vin = Vrp)Vour — 3Vour — sVéur} ; (2.26)
2¢~t/D
S Vour = (VIN - VTD)m-

Thus, tprs(2) and the total discharging time tpg are given by
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Fig. 2.21. The discharging (a) and charging (b) of a capacitive load [2.1, 2.3]

2(Vin = V-
fois(?) = o n {_(ﬂ%fg) ) 1} ’ (2.27)
2{Vorr — (Vin — V-
tDIS = tDIS(l) + tDIS(z) =T [ { OFF“/IN(_I‘I:{TD TD)}
+1n {M _ 1}] | (2.28)
Von

Since, usually, tpis(2) > tpis(1), Vin = Vorr > Vrp and Vorr > Von:
2(Vorr — Vp)

tpis =~ ™o In Vom . (2.29)
If V()N = (VQFF - VTD)/107
tDIS >~ TD In20. (230)

Thus, a larger value of Sp and/or a larger value of (Vin — Vrp) are desired
to discharge quickly.

Figure 2.22 shows the output voltage versus time [2.1], derived from
(2.26). The discharging time from 90% to 10% of the amplitude is about
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Fig. 2.22. Normalized discharging waveforms [2.1]

2.7mp, which is slightly slower than the RC delay (= 2.27p) for R =
[6p(Vin — Vrp) ™.

Charging Time. When Viy = 0V, Qp is turned off and thus the output
voltage increases from Von to Vorp. The charging time is calculated by
assuming that there is no substrate bias effect and thus a fixed Virp,, as follows.

Setting the current flowing into C' equal to the Qr conducting current
yields

dV;
29U _ ﬁ—L(VDD — Vour — VrL)?.
dt 2
Using the initial conduction of Voyr = Vpon at t = 0,
t/T
Vout = (Vorr — VON)2—+/(t—?7L5 + Von,
C
TL VOFF = VDD - VTL . (2.31)

~ Bu(Vop — Vin)
Thus, Vour gradually approaches the off-level Vpp — V1, over time. The
charging time 7oy from Von to 90% of the pulse amplitude (= Vorr — Von)
is calculated using (2.31), as

tcu = 187,. (2.32)

84



2.3 NMOS Static Circuits 73

Therefore, a smaller 7, is essential for quick charging-up. Note that for
the ratio circuit, usually with 8p/BL > 10, charging is rather slower than
discharging, as given by

t_CEZ 18 E: 18 ﬂ_DVOFF—VTD
tpIs In20 m In20 6. Voo — V1

The slow charging comes from the ever-decreasing Vg of the load MOS: the
load MOS current decreases as the output voltage increases, so that the slow
speed is more enhanced with time. This is clearly seen in the normalized
charging-up waveform shown in Fig. 2.23 [2.1]. As a result, the speed is quite
slow compared with the RC delay for R = [GL(Vpp — V)] ! that is shown
for inverter (c) in Fig. 2.18. In any case, the inverter speed is eventually
determined by the charging time.

The above analysis is based on the assumption of no substrate bias
effect. In practice, however, the ever-increasing output voltage causes an
ever-increasing threshold voltage of the load MOS, with its increased source
voltage, further degrading the speed.

> 1. (2.33)

Other Inverters. The charging speed described above is improved by the
other inverters shown in Fig. 2.18. Analyses for inverters (b) and (c) are

1.0 T T T T T T T T 11

08 RC 2.21=2.2RC

Voo—V1L 1
R - Bo(Voo—V)
0.6 Ve =e¥t
) C Voo—Vi1L

A

0.4 H -
>~ MOS 1781

|3L (VDD—VTL)

normalized voltage V(t) / {(Voo—VTL)

0.2 R

VDD—VTL T 2+(t1)

0 4 8 12 16 20 24 28
normalized time t/t

Fig. 2.23. Normalized charging waveforms [2.1]
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Fig. 2.24. Normalized charging waveforms with a non-saturated MOS load inver-
ter [2.1]

presented here, because the waveform for inverter (d) has been shown in
Fig. 2.23. For inverter (b) the following equation is established, as discussed

previously:
1 VOUT) (1 B mVOUT)
Vbp Vbp

dVour _ BV
dt 2m

Assuming a constant Vp, (i.e. no substrate bias effect), Vour is thus given

by

C

(2—m){1— e—(t/TL)(1~m)}
2—m{l+ e @ma-m}
_ Vop . C

Voo -V’ °7T Bu(Vee — Viw)

Figure 2.24 shows normalized charging-waveforms as a function of the biasing
parameter m [2.1], calculated using (2.34). It is obvious that the speed for
m = 1 is slow, which is an almost saturated E-NMOS load. The speed is
improved with increasing m (i.e. increasing V). It is fastest at a value of
m = 0, approaching that for the resister load.

For inverter (c) the load is charged up more quickly than for inverter (a),
because of a constant I, that is independent of the load voltage. The charging
time is given by C(Vpp — Von)/lo.

VOUT = VDD (2.34)

m

2.3.3 The Improved NMOS Static Inverter

The ratio operation of the static inverter increases the size, power dissipation,
and input capacitance, which forms a significant load capacitance for the
preceding inverter. The channel width of the load MOS tends to be large to
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shorten the charging speed that dominates the total inverter speed. A large -
ratio is needed for a successful logic operation with a sufficiently reduced on-
level. These requirements for the speed and voltage level inevitably increase
the size and input capacitance of the inverter. The resultant ratio current also
increases the power dissipation. For the saturated E-NMOS load, even the
VT reduction is involved. The push—pull inverter and the bootstrap inverter
partly solve these problems. '

Figure 2.25 shows an inverter that consists of a static inverter and an
NMOS push—pull inverter [2.3]. It features the fast driving capability of
a heavy load capacitance with a small power dissipation. The push—pull
drives the load without consuming any dc current, because either Q; and Qg
is conductive, allowing the W/L of driver Q2 to be small. The size, power,
and input capacitance of the static inverter can be small because its load
capacitance is quite small, being only due to the push—pull inverter. However,
there is still a Vp-reduction at the Q; gate.

Figure 2.26a shows a bootstrap inverter that uses a bootstrap capacitor
Cp [2.3]. The biasing MOS Q; has charged node N; up to Vpp — V1 (where
Vs is the Vr of Qy), while the input voltage is high, and the output voltage
is thus low as a result of a ratio operation of Qr, and Qp. As soon as the input
changes to a low level and Qp is cut off, Qp starts to charge up the load.
The voltage change at the output is fed back to the Qr, gate by a large MOS
capacitor Cp, so that Qp drives the load more quickly with the resultant
increased gate voltage: the voltage change AV at the output allows node
N; to be raised by AV' = AV - Cg/(Cp + C’), where C’ is an Nj-parasitic
capacitance. Since Q; is cut off and isolated from Ny, Cg > C’ and thus
AV’ ~ AV. Upon reaching AV = Vpp, the Ny voltage is boosted to 2Vpp —
V1 while the gate—source voltage of i, is maintained at Vpp — Vpq. During
this boosting process, Qp, operates in the non-saturated region. In this circuit,

l VoD

L
—‘I l: Q1
out
in —l—@—-l I:Qz ‘|~ c
4 Y4 I
static push-pull
Q;der stage Fig. 2.25. The push-pull inverter [2.3]
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Fig. 2.26. The bootstrap inverter [2.1, 2.3]. (a) Direct drive; (b) load-isolation
drive

however, a large value of C'/(GL, makes the output rise slowly and the resultant
delayed boosting at N; prevents Qp from driving quickly. The problem is
solved by the circuit shown in Fig. 2.26b, in which a bootstrap stage is isolated
from the output. The resultant extremely small N5 capacitance and the small
N; capacitance allow the Qp, gate to be boosted quickly to 2Vpp — Vpy,
independently of the load. After that, Qy, starts to drive the load. It improves
the speed because the gate-source voltage of Qp is increased to 2Vpp —
V1 [2.1]).

2.4 NMOS Dynamic Circuits

In the dynamic circuit, charges held at the output capacitance in advance,
by a precharge operation, are discharged or preserved, depending on the
input signal information. The preserved charges must be maintained at the
floating output capacitance until the next signal arrives. Thus, an additional
precharge circuit and its activation clock are needed, and there must be no
leakage path at the output.

2.4.1 The Dynamic Inverter

Figure 2.27 shows a basic dynamic inverter [2.1]. After charging the output
capacitance C' to a high level using the precharge transistor Q, Q: is turned
off. Then, an input signal is applied. If it is low, Q2 is kept switched off, so
that the high level is held at the floating output node. If it is high, Qg is
turned on, so that the load is discharged to a low level. Thus, this circuit
works as an inverter.

Unlike static inverters, in this inverter no dc current flows. Hence the
power dissipation is extremely low. Only a charging current from the power
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Fig. 2.27. The dynamic inverter [2.1]

supply is needed. The transistor sizes of Q; and Q2 can be determined inde-
pendently, being released from the restriction of the ratio operation of static
inverters. Even the same and minimum feature size transistor for the both
can be used, enabling a higher density. However, careful attention must be
paid to achieving stable operation. Errors can occur if the node is discharged
by spurious signals, since the operation depends on the charges held at the
floating node. The spurious signals would consist of p—n junction leakage
currents at Q; and Qg, small positive noises at the Q2 gate, negative bounces
at the Q3 source, and the subthreshold current of Qs, discussed in Chap. 8.

2.4.2 The Bootstrap Driver

In the static inverter shown in Fig. 2.26, the ratio current is eliminated if node
N; can be kept low until a low input pulse is applied. This is achieved by using
a clock ¢p, as shown in Fig. 2.28 [2.1]. The input and node N; are kept low
until a precharge period finishes. When the input increases Q; becomes highly
conductive with its gate voltage boosted by its drain—gate MOS capacitance,
so that node N; quickly goes to Vpp. Thus, low ratio voltages are developed
at node Ny and at the output. However, both N3 and N4 are discharged after
a short delay 7, allowing N5 to begin to be charged up by Q’r, and Q; to be
isolated from N;. Thus, a voltage change at N, makes N; fully boosted, so
that Qp, quickly drives the output. The boosted voltage at N; is suppressed
to about 1.5Vpp by adjusting the magnitude of Cg, since excessive boosting
gives a high stress voltage to Q2. The numbers in the figure are ratios of the
channel widths that are necessary to obtain a rise 5 ns, delay 5 ns output pulse
with 3um NMOSFETs (Lg = 3um, L = 2.2um, tox = 50nm,Vp = 0.5V)
for a 64 Kb DRAM. These values are obtained as a result of optimizing the
power and speed. Note that Cp needs 50 times as large capacitance as the
gate of Q3. Once the channel width of Q, necessary to obtain a desired rise
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Fig. 2.28. The dynamic bootstrap driver [2.1]

time for a given load capacitance is determined, the other sizes are obtained
automatically.

In this driver, the instantaneous ratio voltage must be less than the sum
of the Vr’s of Q3 and Qu, to prevent a node of the succeeding driver, which
has the same circuit configuration, from discharging. The drawbacks of the
driver are the existence of floating nodes, the need for node boosting and
thus for many MOSFETS, a large input capacitance that is the sum of the
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gate capacitances of Q;, Q3, Q’1,, and Qy,, and a relatively large ratio current
despite a short period. However, the driver was widely used to drive heavy
load capacitances in the 16 Kb and 256 Kb DRAM generations.

2.5 CMOS Circuits

The key issues of LSIs are low power, ease of design, and a wide voltage
margin. Low power, especially for inactive circuits, is crucial for a larger-scale
integration. This is because almost all circuits in a memory or MPU/ASIC
chip are inactive, while only a limited number of circuits are active, thus
calling for an extremely low power for inactive circuits. Otherwise, no LSI
chip could be designed successfully, due to the ever-increasing power that
accompanies integration. Thus dynamic circuits, particularly bootstrap cir-
cuits, were used in the NMOS DRAM era. Dynamic circuits, however, still
involve high power, a complicated design and thus a narrow voltage margin,
in addition to the reliability issue caused by node boosting, as discussed
previously. CMOS circuits solve these problems, despite a process complexity
caused by using two kinds of channel. This is the main reason why CMOS
circuits replaced NMOS circuits in the early 1980s.

Figure 2.29 shows a basic complementary CMOS inverter and its schema-
tic operations [2.1]. An NMOSFET discharges the load capacitance quickly
and completely, while it charges up slowly, entailing a reduction in Vyp, as
discussed previously. On the other hand, a PMOS charges up quickly without
a reduction in Vi, while it discharges slowly, which does entail a reduction in
V. The CMOS circuit combines the advantages of the two kinds of MOSFET,
enabling the fast charging up by a PMOSFET and fast discharging by an
NMOSFET, with a full swing of Vpp. It features an extremely low power,
since one of the two devices is conductive, depending on the input voltage,
without any floating and boosted node. The simple circuit configuration is

Voo
charging discharging
Voo Vout
D VIN _ Vpp Vin 0
N Vin ViN
_G-‘ VN —‘
s|Vour 0 Vour I Vour Voo
T
Voo Vout
bl S Vour Vop Vin Voo
Vour
o .
D| Vour ViN 0 0
T Ve

Fig. 2.29. The CMOS inverter [2.1]
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another advantage. In addition, there are no substrate bias effects, because
the source voltages are fixed. The dc and ac characteristics of the CMOS
inverter are as follows.

2.5.1 The dc Characteristics

The operations are as follows, when increasing the input voltage from 0V
to Vpp, [2.1, 2.3]. Here, the voltage relationship shown in Fig. 2.30 and the
transfer characteristics given in Fig. 2.31 are used, the notations N and P

denote NMOSFET and PMOSFET, 3y and (p are given by
%% %%
By = —2unCox , Bp = —=upCox ,
LD LL

and Vrp is negative.
Region I: since Vin < Vrn, Qn is off and Qp is on, and thus Vour is Vpp.
Region II: since Qy is in saturation and Qp is in non-saturation,

Vour 2 Vin — VIn, Ipn = %\I’(VIN — Vin)?,
Vour 2 Vin — Vrp,
Inp = B {(Vix — Vop — Vo) Vour — Vop) — 3(Vour — Vop)?} -

The equilibrium condition of Ipny = Ipp gives the relationship between Vin
and VOUT.
Region III: both MOSFETsS are in saturation. Hence,

Voo source Vs Vob
(8)
drain Vb x Vout Vas—~ Vel
(D) v }r
DS
gate Va Vas T Vel Vin
(G)
gate Va 7 Vin
G) Vas y VTN
A Vbs
Vas— VN drain Vb ) Vout
(D)
source Vs 0 0
(S) b S
/1
G‘—-'lk G—l
S D
NMOS PMOS

Fig. 2.30. Voltage relationships in the CMOS inverter [2.1]
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Fig. 2.31. The transfer characteristics of the CMOS inverter [2.1]

Vour > Vin — VIn, Ipn = %H(VIN —Vrn)?,
_ Be 2
Vour 2 Vin — VN, Ipp = —2~(VIN —Vop — Vrp)~.

Setting Ipn = Ipp yields the threshold voltage of the circuit (Vr¢), at which
the output is in a critical condition at a high or low level, which is expressed
as

Wob + Vrp + VInv/Or

Vin = Virer = , — ,
N = Vrc Vo Br = Bn/Op
Vre = Vpp/2 for Bg = 1 and Vin = —Vpp, and the dc current here is

a maximum (I;ax), and is given by Sx(Vrc — Vrn)?/2.
Region IV: Qy is in non-saturation while Qp is in saturation. Thus,

Vour < Vin — Vn s Inn = Bx {(Vin — Von)Vour — $Vaur )

%)(VIN — Vob — Vrp)?.

By setting Ipxy = Ipp the relationship between Vin and Vour is obtained.
Region V: Vi > Vpp + Vrp. Thus, Qn is on while Qp is off, resulting in

Vour =0V.

Vour £ Vin — Vrp, Ipp =
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2.5.2 The ac Characteristics

When a positive step pulse is inputted, the load capacitor starts to be di-
scharged. The discharging time tp1g to Vpp/10 is given from (2.30) as

C
On(Vop — VIn) '’

assuming that Vrn/Vpp < 1. The charging time tcy for |Vrp|/Vpop < 1 is
also given by

tDlsﬁTNln20, ™ =

C
Bx(Vop — Vn)

Furthermore, the average delay time per stage, defined at the 50% point
of the input and output waveforms, for a chain of serial inverters is about
2C/(BxVpp) for Ay = Bp [2.3].

The power consumption of the inverter consists of two components [2.3].
One is the charging and discharging power (P;) of the load, which is given
by CV3p/tc (where tg is the cycle time). The other is the dc power (P,)
due to a current from Vpp to Qp and Q. The current flows twice, at ¢; and
to, every cycle, corresponding to an input voltage that ranges from Vpn to
Vbop — Vrp in Figs. 2.31 and 2.32. Assuming a triangular current waveform,
P, is given by

tCH:TpanO, ™ =

i1+t
te

B

P2 = %Imax(VDD - VTN - IVTP‘) s Imax = 7(VTC — VTN)2

if t1,t2 < tc and Py > Ps.

Fig. 2.32. Current flows in the
t  CMOS inverter [2.3]

\ ]
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2.6 Basic Memory Circuits

2.6.1 The Inverter and the Basic Logic Gate

Figure 2.33 shows cross-sections of basic NMOS and CMOS inverters [2.1].
Figure 2.34 illustrates logic diagrams, truth tables, circuits, and layouts for
a typical logic gate used in a memory chip [2.1]. A small circle is added at
the output it the logic diagram if the logic input is inverted at the output.
The circle is omitted for a non-inverted logic gate, as exemplified by two
serially-connected inverters.

2.6.2 The Current Mirror

Figure 2.35 shows a current mirror [2.1]. If both Qy and Q; are in saturation,

I = (81/) (Ve — V1), I ={(3/2)(Vg — V1)?;
cL/I = 8a/B = W Wi . (2.35)

Hence, if [y is supplied from a constant-current generator, a constant current
Iy multiplied by W, /W, is available.

2.6.3 The Differential Amplifier

The differential amplifier is indispensable for detecting a small signal in
a noisy environment, as discussed in Chap. 3. It can be categorized as
a normal differential amplifier or a cross-coupled differential amplificr. The
former simply amplifies a small signal, with a separated input and output.
A pood exarple is the current-mirror amplifier, which has been used as a main
arnplifier on common 1/0 lines of DRAMs and SRAMs. The latter amplifies
a small signal to Vpp and latches the amplified signal at the input. It has
becu widely used for DRAMs because of its simple circuit configuration, low
power, and suitability for rewrite operations.

VBO n oow VDO _ Voo
B A R e
' ) [ 1 s

o | o [ Fow TR T
n
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> pesub > NMOS T poud 7
(a) {b)

Fig. 2.33. The NMOS inverter {(a) and the CMOS inverter (b} [2.1]
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Fig. 2.34. Typical logic gates [2.1]

The Current-Mirror Amplifier. Figure 2.36 shows a basic current-mirror
amplifier [2.1] with two input terminals for a differential input and one output
terminal (i.e. a single-ended output). The load MOSFETs Q3 and Q4 form
a current mirror. All MOSFETS are biased to be in saturation. Therefore, Qs
works as a constant-current (Ig) source. If the sizes of the paired MOSFETs
(Q1 and Qg, and Q3 and Q) are the same and the differential input is 0V
(i.e. the same input voltage), a current of half of I5 flows equally to the Qz—
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Fig. 2.36. A current-mirror differential amplifier [2.1]

Q; path and the Q;—Qo path. The voltage gain [2.4] for a small differential
input is given by

G =1gm, (2.36)

where 7 is a resistance composed of the parallel-connected output resistances
of Q; and Q3 or Qo and Q4, and g, is the transconductance of Q; or Q.
The resistance r is derived from (2.12) as

r=[1/r(Q1) +1/r(Q3)] " = [(An + Xp)Ips]
= [(An+Ap)Is/2]77, (2.37)
where Ax and Ap are the channel-length modulation parameters for the

NMOSFET and the PMOSFET, respectively. The transconductance g, is
derived from (2.11) as

gm = Alps/AVis =~ /Is(W1/L)fBxo (2.38)

where W, and (no are the channel width and (y value of Q;. The gain G
is large because both r and g, are large. For example, G = rg,, = 14k{} x
22mS =31 for \Ax =004V~ Ap =0.1V~1, Ig = 1mA, Wy/L = 100, and
Bno =5 x 107°8/V.
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Fig. 2.37. A differential output current-mirror amplifier [2.1]

Voo ¥ DL

Fig. 2.38. A cross-coupled amplifier [2.1]

In the design of a differential amplifier, the channel lengths of Q; and Q2
are chosen to be large to reduce the offset voltage, which is the difference in
Vi between the two MOSFETS, since the offset voltage works as a noise. The
resultant offset voltage is usually 20mV [2.10]. The current-mirror amplifier
has the advantages of high speed and an excellent common-mode rejection
ratio. However, the voltage gain is still small, because the diode connection
of Q4 prevents the Q4 drain from taking a large voltage swing. The single-
ended output is also a problem. These problems are solved by the use of
a differential-output current-mirror amplifier [2.1], as shown in Fig. 2.37.
The amplifier effectively doubles the signal swing at the output and enables
a differential connection to the succeeding differential circuit.

The Cross-Coupled Amplifier. Figure 2.38 shows an NMOS cross-coupled
amplifier [2.1]. A differential small signal v, developed between a pair of data
lines, on a floating Vpp is amplified to Vpp by applying an activation pulse
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¢. Here, the amplification starts when ¢ reaches Vpp — V1 and Qs is turned
on. Then, DL continues to be discharged, leaving DL at Vpp. In practice,
a CMOS amplifier consisting of cascaded NMOS and PMOS cross-coupled
amplifiers has been used exclusively as a sense amplifier on each pair of data
lines in modern CMOS DRAMs.

2.6.4 The Voltage Booster

Node boosting, by means of a MOS capacitor that easily offers a large ca-
pacitance, eliminates the reduction in V7, as discussed previously, and even
generates an increased quasi-dc power-supply voltage.

Gate Boosting. Gate boosting is important not only for the bootstrap
inverter, but also for the DRAM word drivers [2.1] shown in Fig. 2.39. Only
one of a number of word lines is selectively activated by the decoders. For
example, the switches are off after applying Vpp only to the selected Q; gate
and 0V to other non-selected gates such as the Qs gate. The succeeding
application of a Vpp pulse to the common terminal RX enables a Vpp pulse
to be outputed only to WL, leaving WL, at 0 V. The full Vpp pulse at WL,
is due to a sufficient boosting of the Q; gate, to about 2Vpp, if the parasitic
capacitance at the gate is negligible, due to a large gate—drain capacitance
Cep (Fig. 2.9). On the other hand, the small Cgp of Qs keeps the gate, and
thus WLy, at 0V despite the application of the RX pulse.

The Increased Power Supply. An increased quasi-dc power supply from
a voltage up-converter is indispensable in modern DRAMs for the generation
of a high-speed, well-controlled increased pulse, as discussed in Chap. 4. The
basic idea for the power-supply generation is to use a charge pump with MOS
capacitors.

Figure 2.40 shows the concept of the charge pump [2.1]. Nodes N; and N,
are charged to Vpp — Vr in the quiescent state. The application of a pulse

Voo
, RX
0
Voo
D !
Vop 0——0"C VEDD a Qn 0 /
Cur s WL1

0 o—o/o—o—” Q: 0
WL

Fig. 2.39. Word-line selection by
a MOS capacitor [2.1]
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Fig. 2.40. The charge pump [2.1]

to P increases N; to (1 + @) Vpp — Vr where « is the boost ratio, which
is determined by Cp and the N; parasitic capacitance. Thus, Qg is turned
on and N; is charged up. This implies that part of charges (i.e. CpVpp)
injected to N; by Cp is transferred to N;. However, the charging stops when
the voltage difference between N; and Nj reaches Vr. The resultant voltage
change 4 at N; is small because, usually, Cy, > Cp. When the pulse is turned
off, N; instantaneously drops to below Vpp — Vi, and then it is charged up
again to Vpp — V by Q;. In this manner, successive pulse applications to P
allow N2 to continue to be charged and raised. When Ny reaches (1+a)Vpp —
2Vr, however, N2 stops being charged, thereafter enabling to hold a stable
raised voltage on Cf,. If there is a pulsive load current at Ct,, the increased
voltage would be degraded. In this case, Qg would again continue to charge
up C7, until the resultant voltage reached a stable level. The stable level is
7.5V for Vbp =5V, Vr = 0.5V, and a = 0.8. The time necessary to reach
the stable voltage depends on Cp, C,, and the pulse frequency. The pulse
can be generated by a ring oscillator.

2.6.5 The Level Shifter

Figure 2.41 shows a level shifter [2.1], to shift from a low-level (Vpp) pulse to
a high-level (Vpy) pulse. Since either of the cross-coupled PMOSFETSs may
be turned on, depending on the input, there is no ratio operation with an
NMOSFET. Vpy is generated by the charge pump.

2.6.6 The Ring Oscillator

Figure 2.42 shows a ring oscillator comprising odd-stage inverters [2.1]. It
is used for charge-pumping in a voltage up-converter and in substrate-bias
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generators. In addition, it is indispensable in the control of the DRAM refresh
time, via s — ms interval pulses that are generated with the help of counters.
The oscillation frequency fosc [2.1] is given by [(2n + 1)(tg + t1)] !, where
2n + 1 is the number of inverter stages, and ty and t;, are the delay times of
each inverter for a high-input and low-input pulse, respectively.

2.6.7 The Counter

The counter monitors the number of pulses. It is well known that an address
counter counts up the number of refresh operations, to select the refresh word
lines in order. Another application to DRAMs is the refresh timer, which
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down, which makes the voltage margin of the circuit narrow. The reliability
of the metal wiring is degraded because of electon migration caused by the
increased current density.

In practice, there are some parameters [2.1] that depart from ideal scaling.
Because of the issue of Vpp standardization, Vpp cannot be scaled down, as
discussed later. To partly solve the issues regarding resistance and the current
density of the wiring, the thickness and width are not necessarily scaled
down in accordance with the scaling law. Other non-scalable parameters, such
as parasitic source and drain resistances, contact (through-hole) resistances,
short-channel effects, and device-parameter fluctuations, can also degrade the
MOSFET driving current. The MOSFET threshold voltage Vr is noteworthy.
Excessive scaling down of Vr is not allowed because of an unacceptably large
subthreshold current, as discussed in Chap. 8.

2.7.2 Constant Operation-Voltage Scaling

In the past, DRAM has maintained the power-supply voltage Vpp at the
same level for as long as possible, to solve the Vpp standardization issue, as
discussed in Chap. 5. For example, a 5V Vpp was used for four generations,
of 64 Kb to 4 Mb, despite the successive scaling down of internal devices. Even
small devices for the 4 Mb chip were tailored to withstand 5V Vpp operation
with the help of stress-voltage-immune MOSFET structures such as LDD. In
this scaling, the MOSFET delay is improved by a factor of 1/k%. However,
the electric field and power dissipation of the MOSFET, and the current
density and voltage drop along the wiring are degraded by k and k3, respe-
ctively. The resulting serious problems are velocity saturation, conductance
degradation, degraded reliability due to hot carriers, and the gate—-insulator
and p—n junction breakdown of the MOSFET. In addition, electromigration
in metal wiring, CMOS latch-up, and noise are also problems. To reduce
the above detrimental effects, other constant-Vpp scalings [2.1, 2.19], such as
a combination of 1/ vk for gate-oxide scaling and k? for doping concentration
scaling, have been proposed.

2.7.3 Combined Scaling

This scaling necessitates an on-chip voltage-down converter (VDC approach
in Table 2.4). The converter adjusts the internal supply voltage VinT accor-
ding to the lowering of the breakdown voltage of the scaled devices, so that the
electric field of each device is held constant, while preserving Vpp at the same
level. This scaling solves almost all of the problems involved in constant-Vpp
scaling, although the power dissipation is larger than that of constant-electric-
field scaling. Thus, this scaling has been widely used in modern DRAMs.
Based on the above discussion, here is an example of the estimated per-
formance of a hypothetical chip [2.1], in which only the size of the MOSFET,
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Vbp, and Vr are reduced to 1/3 (i.e. k = 3), while other sizes are kept
constant, so that the wiring capacitances and the chip size are preserved.
We assume that the wiring capacitance Cy and the input capacitance (i.e.
the gate capacitance Cg) of circuits connected at the load occupy 35% and
65% of the load capacitance of an average circuit (see Fig. 2.13), respectively.
Hence,

W (Vgs — Vr)? 1/k 2
Ipg = _— x1 —— 1 =
DS ;LCOXL ) X Xle/kX(/k) 1/k,
VDDO(1/k:,
L L
CG:€OXWN N+WP P O(l/k,
tox

Cwoxl, C=Cw+Cgox0.35+065/k.

If the wiring resistance and the dc current of the circuit are negligible, the
delay 7p and power dissipation P at a fixed frequency are given by

™ = VDDC/IDS x 0.35 + 0‘65/16 = 0.57 (k‘ = 3) ,
P = CV&p « (0.35 4 0.65/k)/k* = 0.06.

Obviously, the speed and power of an average circuit (that is, those of the
chip) are improved dramatically when k = 3.

2.8 Lithography

Figure 2.44 shows trends in the minimum feature size of devices [2.20]. In
the past, a continuing improvement in the resolution of optical lithography
has enabled a size reduction of 60—70% at each generation. For the 64 Kb—
256 Kb generations, contact printing or one-to-one projection printing were
standard. Contact printing uses a one-to-one photo mask, which is prepared
for all of the chips on a wafer. On the photo mask the patterns of each chip is
reapeted by the number of chips on the wafer. Thus, the patterns of each chip
are simultaneously exposed at the same size as those of the mask through
the mask, which is contacted with the wafer. One-to-one projection printing
reduces the mask damage caused by contact printing, because the mask is
separated sufficiently from the wafer. Ultraviolet rays corresponding to the
g line (wavelength of 436 nm) and the h line (405 nm), generated by a mercury
lamp, were originally used. However, this method was overtaken by reduction
projection printing as the patterns were miniaturized. In this printing me-
thod, a photo mask, on which the patterns are magnified in size by five times
the dimensions of the actual chip, in order to relax the requirements for size
accuracy of the mask pattern, is prepared for only one chip. The patterns on
the mask are projected on to the wafer, with a size reduction of one-fifth. This
projection for one chip is repeated one by one throughout the wafer. Reduc-
tion projection printing has improved the resolution by means of an increase
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96 2. The Basics of RAM Design and Technology

A final solution, however, might be the MCM (Multi-Chip Module), which is
a combination of the CSP and the module card. Regarding high-performance
packages, a low-noise and high-density package design focused on simulta-
neous I/O switching noise, crosstalk, and reflection noise is essential. Thus,
in addition to reducing the parasitic inductance and capacitance, an accurate
circuit model for packages and modules is indispensable. A low-thermal-
resistance plastic package is also a key to ensuring an adequately low DRAM-
cell leakage current and high reliability with a reduced junction temperature,
while maintaining low cost.
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3.1 Introduction

The intensive research and development (R&D) directed toward DRAMSs has
rapidly increased memory-chip capacity by more than six orders (1Kb to
4Gb) at the R&D level over the past 30 years [3.1] since the advent of
DRAMs in the early 1970s. As a result, 64—256 Mb DRAMs are now at
the volume-production level. Such rapid progress in DRAM density has led
to their playing an important role in enhancing the performance and reducing
the cost of electronic systerns such as large computers, workstations, personal
computers (PCs), and so on. The quadrupling of memory capacity, as shown
in Fig. 3.1, through high-density technology has contributed to this progress.
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Fig. 8.1. Trends in RAM chip performance. The bit-width for the I/O pin is mostly
1 bit or 4 bit for DRAMs [3.1]

High-performance circuits aimed at higher speed and lower power dissipa-
tion, which have been achieved in the past despite the ever-increasing chip
area with increased memory capacity (Fig. 3.1), have also benefited system
designers.
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98 3. DRAM Clircuits

The following summaries focus on basic technological developments in
high-density and high-performance circuits, although advances in CAD/DA,
testing, and high-density packaging are also notcewortly.

3.1.1 High-Density Technology

Figure 3.2 shows the trend in DRAM chip-area and wafer-area from 4Kb to
1 Gb [3.2]. The chip area has been increasing by 1.5 times for each successive
generation up to 64 Mb, This is the so called memory capacity guadrupling
approach. However, experimental 256 Mb and 1 Gh DRAM chips have broken
the trend, indicating difficulty in device miniaturization. Although the chip-
area increase should be compensated by wafer-area enlargement, the ever
increasing investment cost of fabrication facilitics have hindercd the change
of wafer area. Thns, to reduce bit-cost, achieving smaller chip areas is an
urgent task for DRAM manufacturers; this can be clearly seen in a succession
of drastic chip-area-shrinks for 64 Mb DRAMSs in Fig. 3.2. This is the so-
called chip-shrink approach. A 64Mb DRAM with a chip arca of less than
40mm? is now going into mass production using 0.18 wm technologies that
were considered necessary for 1 Gb DRAM production a few years ago. In any
event, both the memory capacity quadrupling and chip-shrink approaches are
supported by high density technology.

Figure 3.3 shows the advances [3.4]. Fine-pattern technology has been sup-
ported by advances in photoaligner and ctehing teehnology. The photoaligner
has advanced in the form of the contact aligner until the 64 Kb generation, as
the one-to-one projection aligner at the 256 Kb generation, and as the five-
to-one projection aligner at the 1Mb generation and beyond. With regard
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100 3. DRAM Circuits

to etching technology, wet etching had been popular until the 5—3 um era.
However, to overcome the issue of undercutting related to wet etching, dry
etching has been widely used since the 3—2 um era.

With regard to device technology, this has been strongly influenced by
the stringent need for a high-density memory cell, a high speed and standar-
dization of the power-supply voltage. One way of achieving smaller memory
cells, as well as smaller peripheral circuits, is to add wiring layers to relax the
size-reduction requirement for each layer. Good examples of this are double
poly-Si layer in the 16 Kb generation and the double metal layer. The polycide
layer, consisting of low-resistance silicide stacked on to high-resistance poly-
Si has reduced word-line delay. Advances in the MOS transistor are note-
worthy. Transistor miniaturizations based on the scaled-down theory have
made a great impact on chip performance at each generation, as discussed
in the previous chapter. To achieve even higher speed and lower power, the
transistor structure was changed from PMOS to NMOS in the 4 Kb genera-
tion, and then to CMOS in the 1 Mb generation. The source/drain structure
was also changed, depending on the size and the power-supply voltage. In
the 64 Kb generation the dopant was changed from phosphorus to arsenic,
which is suitable for miniaturization due to its smaller diffusion coefficient.
Furthermore, the LDD structure (see Fig. 5.21) to relax the stress voltage at
the drain has been widely used since the 1 Mb generation, enabling 5V direct
operation even for small transistors in the 4 Mb generation.

As for the memory cell, miniaturization has progressed while maintaining
the signal charge to the greatest possible extent, in spite of reduction of
the cell area to around 1/3 that of the previous generation, as discussed
in Chaps. 1 and 4. The half-Vpp plate, three-dimensional capacitors, high-
permittivity insulator films, and the folded data(bit)-line arrangement have
contributed to the maintenance of signal charge. To decrease soft errors, the
polyimide chip coating has been indispensable.

3.1.2 High-Performance Circuits

Circuit design has concentrated on achieving a high signal-to-noise ratio
(S/N), together with low-power and high-speed operation. The absence of
gain in the one-transistor, one-capacitor (1-T) cell causes a small read signal
voltage, and needs a subsequent rewrite operation with a large voltage swing
and refresh operations. The resultant drawbacks of the low S/N ratio, high
power, and slow speed of the DRAM chip are made worse by the ever-larger
chip area. Differential sensing, word bootstrapping for a full write and full
read, shared sense amplifier for doubling the signal voltage while halving the
data-line power, multidivided data line with the assistance of multilevel metal
wiring to solve all of the above drawbacks, the folded data-line arrangement,
and transposition of the data line are the well-known high-performance (espe-
cially high-S/N) circuit techniques, as summarized in Fig. 3.4 and discussed
in this chapter. NMOS dynamic circuits for sense amplifiers and peripheral
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102 3. DRAM Circuits

drivers had contributed to power reduction in the NMOS-DRAM era. In
addition to CMOS circuits, half-Vpp data-line precharge combined with the
CMOS sense amplifier, shared 1/0, and an on-chip voltage down-converting
scheme have reduced the power dissipation of multimegabit CMOS DRAMs.
In addition to the use of polycide instead of poly-Si for the word line, the
metal-strapped poly-Si (or polycide) word line and the multidivided word
line have enhanced chip speed with reduced word-line delay.

Address multiplexing and redundancy have been indispensable for high-
density packaging and low cost. Internal parallel testing, including built-in
self-testing (BIST), has also become increasingly important to ensure low
cost. On-chip voltage conversion circuits, such as the substrate bias-voltage
generator and the voltage up-converter are also essential for the stable and
low-power operation of internal circuits. The conversion circuits also help to
enable ultra-low-power operations, as will be explained in Chap. 8.

In this chapter, catalog specifications exemplified by the basic operational
modes of a standard 16 Mb DRAM, and the basic configuration and operation
of a DRAM chip, are clarified in order to understand the relationship bet-
ween the specifications and internal circuit operations. Next, design issues
and solutions to meet the specifications are described conceptually. Then,
basic circuit blocks consisting of a chip are discussed in terms of S/N, power
dissipation, and speed. We discuss multidivision of a memory array, which is
closely related to almost all aspects of the performance of the chip, read/write
circuits, refresh-relevant circuits, redundancy, and on-chip testing circuits.
More details and variations for high-S/N design, on-chip voltage conversion
circuits, high-performance subsystem memories such as synchronous DRAM
(SDRAM), and low-power and ultra-low-voltage circuits are described in
other chapters.

3.2 The catalog Specifications of the Standard DRAM

Since the standard DRAM incorporates an address multiplexing scheme, it
requires complicated timing specifications between the input and output
signals. In addition to the timing, the voltage, current, temperature, and
modes of operation are specified in detail and standardized. In the following
sections, some specifications are clarified [3.4], using the example of a CMOS
16 Mb DRAM.

3.2.1 Operational Conditions

Package and Pin Assignment. Progress in memory packages toward
smaller, thinner and lighter products has been remarkable given the ever-
increasing chip area, as explained in the previous chapter. For the 16 Mb
DRAM, the first generation used a 400-mil (1 mil = 0.001 inch) width,
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3.2 The catalog Specifications of the Standard DRAM 103

28-pin SOJ (Small Outline J-leaded Package, with external dimensions of
10.2 x 18.2 x 3.5mm), in which a chip of 127mm? (= 8.15 x 15.58) was
accommodated. Due to a scaling down of the above chip to 78%, the second
generation could be accommodated in a smaller 300-mil width, 26-pin TSOP
(Thin Small Outline Package, 1.2 mm thick), which is the same size as in the
previous 4 Mb chip, so as to be replaceable on a memory board. Figure 3.5
shows the pin assignment of a 16 Mb with a 16 MW (words)x1 b configura-
tion [3.4]. In the case of a wider bit configuration, one pin is assigned to both
Di, and Dgyt, to suppress the increase in the pin count (see Fig. 7.5).

Vo | K\JJ 28 [ Vss
Din 2 27 : Dout
NC 3 26 |1 NC
WE 4 25 [[1 cas
RAS 5 24 [ NC
A1 6 23] A9
A10 9 20 ] A8
AD 10 19 [ A7
Al 1 18 [[] A6
A2 12 17 | A5
A3 13 16 (] A4
Voo 14 15 :Vss

Fig. 3.5. A top view of the SOJ package and pin assignment of a 16 Mb DRAM
[3.4]. NC; no connection

The Power-Supply Voltage and Current. Table 3.1 shows the catalog
specifications. Vpp = 5V is the standard power supply for a 16 Mb DRAM
with an acceptable Vpp variation of £10%, although major internal circuits,
such as peripheral circuits and the memory array, operate at an internal
supply Vpr, of about 3.3V, which is generated from Vpp by an on-chip voltage
down-converter. The access time tgac in the worst conditions, developed
across the full range of Vpp, temperature, cycle time, operational modes,
and so on, is 60ns at a Dy, capacitance of 100 pF. Access time, however,
ranges widely with fabrication-process variations during volume production,
allowing the specifications to be sorted according to the resultant spread.
The set of data in the table is for the fastest version, although there are three
versions corresponding to 60, 70, and 80 ns access times. Note that there is
quite a large difference between the catalog specifications and specifications
presented at conferences, which are usually for a nominal condition for a ty-
pical sample. The operational current is 80 mA max. at the maximum cycle
of 110 ns. The current is almost inversely proportional to the cycle time tgrc,
because the ac current dominates it. The refresh current at a cycle time of
31 s is 300 LA, and self-refresh current is 200 pLA.
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104 3. DRAM Circuits

Table 3.1. The specification of a 16 Mb chip [3.4]

Items Symbols Specifications Unit Test conditions

min. max.

Ambient temperature Ta 0 70 °C
External supply Vbp 4.5 5.5 A%
Access time tRAC - 60 ns Doyt load 2TTL + 100 pF
Cycle time trc 110 - ns
Operating current Icco - 80 mA trc = 110ns, Doyt open
Stand-by current (1) - 300° pA  CBR refresh, trc = 31.3 us
Stand-by current (2) - 200¢ HA  Self refresh
Input logic interface Viu 2.4 6.5 A%
ViL -1.0 0.8 v
Output logic interface Vou 2.4 VoD V Dout —-5mA
VoL 0 0.4 V  Dout 4.2mA
Address pin capacitance - 5 pF
Clock pin capacitance - 7 pF
Dout pin capacitance - 7 pF
Refresh time tREF - 64,128 ms
Refresh cycles n 4096 -

2 Tentative.

The Ambient Temperature and the Junction Temperature. Ambient
temperature 7T, ranges from 0°C to 70°C in the catalog. However, the chip
characteristics are governed by the junction temperature 7; rather than by
T,. Their relationship is expressed as follows:

T, =T, + 6;.P (3.1)

where 6, is the thermal resistance of the package and P is the power dis-
sipation of the chip. Here, let us estimate the range of 7Tj. The minimum T;
(= Tjmin) is developed when T, = 0°C, Vpp = 4.5V, and the lowest cycle
time — that is, the refresh cycle in data-retention mode — are combined. In this
case, Timin = T, = 0°C because P ~ 0. The maximum Tj (= Tjmax) is deve-
loped when T, = 70°C, Vpp = 5.5V, and the cycle time is at its fastest (i.e.
110ns), enabling a Tjmax as high as 100 °C by assuming that 8;, = 60°C/W
for a TSOP mounted to a board in still air and P = 0.44 W. Therefore, the
variation in Tj is as great as 100 °C. Even given such a variation, the access
time and refresh time (tRErmax), Which are quite sensitive to variation, are
guaranteed.

Interfaces of Input and Output Signals. The well-known TTL logical
interface is used. The minimum high-level Vig is 2.4V, while the maximum
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3.2 The catalog Specifications of the Standard DRAM 105

low-level value is 0.8 V. Hence, for example, a binary “1” or “0” is discrimina-
ted for an input higher than 2.4V or an input lower than 0.8 V, respectively.
Such is the case for Dg,. Note that a minimum Vi, of —1V is catered for
in case the logic input waveforms on a memory board become subject to
undershoots when many memory packages are mounted on the board.

3.2.2 Modes of Operation and Timing Specifications

The relationship between timing specifications and chip designs will be descri-
bed, and illustrated by read, write, and refresh operations, and by high-speed
column modes.

The Read Operation. Figure 3.6a shows a timing diagram of the read
operation. When RAS increases to a high level, the precharge operations of
all the row-relevant circuits start, and complete within time tgp. During this
period, no memory operations are performed inside the chip. CAS stays at
a high level during tcp to precharge column-relevant circuits such as Dy, /Doy
buffers, thus inhibiting any communication external to the chip. As soon as
RAS falls to a low level, memory operations start with the activation of row
circuits. Subsequently, the CAS falling edge enables read or write operations
to start using column interface circuits. The RAS active operations continue
for tgas. The RAS cycle time tgc, which is usually the cycle time of the
chip, is tras + trp + 2tT where t7 is the rise and fall time of RAS, 5ns in
the catalog. According to the catalog the cycle time can vary from 110 ns to
10 us. The read operation starts by increasing WE to a high level before CAS
low-level-activation, and holding it for the CAS activation period tcas. The
resultant Doy is held until CAS is increased. Note that there are three kinds
of access time: the RAS access time tgac, which is the RAS to Dy delay;
the CAS access time tcac, which is the CAS to Doy delay; and the address
access time taa, which is the column address to Doy delay.

The Write Operation. Figure 3.6b shows a timing diagram of the write
operation. The write operation starts by reducing WE to a low level, unlike
the read operation, before CAS low-level-activation. The other timing rela-
tionships are same as for the read operation. During the write operation, Dgy,¢
is held to a high impedance (high-Z).

Refresh Operations. The standard refresh operations can be categorized
into normal refreshings, such as the RAS-only refresh and the CBR (CAS
before RAS) refresh, which are carried out by interrupting random operations
mixed with read and/or write, and self-refreshing only for data retention in
the battery back-up mode.

Figure 3.7a shows a timing diagram of the RAS-only refresh. By applying
the refresh addresses (Ag—Aj;) to the package address pins, each memory
cell on the selected word line is simultaneously refreshed with a read—rewrite
operation. There are two specifications of tREpmax, 64 ms and 128 ms with
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108 3. DRAM Circuits

level. The refresh interval, which is very sensitive to 7j, is automatically
determined by a timer that detects 7. After the RAS-precharge time tgpg,
the self-refresh mode is released to a normal random mode.

High-Speed Column Modes. Column modes provide a higher speed, and
in particular a higher throughput for some systems, such as cache-application
systems and graphics, as discussed in Chap. 6. The high speed stems from
sequential or random accessing of only column addresses, with row addresses
fixed. Thus, the modes exclude the inherently slow RAS-relevant circuit
operations, such as word-line activation and sensing, from the access and
cycle paths. In traditional DRAM designs, there are three versions of column
modes. The page mode can supply random data bits from the data that are
latched on to the data lines as a result of row access and the subsequent
cell-signal amplification. The random bits can be accessed by changing the
column address until the next row access operation. The nibble mode can
supply three extra data bits from sequential locations for every row access
operation. The static column mode is similar to the page mode, except that
it is not necessary to toggle CAS every time the column address changes. The
details will be explained below, and extremely high-speed versions developed
recently will be discussed in Chap. 6.

Figure 3.8a shows a read-timing diagram of the page mode. Each data
bit latched on to a pair of data lines is outputted to the D,y pin, under
the controls of the column address and other signals. The major column-
relevant circuits are precharged every cycle using ATD, which is discussed
later. A random column-address cycle time of 40ns is obtained. However,
the cycle time is eventually limited by tight specifications on the address
set-up time fagc, address hold time ¢can, and the CAS precharge time tcp.
Although the mode has been popular, users must design the memory board
through managing these rigid specifications. A narrow data-valid time topp
is also a drawback.

Figure 3.8b shows a read-timing diagram of the nibble mode. A four-
bit shift register at the D, /Doyt buffers manages communications between
the memory arrays and the buffers, so that the first data bit can be ran-
domly selected by two address signals, followed by the remaining three data,
bits, which are serially outputted only by toggling CAS. The shift register
consists of four data-latch circuits, and a four-bit decoded ring counter/shift
register [3.6]. Four data bits from four subarrays are latched in parallel at the
latch circuits, and are converted into serial data for synchronous outputting
with CAS. The shift register can be designed to be fast enough to enable
a 35 ns cycle time. Unlike page mode, no timing margin is necessary between
CAS and the addresses. This enables ease of use. However, the narrow data-
valid time and the fixed number of data-bits are drawbacks in some system
designs.

Figure 3.8c shows a read-timing diagram of the static column mode. While
CAS stays at a low level, random column selections can be realized. Note
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3.3 The Basic Configuration and Operation of the DRAM Chip 111

a WE buffer, and a Dy, buffer. A memory array is composed of n rows (i.e.
n word lines, WLs) and m columns (i.e. m pairs of data lines, DLs and DLs).
Communication between the buffers and the memory array is carried out
through peripheral circuits which consist of two kinds of circuits, direct and
indirect peripheral circuits. The direct peripheral circuits, which are directly
connected to the memory array, comprise row/column decoders, row/column
drivers, sense amplifiers, and so on. The indirect peripheral circuits, which are
placed between the buffers and the direct peripheral circuits, are composed
of many control logic circuits, refresh-related circuits, redundancy circuits,
voltage converters, and so on.

3.3.2 Address Multiplexing

Basic Operations. Each address buffer converts an external address signal
Ai to internal complementary addresses a;, and a;, and sends them to deco-
ders. The address buffers (ABs) are categorized as row ABs for selecting
a row (word line) and column ABs for selecting a column ( a pair of data
lines). One of the serious problems is the larger package, which causes a lower
packing density on a memory board, due to the increased address pin count
of the package with increasing memory capacity. For example, a 16 Mb chip
needs 24 address pins. However, an address multiplexing scheme [3.5] halves
the necessary address-pin count, resulting in 12 pins. The scheme allows one
address pin to be used twice, so that a row address and a column address are
successively outputted as a result of strobing the input address signal with
two successive clocks, RAS (the Row Address Strobe) and CAS (the Column
Address Strobe). This scheme has been unique in standard DRAMs since
the 16 Kb generation. The operation of address multiplexing (Fig. 3.9) is as
follows. Here, each dashed region shows the state of don’t care.

At first, a set of external address signals (Ai’s) is strobed by RAS and
converted into a set of complementary address signals, which are then sent
to row decoders. Consequently, one of 2!2 decoders is selected by 12 sets
of complementary addresses, and the succeeding row (word) driver and word
line are activated, so that all of the memory cells on the word line are read and
then amplified by the corresponding amplifiers. After amplification, a column
enable YE is outputted by the RAS buffer. If a column decoder has been
selected by another 12 sets of column address signals before YE generation,
YE activates a column activation signal CY so that a column select line YL
is selected to connect a pair of data lines and a pair of I/O lines. Thus, the
amplified signal on the data lines is outputted on the I/O lines, so that a data
output Dy is available through a main amplifier MA. The write operation is
performed by giving the I/0O lines a differential Vpp voltage corresponding to
a data input Dj, under the control of WE. A refresh operation is performed
by a read operation for each word line.

The address buffers must be equipped not only with a function that is
synchronized with RAS and CAS, but also with a latch function, as in the
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NMOS DRAM shown in Fig. 3.9a. Hence, as soon as an external row-address
signal strobed by RAS is latched into the row-address buffer, the address
signal can be changed thereafter to the succeeding external column-address
signal, so that the RAS-CAS address timing margin is widened. The CMOS
address buffers shown in Fig. 3.9b enable high-speed control through the
elimination of a synchronous function with CAS. Without any regulation by
CAS, the column address buffers can accept address signals at any time after
the row addresses have been latched, and the resultant latch signal LCH
has been outputted. Thus, a selected decoder activates one YL, so that the
amplified signal on the data lines is transferred to the D, buffer. During
these processes, CAS makes the D,y buffer ready to accept the processed
data in advance. Thus, the need to synchronize the address signals with CAS
at the first stage of the address buffers is eliminated, and thus the column
access time from column address to Dgy; is shortened without any access
penalty. However, the column address must be latched by CAS at the buffers.
This is realized by using ATD (Address Transition Detector), again without
any access penalty. ATD outputs a pulse EQ every time a set of column
addresses is changed (Figs. 3.43 and 7.18). The resultant EQ generates various
pulses to control the column-relevant circuits, instead of the CAS pulse. The
controls include equalization of I/O lines and activation of the main amplifier,
which consumes a dc current, for only a short period of time, necessary for
amplification. Here, the address buffers must be composed of CMOS static
circuits, so that they can accept address signals at any time at low power.

Differences between Row- and Column-Relevant Circuits. Chip ope-
ration using address multiplexing is governed by both row circuits, which are
relevant to the path of the RAS input to cell signal amplification, and column
circuits, which are relevant to the output path of the amplified signal to the
I/O lines to data output (Dgyt). However, there is an essential difference
between both row and column circuits; row circuits must be dynamic circuits,
while column circuits can be static circuits, as follows. During time trp
in Fig. 3.6, every word-line activation is followed by a data-line precharge
operation. However, the data-line precharging must be started after the word
line has been completely turned off, to 0 V. If it starts while the word line is
still at a high or intermediate level, a voltage that is developing toward the
final precharge voltage (e.g. Vpp/2) on each data line may be written to each
memory cell. This implies loss of the previous write or rewrite data. Also, the
next word-line activation must be started after each pair of data lines has
been completely equalized, as a result of their precharging. Otherwise, the
insuflicient equalization is a source of noise for the succeeding read operation.
Thus, a succeeding word-line activation must be accomplished after the time
period tgrp. This timing sequence imposes precharge operations on the row-
relevant circuits. Consequently, they must be constructed using dynamic cir-
cuits, or circuits that are suitable for dynamic operations. On the other hand,
even successive column-line (YL) activations without a precharge operation
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3.4 Fundamental Chip Technologies 113

could be performed without any detrimental effect on the memory cells, as
in SRAM. A precharge operation of the I/O lines is not essential for basic
memory operation, but only for shortening of the column cycle time.

3.4 Fundamental Chip Technologies

In this section, first, design issues for a larger memory-capacity chip are
clarified [3.4] in relation to the theory of scaled-down devices discussed in
Chap. 2. Next, the solutions are described [3.4] in detail, in terms of the S/N
ratio, power dissipation, speed, and chip area.

3.4.1 A Larger Memory Capacity and Scaled-Down Devices

Figure 3.10 shows a schematic internal chip configuration [3.4]. A memory
array consists of n’ word lines (WLg,..., WL,/_;) and m’ pairs of data lines
(DLy, DLg,..., DL,,/_1, DL,,,/_;). X and Y denote the row and column deco-
ders and drivers, while SA and MA are a sense amplifier and a main amplifier,
respectively. The aspect ratio of the length to the width of standard DRAM
chips has usually been about 2, and results from the package size, the pin
assignment of package, and the aspect ratio of the memory-cell size.

Figure 3.11 shows trends in memory-cell area and cell-signal charge [3.3].
The cell area has been reduced at a rate of 38% per generation, due to
advancements in high-density technology. The reduction in the area is due to
a size reduction to about 62%. However, despite such a rapid reduction in cell
size the memory array has become larger by about 1.52 (= 0.38 x 4) with each
successive generation, causing the roughly 1.5 times increased chip area that
has been traditionally established, as shown in Fig. 3.2. The ideal scaling rule
discussed in Chap. 2 is for a fixed memory capacity, in which all dimensions,
including the chip dimensions, can be reduced. For the quadrupled memory
capacity, however, the scaling rule must be modified. In addition to the chip
dimensions, other parameters — such as a thickness of wiring metals — differ
from the ideal case, causing ever-increasing capacitances, resistances, and
thus wiring delays. In general, the scaling ratio for the thickness of the wiring
metal must be larger than that for the areal dimensions. Otherwise, a thinner
interlevel dielectric would reduce the breakdown voltage, and a thinner metal
film would degrade reliability giving an increased current density and stress-
induced voiding.

Here, let us evaluate how these deviations from ideal scaling influence
the performance of the chip. In Fig. 3.12, our major concerns are with the
global metal wiring (interconnection) that runs from the edge of the chip to
a peripheral circuit block, Bo, at another edge, and with the word lines and
data lines in a memory array, Bs. Under ideal scaling, the performance of
the chip is improved, since the dimensions of the chip and thus the length
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116 3. DRAM Circuits

rates are k™ 2kq(= 0.52), k(= 1.23) and k 2kgk.(= 0.64). Therefore, the
delays caused by the global wiring have a strong impact on the speed of the
peripheral circuits.

Word lines and data lines, which are a kind of global wiring, and which
are made of resistive materials, increase the delays further. As a result of
making the higher density of a memory cell the top priority, word lines and
data lines are made of relatively highly resistive materials such as poly-Si and
polycide, which are suitable for a self-aligned and fine patterning process, and
even a diffused layer. The resultant large delays are enhanced at the above-
calculated rate of 2.5. Moreover, the charging power of data lines increases
rapidly since the number of data lines charged up at any one time is doubled in
each successive generation, even if the increase in the data-line capacitance
Cp is assumed to be as small as a factor of 1.03. Furthermore, even Cp
reduces the signal voltage of the memory cell, because the cell capacitance
Cs usually decreases. Increases in voltage drops at power-supply lines and
the occurrence of crosstalk, when the chip area increases in smaller devices,
also make the voltage margin of the chip narrower. Therefore, the S/N ratio,
power dissipation, and delay issues become more prominent.

3.4.2 High S/N Ratio Circuits

To realize stable memory-cell operation, the signal-voltage characteristics and
noise-generation mechanisms during cell activation and signal amplification
must be investigated. A summary of the S/N ratio issue is given here. The
full details are explained in Chap. 4.

The Signal Voltage of a Memory Cell. The signal voltage vg, which is
expressed as

vs = Qs/(Cp + Cs), Qs = CsVpp/2, (3.2)

is maintained by increasing the signal charge (Js as much as possible through
three-dimensional capacitors, such as stacked and trench capacitors, a half-
Vbp capacitor plate, high-permittivity capacitor insulators, and word boots-
trapping. Multidivision of the data line and a shared sense amplifier have
also contributed to a larger vg with reducing values of Cp.

Noise at Cell-Read Timing. Various forms of noise, coupled to a pair
of data lines from non-selected word lines and adjacent data lines during
cell activation and signal amplification, are canceled by the folded data-
line arrangement combined with a dummy cell and/or a half-Vpp data-line
precharge. The ever-increasing offset voltage of the sense amplifier, which is
a difference in V1 values between cross-coupled transistors, can be reduced
by enlargement of their feature sizes.
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Noise Coupled from an Array to Peripheral Circuits. The simulta-
neous charging or discharging of many data lines with a large swing of voltage
Vbp is a noise source for peripheral circuits. The voltage swings couple noise
to non-selected word lines and the relevant power lines via the data-line
to word-line capacitances. They also couple substrate noise to peripheral
circuits via the data line to substrate diffused capacitances. The folded data-
line arrangement, combined with a half-Vpp data-line precharge, also cancels
noise, achieving a quiet memory array.

Noise in Peripheral Circuits and Di,/D,,; Buffers. Noise increases
not only with an increasing chip area, but also with the ever-higher speed.
The multi-data-bit I/O configuration, which is essential to realize a larger
memory capacity, is also a source of noise at the D,,; buffers. For example,
simultaneous voltage bounces of 3—5V at 16 buffers, each of which has a load
capacitance as great as 100 pF, surely generate noise on the powerlines of
buffers. Careful attention to layout, with multilevel metal layers, and ad-
justment of the rise and fall times of the Dg,4 waveform, suppresses the
noise. The isolation and shielding of noise sources from noise-sensitive circuit
blocks, such as main amplifiers, I/O lines, and comparators in voltage down-
converters, are also well-known noise-suppression techniques.

3.4.3 Low Power Circuits

In this section, the sources of power dissipation in a DRAM chip are discussed
first. Next, it is made clear that the data line is a major power source. Then,
various power reduction circuits are discussed, with an emphasis on data-line
power reduction.

Sources of Power Dissipation. The power dissipation P of a DRAM chip
that operates with a cycle time tgc and a power-supply voltage Vpp can be
expressed as follows:

P~ £C,(AVi/A)Vop + (Inc + Ien)Vop (3.3)
~ AQt - Vbp/trc + (Inc + Iru)VbD (3.4)
~ (Cpr - AVp + Cpr - AVp)Vop /tre + (Inc + Ipn)VbD (3.5)
~ (AQpt + AQp1)Vbp /tre + (Inc + Iru) VoD (3.6)

where Cj and AV; are the capacitance and voltage swing at node j; AQT,
AQpr, and AQpt are the total charges of the chip, data lines, and peripheral
circuits, which are charged up from the Vpp power supply; the Ipc are the
major dc currents such as the ratio current at common I/O circuits and the
constant-current sources of main amplifiers; the Ipy are the quasi dc currents
from circuits, that are always in operation, such as on-chip voltage converters
and relevant refresh circuits; and Cpr and AVp are the total charge of data
lines that are simultaneously charged up, and the data-line voltage swing.
Hence, the average current It in the chip is as follows:
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It = (AQpr + AQpT)/trC + InC + IPH - (3.7)

The array current I and peripheral current Ip, when the chip is operating
at the minimum cycle time trcmin, are thus given by

In = AQpT/tRCmin = CbT - AV /tRCmin = M Cpb - AVh /tRCmin , (3.8)
Ip = AQpT/tRCmin = CpT - AVP/tRCmin ; (3.9)
.. It = (Ip + Ir)(tRCmin/trc) + Inc + IpH - (3.10)

Note that only one of a pair of data lines contributes to power dissipation,
because a charging current always flows from the Vpp power supply to only
one data line during one cycle. In Vpp-precharge, one data line is charged up
to Vpp during precharging, while the other remains at Vpp. In a half-Vpp
precharge, a charging current flows to raise one data line from a half-Vpp
to Vpp at amplification. Currents that do not flow from the Vpp power
supply, such as discharging and equalizing currents, do not contribute to
power dissipation. Hence, AVp is equal to Vpp and Vpp/2 for Vpp and half-
Vbp precharging, respectively. The cycle time tgc has an acceptable slowest
value, which is tREFmax/n’ for the array shown in Fig. 3.10. Thus, the total
current It is maximized to be ITpmax at tRomin and minimized to be Itpin
at tREFmax/" , as shown in Fig. 3.13. The reduction of both ITy.x and Itpmin
is important, since reduction of Itmax reduces Tj, while reduction of Itp;n
extends the battery back-up time. For a non-divided array (Fig. 3.10) I is
overwhelmingly larger than the other components, as explained later, and
the expression for It is therefore simplified to

IT >~ m’CD . AVD/tRCmin . (311)

: operating 5
; region |

ITmax

average chip current |r

ITmm

len

tHCmin tHEFmex /n :

cycle time trc

Fig. 3.13. Current versus cycle time [3.4]
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If we assume a 20% reduction in AVp, an improvement in tgomin of 10% and
a 3% increase in Cp (i.e. a factor of 1.03, as previously discussed) in each
successive generation, I increases by a factor of over two every generation.

Reductions in Vpp, AQr and Ipc are the keys to power reduction, as
given by (3.4). Thus, in addition to reductions of the standard power supply
Vbp from 12V to 5V, and then to 3.3V, partial activation of a multidivided
data line, an increase in {gREFmax, lOW-voltage operations through on-chip
voltage down-converters and low-signal voltage transmission, CMOS circuits,
and power-down operations using ATD have all been effective, as briefly
discussed below.

Partial Activation of a Multidivided Data Line. If each data line
is divided into ¢ subdata lines and, for example, only one subdata line is
activated, the array current I, is reduced to 1/q, with Cp/q. If each subdata
line is divided into two (the shared I/O is explained later), I is again halved,
with a halved value of Cp.

An Increase in trgpmax. The reduction of m' in (3.11) cannot be achie-
ved without increasing the number of refresh cycles n and the maximum
refresh time of the cell, tRErFmax. Here, if we introduce a logical memory
array that uses m (i.e. an m X n matrix) instead of a physical memory
array with an m’ x n’ matrix for the same memory capacity M, the com-
plicated relationship between m’ or n and trgFmax becomes easier to un-
derstand. As a result of ¢ divisions of each data line, a physical memory
array can be composed of g physical subarrays, each of which comprises
an ng x m' matrix, and operates independently, as shown in Fig. 3.14a.
Here, ng is the number of memory cells connected to one subdata line,
which is determined by the S/N issue and usually ranges from 256 to
1024. If the number of subarrays that operate simultaneously is j, we can
consider that one word line logically activates jm’ memory cells, enabling
a logical memory array with a matrix of m = jm’ and n = ¢ng/j. On
the other hand, the refresh busy rate, v, which expresses the percentage
of the time which is not accessible from outside the chip, is given by

¥ = tRCmin/ (tREFmax/")
= (M /m)(tRCmin/tREFmax)
= (¢/7)n0(tRCmin/tREFmax) - (3.12)

Figure 3.15 shows two extreme cases of logical organization. Figure 3.15a is
for simultaneous operation of all subarrays, with n = ng, m = ¢gm/, Cpt =
gm/Cp, and ¥ = ngtRCmin/tREFmax- Figure 3.15b is for only one subarray ope-
ration, with n = qng, m = m’, CDT - m’C’D, and Y = antRCmin/tREFmax-
Obviously, the former maximizes power dissipation with a maximized Cpr
but minimizes the refresh busy rate, which is contrary to the operation of
the latter. In practice, both n and trgrmax are specified in the catalogs
(Table 3.1), through compromising the power with the cell leakage current
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for almost-constant vy and trcmin. For fixed M, it is necessary to maintain
MtREFmax tO keep v constant, assuming a fixed tromin. This implies a re-
duced m accompanied by an increased trEFmax. Moreover, to quadruple M,
MtREFmax Must be quadrupled. This has been achieved by almost doubling
both m and tgEFmax, since quadrupling m increases the array power greatly
while quadrupling trgrmax requires an unacceptably low cell-leakage current.
As a result, n (= M/m) has gradually increased with each successive gene-
ration, with an increased tgrEFmax for commercial DRAMs (Fig. 3.16). The
alternative choices for n and m have eventually been rejected by the adoption
of this compromise.

Low-Voltage Operations. In addition to the reduction of Vpp, a half-
Vbp data-line precharge, using a CMOS sense amplifier, and on-chip voltage
down-converters that enables the use of small devices have been effective in
reducing the power, by halving AVp and reducing AVp and AVp by the ratio
of Vbr/Vbp given in (3.5).

The Low-Power CMOS Decoder. To reduce the ever-increasing power
of the decoder, CMOS circuits have been used instead of NMOS circuits
since the 1 Mb generation: this will be discussed in detail below. The NMOS
dynamic NOR decoder allows the output nodes of all the decoders except
one selected decoder to be discharged, while leaving the output node of the
one selected decoder at the precharge voltage of Vpp. On the contrary, the
CMOS NAND decoder allows the output node of the one selected decoder
to be discharged, leaving the remaining output nodes at Vpp. Thus, the
discharging power of the CMOS decoder is extremely low, almost indepen-

Y = trermin/ ( tReFmax /1)
trcmin: minimum Cycle time (ns)
— Prax: Trcmin, VDD+10%, 0°C
E 1r . 4100
x S -
Q‘En 05l ~ 5- Pmax P otREFmax 150
IS ]
c
'g i % 3 —~nN i m
®
802 2( 8K . £
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o % |30 e <
2 o &K K .~
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}
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Fig. 3.16. Trends in power dissipation (Pmax), the refresh-busy rate(y), and the
maximum refresh time(tRErmax) [3-3, 3.4]
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dently of memory capacity, while that of the NMOS decoder is increased with
increasing memory capacity, despite a dynamic circuit configuration.

The Reduction of dc Currents. The large dc currents, that were consu-
med in some peripheral and sensing circuits, have been reduced by the use
of dynamic circuits and CMOS-circuits.

Low-Power Peripheral Clircuits. The NMOS dynamic circuits discussed in
Chap 2 reduced the power of drivers and decoders in the NMOS era. The
succeeding CMOS circuits have further reduced their power with a wider
voltage margin. Without CMOS static address buffers, a low-power, high-
speed page mode could never have been realized.

Low-Power Sensing Circuits. In the 4 Kb generation, a cross-coupled NMOS
static circuit was used for each sense amplifier. In the 16 Kb generation, ho-
wever, to eliminate a dc current during amplification this was replaced by an
NMOS dynamic circuit, combined with Vpp data-line precharge. In the 1 Mb
generation, to halve the data-line charging power, this circuit was replaced
again, by a CMOS cross-coupled circuit combined with half-Vpp data-line
precharge. The reduction of dc currents for I/O-relevant circuits has also
been indispensable. However, a small signal voltage needed for a fast signal
transmission on a heavily capacitive 1/O line inevitably develops a dc current
that flows from the loads on the I/O lines to a CMOS sense amplifier on the
selected data line. In addition, as in the current-mirror amplifier discussed in
Chap. 7, a dc current source is needed for a main amplifier, to detect the small
signal voltage and convert to a large logic voltage swing. ATD techniques cut
the dc currents during periods when they are unnecessary.

A Comparison of Power between the NMOS DRAM and the CMOS
DRAM. Figure 3.17 shows a comparison of the power [3.7] between a 1 Mb
NMOS DRAM and a 1Mb CMOS DRAM that are using the same 1.3 um
process technology. Obviously, the use of CMOS circuits almost halves the
power of the NMOS DRAM. Figure 3.18 shows how Vpp and the number of
refresh cycles n affect the power of a CMOS 64 Mb DRAM [3.4], in which
a multidivided data line, a half-Vpp data-line precharge, and a shared sense

NMos |, dataline periphery
DRAM Voo

precharge \ load C |pulse generators etc, \

“' S A -\

./ “decoders == C (Dout)
053 .-
CMOS 5V,25°C
DRAM Von/2 230 ns cycle
n=512

Fig. 3.17. Power comparison between a 1 Mb NMOS DRAM and a 1 Mb CMOS
DRAM [3.7]
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Fig. 3.18. The current components of 84 Mb DRAMs [3.4]. Ip, the peripheral
current; I, the array current, including the de current of the sense amplifiers

amplifier and /O are used. The power dissipation decreases with lowering
Vhp, increasing n and decreasing the number of memory cells ng connected
to a sense amplifier (i.e. decreasing Cp). Here, let us cite an example of
Vop = 3.3V, n = 8K. and ny = 512. Obviously, the number of data lines or
sense amplifiers that operate simultanecusly is 8 K, because m = 8 K. Thus,
the number of data-line divisions is 16 (= n/ng) for a logical memory array.
A shared I/0O scheme again halves the length of the resulting subdata line.
Without any data-line division Iy would increase from 35 mA to approxima-
tely 1120mA (= 35 mA x 32} and the total chip current would thus increase
from 86 mA to as much as 1171 mA, making the data-line charging power
dominate with an oecupancy of 96%. Thus, a multidivided data-line scheme
drastically reduces the chip powcr.

A reduction in the current Irp,;, in the battery back-up {or stand-by)
mode is realized bv reducing the average current @ and the gquasi-static
current fpg @ and increasing tpmpmex/7’ @, as shown in Fig. 3.13. The
above-described low-power techniques, and switching to ultra-low-power cir-
cuits dedicated to the stand-by mode, are effective ways of reducing the ave-
rage current and Ipy, respectively. An on-chip timer automatically extends
IyErmax according to the junction temperature, as will be explained later.

3.4.4 High-Speed Circuits

The access time of the chip, which is the sum of the delay times of major
circuit blocks on the critical path, is given by

tnac ™~ Tra + TDEC + TWL T T8 + Ti0 T TOUT (3.13)
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where Tpa is the delay time from RAS low to the validating complemen-
tary addresses (a; and &;); 7pgc is the delay time of the decoder block (X);
TwL is the delay time from the decoder output to activation of a word line
up to a sufficient level; 75 is the delay time from word-line activation to
activation of a column select line (YL), which is almost equal to the time
needed for cell-signal amplification; 71,0 is the delay time of the amplified
signal from the data line to the main amplifier (MA) input; and 7oy is the
delay time from the main amplifier to the data output (Douyr). All of the
delay components except Tpgc and ToyT increase as the memory capacity is
quadrupled, because the chip area is increased despite scaled-down devices,
as mentioned previously. 7Tga increases because all sets of complementary
addresses run along an increased length of chip. 7w, 75, and 710 also increase
with increased word-line, data-line, and I/O-line delays. 75 increases further,
since the driving speed of the sense amplifiers is more degraded. This is
because as soon as m’ pairs of NMOS sense amplifiers (Fig. 3.10) are driven
by activation of the drive line SNL from Vpp/2 to 0V, the resultant total
discharging current m'i raises the SNL voltage due to the resistance of the
SNL-line, so that the sensing speed suddenly slows down with a lower gate
to source (i.e. data-line to SNL) voltage of the sense amplifier, as will be
explained later.

To reduce these delay components, the line delay and circuit speed of each
circuit block must be reduced. Typical examples are shown below.

Reduction of the Line Delay. Figure 3.19 summarizes various fast driving
schemes [3.4] for a resistive line shown in Fig. 3.19a. They are all based on
multidivision of the line. Figure 3.19b shows center driving of a two-divided
line, which enables a quarter of the original delay, with a halved resistance and
capacitance. Figure 3.19c shows a metal-strapped line which has been widely
used for DRAM word lines. Figure 3.19d shows a combination of (b) and (c)
which has been indispensable for multidivided word-line and data-line struc-
tures, which will be discussed later. Figure 3.19e shows a buffer (a so-called

DR metal line
A 4 > e L]
DR H h bR ™ T

(a) (b) (©)

_> metal line [: E [:
BF B
DR C m DR 7 BR 77 BF 77T

o h
(d) ()

Fig. 3.19. Delay reductions for a resistive line [3.4]. DR, driver; BF, buffer.
(a) Original resistive line; (b) center driving; (c) metal strapping; (d) hybrid dri-
ving; (e) insertion of repeaters (BFs)
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Fig. 3.20. Delay reduction of a long metal line with heavily capacitive branch
lines [3.4]. (a) Heavily capacitive line with branches; (b) insertion of buffers;
(c) hierarchical metal line with buffers

“repeater”) inserted at each division of the line. In this scheme, the total
delay is reduced from lérimcim to lérimcint /q, if the buffer is fast enough,
where lg, Tint, Cint, and q are the total length of the line, the resistance and
capacitance per unit length, and the number of divisions, respectively. This
scheme has been proposed for the word lines of an experimental chip [3.8].

Figure 3.20 shows delay-reduction schemes for a long, low-resistance metal
line (such as a global line), which has many heavily capacitive branch lines,
as shown in Fig. 3.20a. In Fig. 3.20b the total delay is reduced by cutting the
branch lines by buffers. The resultant delay 7 is given by

T ~1lgTint - NCCin , if lgcCint € nccin (3.14)

where nc and ¢, are the number of buffers and the input capacitance of
a buffer. Figure 3.20c shows a combination of a global metal line and a number
of local metal lines. The delay time from the driver DR to a buffer on a local
line is given as follows, assuming that the buffers are sufficiently fast. The
delay of the global line 7 is lgrint * gcin, and that of the local line 75 is
(lc/q)Tint - (nc/q)cin - (1/4) because of center driving. Hence, the total delay
T12 of the far end of the local line is

12 = lgTintCin [¢ + (1/4)nc /%] ; (3.15)
. m2/7 = (g/nc) + (1/4¢%) . ‘ (3.16)

Note that 712 /7 ~ 0.015 for n¢ = 1024 and g = 4, giving a large reduction in
the delay. This stems from the combined effect of a reduction in the loading
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Fig. 3.21. Delay reduction of distributed connections of branched buffers [3.4].
(&) Distributed and branched buffers; (b) insertion of buffers

for the global line due to the insertion of the buffers and a reduction in the
delay for the local line due to the divisions. The scheme has been widely
used in circuit blocks with large values of Ig and ng, such as decoders, as
explained later. The example shown in Fig. 3.19d is regarded as a variation
of this schemne.

Figure 3.21 shows groups of buffers branched and distributed on a line.
The insertion of more buffers, as in Fig. 3.21b, reduces the total delay tiine
in the same manner.

Line delays also depend on how bonding pads and peripheral circuits are
located in a chip. To reducc the delays, cach bonding pad and its rclevant
I/0 buffer should be laid out as closely as possible, to shorten the I/Q signal
line. Furthermore, circuits on the critical path should be planned so as to
localize the relevant signal lines, leaving non-critical signal lines to be global
lines, There are two kinds of location that mect the requircments, as shown
in Fig. 3.22. In Fig. 3.22a they are localized along two edges of the chip.
However, the longest signal hine might be a1 + @3, where a; and ay are the
length and width of the chip, respectively. In Fig. 3.22b they are almost
localized in one crogs-shaped area, which allows the longest signal line to be
{a; +aa)/2.

a1

......

ey [ ] [

array a

- “% H array array

a) chip (0 chip

Fig. 3.22, Locations of bonding pads and peripheral circnit blocks [3.4]. (a) Lo-
cation at two edges of chip, maximum signal length ~ ay + ay; {b) location at
a cross-shaped area, maximum signal line length == (a1 + az)/2
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Distributed Driving of Sense Amplifiers. The accumulation of a small
current in a line would cause an unexpectedly slow speed, with a resulting
voltage drop across the line even if it is a low-resistance metal line. Such is the
case for the common drive line SNL of sense amplifiers, as shown in Fig. 3.23a.
The raised source voltage of the sense-amplifier MOSFET in the far-end
portion degrades the sensing speed. Multidivision of SNL combined with
parallel driving of the resultant sub-SNLs, as shown in Fig. 3.23b, improves
the speed.

~—mi metal line

Fig. 3.23. Reduction of the voltage drop on an SA drive line by current distribution
[3.4]. (a) Current accumulation; (b) current distribution

Low-Voltage Operation. The operational speed of a driver is proportional
to the voltage swing at the load for a fixed load capacitance and driver
current. Hence, to improve the speed when the load capacitance is heavy
and/or the driver current is small, low-voltage operation is effective. If the
succeeding voltage up-converter from the low voltage to the original high
voltage is fast enough, the overall speed is improved. Small-voltage signal
transmission on I/O lines or current driving of I/O lines (i.e. where the voltage
swing is effectively zero) are typical examples. Because of the small driving
capability of a sense amplifier and a heavy I/O capacitance, low-voltage 1/0O
operations are very effective. High-speed direct sensing, in which a small
memory-cell signal voltage is directly transferred to the I/O lines without
the help of a sense amplifier, is regarded as a low-voltage data-line operation:
this is discussed later. A half-Vpp data-line precharge combined with a CMOS
sense amplifier is also a low-voltage data-line operation. The CMOS amplifier
works as a high-speed level converter.

The Reduction of the Number of Circuit Stages. The static operation
of a word driver through a combination of a boosted power supply Vpu and
a CMOS circuit improves the speed with reduced number of circuit stages,
because the pulse operation of a word driver line is eliminated. Direct sensing
also reduces the number of stages because data-line driving by a sense am-
plifier is eliminated. Since both lines are heavily capacitive, these reductions
are quite effective.
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3.4.5 The Multidivision of a Memory Array

To realize stable operation with a higher 8/N ratio, a lower power dissipation,
and a higher speed, multidivisions of both the data line and the word linc arc
essential, as discussed previously. The resulting multidivided memory array
provides high performance despite an increase in memory capacity. When the
number of divisions increases, however, the total memory array area increases,
because an additional area is necessary at each division. Figure 3.24 shows an
example, in which the memory array shown in Fig. 3.10 is simply divided into
16, with four divisions of data line and the word Iine. Obviously, the bundles
of row and cohunn decoders increasc at overy division, causing an increased
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Fig. 3.24. Simply divided memory cell arrays [3.4]. X, row decoders and drivers;
Y, column decoders and drivers
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chip area. In addition, the resulting increased load capacitance of the address
line reduces the speed of the address buffer. Up to the 4 Mb generation, such
a simple division had been popular, as a result of giving the first priority
to a simpler fabrication process. Recently, however, multilevel metal wiring,
using Al or W, has been widely used to suppress the increase in the area due
to the division and to obtain a higher S/N ratio and a higher speed. Multile-
vel metal wiring offers new multidivided-array architectures to minimize the
number of decoders, and realizes low-resistance layouts for power and signal
lines. Figure 3.25 shows one of the most advanced multidivided arrays [3.4],
although many kinds of array divisions using multilevel metal wiring have
been proposed. Their features are summarized as follows.

Shared Decoders. A memory array is constructed by repeating the unit
subarray shown in Fig. 3.26 in both the row and column directions. A bundle
of decoders for the row or column is shared by a number of subarrays. Thus,
the load capacitances of the address buffers are lowered. A number of subdata
lines (DLs and DLs) in the column direction are commonly controlled by
a column select line (YL) from the bundle of column decoders. A number of
subword lines (SWLs) in the row direction are also controlled by a row select
line (i.e. the main word line, MWL) from the bundle of row decoders. Each
subarray is selected by activating both bundles of row and column decoders.
Here, the row-subarray select line (RX) is necessary to select one of the
subarrays in the row direction. Otherwise, information stored in the memory
cells of non-selected subarrays, whose sense amplifiers are not activated,
would be lost if only MWL was activated, because of the destructive read
out characteristics of the DRAM cell. If the MWLs and YLs are laid out over
the subarrays with two additional metal layers, there are no area or speed
penalties. Examples of the materials used are poly-Si for SWL, the first-level
aluminum for MWL, polycide for DL, and the second-level aluminum for YL
and RX.

Distributed Driving of Sense Amplifiers. Distributed driving of the
sense amplifiers discussed earlier, is achieved by the scheme shown in Fig. 3.26.
In this scheme, each common source line (SNL) of sense amplifiers running in
the row direction is divided into a number of lines. Each resulting sub-SNL
belonging to one subarray is connected to an orthogonally running ground
(Vss) line, through a discharging transistor that continues to be turned on
during amplification by SDR activation. The first-level aluminum layer is for
SNL and SDR, while the second-level aluminum layer is for the Vgg line.

The Cross-Shaped Layout Area for the Periphery. Since the periphe-
ral circuits and bonding pads are laid out in a cross-shaped area, the lengths
of signal lines such as MWL and YL are shortened, as shown in Fig. 3.22.

Others. The selection function of RX is not needed as long as all subarrays
in the row direction are activated by activating their sense amplifiers, despite
the increased data-line charging power. Even in this case, the requirement for
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Fig. 3.26. The basic unit of the subarray [3.4]

all subarrays in the row direction are simultaneously activated in a refresh
operation, while only one subarray — including the sclected memory cell - is
activated in a normal operation, the array current s in Fig. 3.18 could be
negligible, which would allow the chip current to be almost halved.

3.5 The Multidivided Data Line and Word Line

The number of memory-array divisions has been increasing with mermory
capacity {sve Fig. 3.78), to cope with the ever-degrading S/N ratio and the
increasing power dissipation and delay time. It depends on the aspect ratios
of the chip and memory-cell sizes, and on the memory-cell arrangement,
as explained below. In the past, in order to use a small and cheap dual-
iu-line package (DIP}), which must accommodate a rectangular chip with
a small pumber of package pins, a rectangular chip with an aspect ratio
of over two has been popular since the advent of address multiplexing iu
the 16 Kb generation. The folded data-line arrangeinent memory cell easily
realizes a rectangular chip, because the ratio of the data-line pitch p, to
the word-line pitch p, is about 2.2. Here, the ratio of 2.2 is derived from an
assumption that py s the sum of a two data-lines pitch and an additional size
caused by a data-line to cell contact, while p, is only one word-line pitch,
and the pitches of the data line and the word line are equal. In this casc,
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Fig. 3.27. Memory-cell arrangements realizing a rectangular chip (p, = 2.2px)
[3.4]. (a) n’ = M'; (b) »’ = 4m/

however, there are two kinds of memory-cell arrangement in a chip, in terms
of the number of memory cells in both the row and the column directions;
a one-to-one arrangement with n° = m/, and a one-to-four arrangement with
n’ = 4m’, as shown in Fig. 3.27. The data lines run along the width of the chip
in Fig. 3.27a, while they run along the length of the chip in Fig. 3.27b. The
chip performances of the two arrangements are alinost equal if the lengths of
the sub-data-line and the sub-word-line are equal in both cascs.

When the nmmber of array divisions is simply increased, the resulting chip
arca may become large. Thus, many array divisions that mimmize the area
penalty by sharing circuit blocks, and/or through the use of multilevel metal
wiring, have been proposed.

3.5.1 The Multidivided Data Line

Although many attempts have been made so far, only fow data-line arrange-
ments and their divisions have been shown to be practical. An open data-line
arrangement was used in the 16 Kb generation, in which the one transistor,
one-capacitor cell (1-T cell) began to be widely used, and in the 64 256 Kb
generations. On the other hand, the folded data-line arrangement began to
be used to some extent in the 64 Kb generation, and since then has become
the standard for the 1-T cell.

Divisions of the Folded Data-Line Arrangement. Figure 3.28 shows
the basic array configuration of the folded data-line arrangewent. A small
cell signal developed on a pair of data lines (DL and DL} is amplified by
a sense amplifier, SA. The ampiified signal is cutputied on a pair of common
I/0 lines (I/O and 1/0) through column (Y) decoders. Figure 3.29 shows
two data-line divisions with a shared Y decoder, which was standard in., the
64 Kb and 256 Kb generations [3.9]. A Y switch, YS, ‘which is controlled by
a Y decoder, connects the selected subdata lines and the corresponding I/0
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138 3. DRAM Circuits

gement and a shared sense amplifier, shown in Fig. 3.30, were added in the
256 Kb generation. However, the division process has been almost completed
in the 16 Mb generation with the combination of a shared SA, shared 1/0,
and a shared Y decoder, as shown in Fig. 3.35, this being the same as in
Fig. 3.31b [3.3]. The shared I/O further divides a multidivided data line into
two parts, which are selected by the isolation switches, ISO and ISO. The
shared SA provides an almost doubled cell signal with a halved value of Cp.
A shared Y decoder can be constructed without any increase in area by using
the second-level metal wiring for the column selection line (YL). The partial
activation is performed by activating only one sense amplifier along the data
line.

Figure 3.36 shows trends in the resulting Cp and in other parameters
that contribute to the cell-signal voltage [3.4]. In spite of reductions in Cg
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Fig. 3.36. Trends in signal voltage and relevant parameters [3.4]. Data are from
ISSCC
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3.5 The Multidivided Data Line and Word Line 139

and Vpp in each successive generation, the signal voltage has been maintained
at about 200 mV by reducing Cp.

Figure 3.37 shows trends in the total data-line charging capacitance, Cp
(= mCp). Cpr has been minimized by sharing the SA, I/0, and Y decoder,
and by increasing the number n, as described later. Figure 3.38 shows trends
in the total data-line dissipating charge, Qpr (= mCpAVp). @pr has been
suppressed as much as possible with the help of the ever-reducing operating
voltage, as shown in Fig. 7.11.
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Fig. 3.37. Trends in the total charging capacitance of data lines [3.3,3.4]. A Cp
of 200fF and a AVp of 1V are assumed for 256 Mb

A drawback of the multidivided data line is the increased number of sense
amplifiers, and thus an increased chip area despite the use of multilevel metal
wiring. Figure 3.39 shows trends in the number of sense amplifiers [3.4].
The number of sense amplifiers has increased rapidly, because the number
of memory cells connected to one sense amplifier is limited in order to reduce
Cp. Note that a 1 Gb chip needs as many as one million sense amplifiers. The
reason why the memory array has occupied only 65% at most of chip area
stems from this increase.

3.5.2 The Multidivided Word Line

The open data-line arrangement using a low-resistance metal word line
(Fig. 3.56) achieves a high speed without multidivision of a word line. Instead,
it generates large array noises, as explained in 4, and thus it was replaced
in the 1 Mb generation by the folded data-line arrangement. For the folded
data-line arrangement cell (Fig. 3.56), however, multidivision of a word line
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resistance polycide, in order to double or quadruple the number of memory
cells to be driven. To further reduce the BEC' delay, a poly-5i or polycide word
line strapped with a low-resistance alumimum line in each string of 64-128
cells [3.17], as shown in Fig. 3.40b, has been widely accepted in commercial
chips since the 1Mb generation. In the 64 Mb generation, even a hybrid
division of the two types shown in Fig. 3.40 has been proposed. However,
the aluminumn-strapped word-line structure suffers from some drawbacks. It
becornes difficult to achieve fine patterning of aluminum at a tight pitch of
word lines on a hilly surface, while still connecting to the poly-Si linc at the
bottom, as the memory cell is miniaturized. In addition, cven the word-line
gtructure starts to create quile a large RC delay as many memory cells are
connected to a word or subword line. A multidivided word-line scheme using
a hierarchical word-line structore [3.18, 3.19], as shown in Fig. 3.25, solves
these problems, and is discussed later in detail,

X decoder memory cell array

WL % WL
{a}
poly-Si 64 data-line pairs
X VEL L » - ,:-_ \e -4
PR S Wi annd A, R Waraniann F .
\
Al
{b)

Fig. 3.40. Reductions in word-line delay [3.4,3.9,3.17]. (a) 64 Kb-256 Kb. 64 Kb:
poly-Si {30 Q/00), 64 data-line pairs per WL. 236 Kb: polycide (1—512/00), 256
data-line pairs per WL. (b} 1 Mb and beyond: poly-5i (50 £2/00), Al (0.1£2/2}

3.6 Read and Relevant Circnits

3.6.1 The Address Buffer

In the NMOS era of the 16—256 Kb generations, a differential address buffer
using an ou-chip refercnce voltage [3.14] was widely used. Since the 1Mb
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Fig. 3.41. The RAS clock buffer [3.21]

generation, various simple CMOS address buffers have been proposed. In
principle, the same circuit configuration is applicable to both the row and co-
lumn address buffers. Recently, however, a high-speed column address buffer
has been especially important to enhance the data throughput by shortening
the column address access time £a s, which is dominated by the address buffer
(about 40% of taa [3.20)).

Figure 3.41 shows a typical RAS-clock buffer [3.21] to control the row
address buffers. To discriminate between the TTL logic levels of over 2.4V or
below 0.8V for an input RAS signal, the logical threshold voltage is adjusted
to be about 1.6 V by tuning the channel-width ratios of the NMOS and the
PMOS at the first input stage. A multistage CMOS circuit controls the row
internal circuits, using pulses with differing polarities and delays.

Figure 3.42 shows an address buffer that features a cross-coupled differen-
tial amplifier [3.21]. It enables an almost constant speed due to a differential
circuit configuration, independently of the power-supply noise. Address buf-
fers consisting of inverters, similar to the above RAS buffer, have also been
widely accepted. In general, however, the operation of inverter-type buffers
is susceptible to power-supply noise [3.20]. For example, as soon as the input
logic signals to many buffers are simultaneously switched to the other logic
state so that the ground (Vgg) line voltage is instantaneously raised and
maximized, the speed of each buffer is degraded, with a reduced NMOS
gate—source voltage. For a 64 Mb design [3.20], a simultaneous switching
of 13 address buffers caused a Vsg noise of 0.4V and a speed difference of
2.3ns between the inverter and cross-coupled types, although the difference
depended on the quality of the Vg layout. In the figure, the input voltage of
address Ai is compared with a reference Vgrer (1.6 V) to discriminate between
a high logic level (H) and a low logic level. The resultant differential signal
developed between N; and Ny is quickly amplified to a full Vpp by the cross-
coupled amplifier, as a result of the application of RAS,. After that, the
complementary addresses a; and 3; are generated by the application of RAS,
to address latches (ALCs). Note that during standby periods (i.e. RAS: H)
both a; and 3aj are kept low and there is no current path in the buffer.
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Fig. 3.42. The cross-coupled address buffer [3.21]
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Figure 3.43 shows a typical address transition detector (ATD) [3.22],
although the variations are shown in Fig. 7.18. Exclusive OR of af, and the
address delayed by 7 generates a short pulse every aj transition. All the short
pulses generated from all the address input transitions are summed up to one
ATD pulse, EQ. Thus, an ATD pulse is generated at any address transition so
as to control internal circuits instead of external clocks. If any address tran-
sition is quickly detected by ATD and the resultant ATD signal precharges
the I/0 line in advance, a data line will be selected using addresses just after
the transition, so that a data on the data line is outputted on the 1/O line
without waiting for the I/O precharging. Thus, a long 1/O precharging time
can be concealed. The ATD signal reduces the power dissipation of main
amplifier by cutting the dc current during periods when it is not needed.
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Fig. 3.43. The address transition detector (ATD) scheme [3.22]. AB, address

buffers
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144 3. DRAM Circuits
3.6.2 The Address Decoder

Major concerns for the address-decoder block are power dissipation, speed,
and area, because the block includes a huge number of circuits and occupies
quite a large segment of the chip.

There are two kinds of decoder; row decoders and column decoders. In
DRAM design, unlike SRAM designs, the circuit configurations of the two
are totally different. Each row decoder must be a dynamic circuit, while each
column decoder can be a static circuit, as explained previously. Note that
to precharge all the row decoders without any dc current path, all of the
complementary addresses are fixed at a low level during a precharge period,
as shown in Fig. 3.42.

Figure 3.44 shows dynamic and static decoders, exemplified by two-bit
address signals. There are two kinds of dynamic decoder in DRAM appli-
cations; NOR and NAND decoders. First, all of the output nodes (Xo—X3)
are precharged to Vpp by transistors Qp, while keeping all addresses low.
Then, according to the succeeding valid address signals, the output nodes
are discharged or kept high. Obviously, in NOR decoders all output nodes
except for a selected one are discharged, while in NAND decoders all output
nodes except for a selected one are kept high. Thus, NOR decoders suffer
from a drawback of the large charging and discharging power. The power
increases with memory capacity, because an increased number of the nodes
— for example, a few thousands, for multimegabit DRAMs - is involved. On
the other hand, in NAND decoders only one node is discharged or charged
up, independently of memory capacity. NAND decoders, however, suffer the
drawback of a slower speed, because the node is discharged by serially con-
nected (i.e. stacked) transistors. The number of stacked transistors is also
limited by the body effect of the transistor. Static NAND decoders for the
column are simple, as shown in Fig. 3.44c.

Figure 3.45 shows applications of dynamic decoders to the row and static
decoders to the column. In dynamic decoders, a word line WL is activated by
an RX pulse that is applied after the decoder output Xi has been settled. In
the selected decoder, the Qw gate—drain (i.e. RX terminal) capacitance Cap
is large, because the Qw gate stays at the high level of Vpp — V. Thus, an
RX pulse positively going from 0V to Vpp can boost the Qw gate voltage.
The boost ratio is large, because a diode Qp isolates the Qw gate from the
node Xi capacitance. Due to the resulting boosted gate voltage, to higher
than Vpp + V1, the word line is quickly driven to Vpp. In the non-selected
decoders, an RX pulse application never raises the Qw gate voltages, since
the gate voltages are 0V and thus their Cqp values are almost zero. For
NOR decoders, even the heavily capacitive Qw gate is quickly discharged
by at least one transistor of the decoder. For NAND decoders, however, to
accomplish rapid decoding, Qw is driven with the help of a small CMOS
inverter, whose input capacitance is small enough to be quickly driven even
by stacked transistors. Despite the area penalty, the inverter added to each
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Fig. 3.44. Decoders and operations, exemplified by two address bits [3.4].
(a) Dynamic NOR; (b) dynamic NAND; (c) static NAND

decoder never increases the decoder power because it is a CMOS inverter. The
reason why NMOS NOR decoders have been replaced by CMOS NAND deco-
ders since the 1 Mb generation is just to reduce the ever-increasing decoder
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power. Even for a small memory capacity chip of 1 Mb, CMOS NAND deco-
ders have reduced the decoder power down to 4% of that needed for NMOS
NOR. decoders [3.7, 3.23] as shown in Fig. 3.17. However, to improve the
performance of CMOS NAND decoders further, it is essential to reduce the
number of stacked transistors. This is realized by predecoding schemes [3.21],
as follows.

A predecoding scheme achieves a faster decoding and area reduction
of a decoder while reducing the number of stacked transistor in a CMOS
NAND decoder. In addition, it reduces the input capacitance and the neces-
sary address input lines of the decoder. Figure 3.46 compares predecoding
schemes [3.4]. Direct decoding, 2 bit predecoding, and 3 bit predecoding are
shown in Figs. 3.46a-c, respectively. A circle in the figures denotes a tran-
sistor connection. For example, when a high level is applied to ag and a;
in Fig. 3.46a, decoders Xg, X4, and Xg are selected as a result of NAND
decoding. Each 2 bit predecoder can select one of four address input lines
coming to the decoders by using two sets of complementary addresses from
two address buffers, while each 3 bit predecoder can select one of eight address
input lines by using three sets of complementary addresses. Here, let us cite
an example of a total external address bits of 6 bits (Ag—As). The numbers
of address lines to the decoders for direct decoding, 2 bit decoding, and
3 bit decoding are 12, 12, and 16, respectively. The numbers of transistors
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Fig. 3.46. Predecoding [3.4]. (a) no predecoding; (b) 2-bit predecoding; (c) 3-bit
predecoding

connected to each address line are 32, 16, and 8, and the numbers of tran-
sistors consisting of each decoder are six, three, and two, in the same order.
Hence, the predecoding schemes achieve a higher speed with reduction of
the address-line capacitance and the number of stacked transistors needed
for each NAND decoder, given an acceptable number of address lines. They
also reduce the decoder area. The resulting improvement in speed offsets an
additional delay caused by the predecoders. Here, predecoding schemes with
more than 4 bits are not practical because of a rapid increase in the number
of address lines.

Figure 3.47 shows a reduction in the delay of an address line [3.24], which
is an example of the buffer insertions shown in Fig. 3.20. Quite a long de-
lay time is developed, despite the aluminum address line, because the line
becomes resistive and capacitive due to fine patterning, and is loaded by
the distributed gate capacitances of the decoder transistors, as shown in
Fig. 3.47a. However, the delay is reduced by the multidivided decoder shown
in Fig. 3.47b. The resulting block decoder is driven by a buffer. Each block is
constructed so as to correspond to a subarray and only one block is selectively
activated by the subarray activation pulse &;.

3.6.3 The Word Driver

A word driver needs to be designed carefully — more so than a column driver —
because its load has the following unique features:

1. A Boosted Word Voltage. The need for a boosted word voltage, for full
write and read operations, means that row decoders and word drivers
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have complicated designs. On the other hand, column-relevant circuits,
such as column decoders and drivers, do not need any boosting. Even
without boosting, an amplified signal voltage from a data line can be
transmitted to the I/O line, and a data-input voltage of Vpp can be fully
transmitted from the I/O line to the data line with the help of the CMOS
sense amplifier.

2. A Large Word-Line Capacitance and Resistance. The electrical charac-
teristics of a word line differ from those of column line YL in the sha-
red Y decoder scheme. Word-line capacitance is quite heavy, because of
connections with many memory cells. On the other hand, column-line
capacitance is light, because a small number of transistors, equal to the
number of data-line divisions (i.e. ¢ in Fig. 3.14), are connected to a YL
line. Thus, a larger word driver is needed. As for line resistance, there is
also a large difference between the two. A word line made of poly-Si or
polycide is resistive for a folded data-line cell, while a column line is made
of aluminum.

3. Loss of Stored Information. If the stored charges of a non-selected cell
are allowed to escape to a data line through the transfer transistor, the
refresh time or S/N ratio of the cell is degraded, as discussed in Chap. 4.
Thus, noise suppression is essential on non-selected word lines. Moreover,
to avoid loss of stored information, data-line precharging must be started
after completely turning off the word pulse. Such considerations are not
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needed for the column. Here, an explanation of the column driver is omit-
ted in what follows, because the driver is almost the same as in Fig. 3.45.

A Basic Word Driver. Figure 3.48 shows the basic unit of conventional
word drivers [3.13, 3.21, 3.23]. Each word line is divided into two, to reduce
word-line delay (see Fig. 3.40), and the resulting divided word line has its
own word driver, Qw. Since a CMOS NAND decoder cannot be placed at
a tight word-line pitch, it is shared with two sets (left and right) of four word
drivers, although only the right section is shown in the figure. Address signals
X; and Xy are inputted from 2-bit predecoders to the decoder. Each of the
four word drivers selected by the decoder is selectively driven by decoded
row select lines RX (RXy—RX3), enabling the corresponding word line to be
driven. The RX drivers in Fig. 3.48b provide a boost word voltage to one
of RXs as a result of two-address bit (ag, a;) decoding, as follows. At first,
node WDL is precharged almost to Vpp during the precharge period (i.e.
RP : H) and all address signals and thus all RX lines are fixed at 0 V. When
the addresses have been valid after starting activation with RP: L, a clock
P generated by the RAS buffer is applied, so that only one selected RX line
is driven at a high enough voltage, boosted by Cg.

The latch transistor Qy, in the word driver suppresses noise on each non-
selected word line while fixing the word line at 0V as follows. During pre-
charge period all of the non-selected word lines are fixed at 0 V because the
Qs are turned on. When one set of four word lines is selected by a decoder,
the gate voltages of the corresponding four Qs are changed from Vpp to
0V and the Qs are thus cut off. At this moment, the gate voltages of the
corresponding four word-driver transistors Qw are increased from 0V to
Vbp — Vir. During this process, the word lines are not at any floating voltage
that easily couples noise to the lines, because the four word lines WLy—WLj3
are fixed at the voltages (i.e. 0 V) of RXq—RXj3 through the respective Qws.
After that, for example, RX is selected and a Vpy pulse is sent to WL, fixing
the remaining non-selected word lines at 0 V. Note that all of the word lines
belonging to the non-selected decoders continue to be fixed at 0V, because
the Qs are turned on. Thus, the noise coupled to each non-selected word line,
even during signal amplifications performed at a large voltage swing of Vpp
or a half-Vpp on data lines, can be sufficiently suppressed. To further reduce
noise on the word lines, another scheme of an additional transistor, which is
controlled by address signals, on each word line has been proposed [3.25].

High-speed driving of the RX line is also important, because a long delay is
developed by the heavy loading of the large Qws and the long RX line running
along a memory array. An RX driver placed at the end of the subarrays in
Fig. 3.49a increases the line delay. However, a RX driver for each subarray
in Fig. 3.49b [3.26], which is similar to the scheme in Fig. 3.47, shortens the
delay. In this scheme, only one subarray is selected by the address signals and
a subarray selection signal @;. The node WDL of the RX line in Fig. 3.48
corresponds to a line WDL that is common to a number of subarrays in
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Fig. 3.48. The configuration of word drivers
[3.4,3.13,3.21,3.23]. (a) Word drivers; (b) RX drivers

and relevant circuits

Fig. 3.49b. As soon as RAS activation starts, the heavily capacitive WDL
line is boosted. After that, the addresses are valid and a subarray is thus
selected so that a Vpy pulse is applied to a common RX line belonging to the
subarray. Consequently, the boosting time of the WDL line can be concealed
and the RX line that the RX driver must drive is shortened to one subarray.
Thus, the driving speed is improved.
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Fig. 3.49. Driving schemes of RX lines [3.4,3.26]. (a) Direct driving of RX lines;
(b) selective driving of multidivided RX lines

The Voltage-Stress Relaxed Word Driver. This is the word driver that
must operate at the highest voltage in a DRAM chip. Therefore, many circuits
have been proposed to relax the voltage stress applied at normal and/or burn-
in tst operations. They are categorized as the use of PMOS transistor in the
word driver instead of NMOS transistor, the changing of the boost ratio
according to Vpp, and the use of a well-regulated boosted dc voltage.

The PMOS Output Transistor [3.4]. The stress voltages applied to the word-
driver output transistor are high, because the word-line voltage must be
higher than Vpp + Vrm (where Viry is the threshold voltage of the memory-
cell transistor). However, the PMOS transistor can relax the voltage stress,
ensuring high reliability, as follows. For the NMOS transistor in Fig. 3.50a,
in order that an increased voltage Vpu (> Vbp + VrMm) boosted by Cp at
the drain (i.e. RX) is available at the source (i.e. word line), the gate voltage
must be boosted to a level that is somewhat higher than Vpy + Vpp by
utilizing Cp. Here, Virp is threshold voltage of the output transistor, which
is usually smaller than Vry due to the narrow channel effect, and so on. This
dual boosting raises the gate voltage to a considerably high voltage. The
PMOS output transistor in Fig. 3.50b does not need dual boosting, since
the activation is performed only by lowering the gate voltage from Vpy to
0V. Hence, the PMOS transistor reduces the gate voltage by at least Vrp.
In actual practice, the difference in gate voltage between the PMOS and
NMOS transistors becomes larger, due to variations in the boost ratio at the
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Fig. 3.50. Word boosting for NMOS (a) and PMOS (b) drivers [3.4].

NMOS transistor caused by variations in the Vpp and fabrication-process.
The PMOS transistor may allow the gate—source voltage to be large enough to
achieve a faster speed despite the lower conductance of the PMOS, compared
to the NMOS transistor, in which the gate-source voltage is usually insuffi-
cient. Moreover, for lower-Vpp operation, the boost ratio must be larger, since
there is a minimal threshold voltage for Vrp to prevent a degradation of the
Vbu level caused by a subthreshold current; this is discussed in Chap 8. Thus,
the PMOS transistor has been widely used instead of the NMOS transistor.

The Varied Boost-Ratio Driver. There are some operating modes in which
MOS devices must not break down even when the operating voltage varies
widely. These are the burn-in test mode, which ensures device reliability by
applying an increased voltage, and battery operations, which require a wide
voltage margin. Figure 3.51a shows a word driver for boosting a well-regulated
low-voltage Vpr, which is lowered from Vpp (= 3.3V) using an on-chip
voltage down-converter [3.27]. The node WDL, which corresponds to WDL
in Figs. 3.48 and 3.49, is boosted by activating &g to a low level after it
has been precharged to Vpy,. An excessively high stress voltage is applied to
devices in the burn-in test mode, since the boost ratio is almost constant.
A voltage down-converter dedicated to the test mode relaxes the stress voltage
in a high-voltage region as follows. The reference voltage Vgy increases when
Vpp is increased. Eventually, however, it is clamped at a voltage of two MOS-
diode drops and thus Vpj, becomes equal to r1Vryn. Here, ry is a resistance
division ratio. Although Vpy, increases slightly with Vpp because of a slight
increase in the diode drops caused by the increased diode current, Vpy, is
determined in turn by the other voltage down-converter for the burn-in mode.
The converter generates a boosted voltage, monitoring the threshold voltage
Vrm of the memory-cell transistor as follows. The input voltage Vgg of the
comparator is given by
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where Vpp > Vm, o is a resistance division ratio, and B is a boost ratio.

Hence,

Vwpr = Vop + me BV

for BryRy/(R; + R2) = 1. An additional voltage ro BV is thus Vi for
roB = 1, which minimizes the necessary boosted voltage. The boosted word
voltage Viwpy can track variations of V1 because a memory-cell transistor

is used.

Figure 3.51b shows a voltage up-converter for a battery operation [3.28].
It features dual boosting in the low-Vpp region, but single boosting in the
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high-Vpp region. Thus, a raised S/N ratio even in the low-Vpp region, and the
suppression of an excessive stress voltage in the high-Vpp region are obtained.
This is essential to ensure the wide operational range of Vpp = 2.6 +£1V that
is inherent in battery operations. A voltage up-converter [3.29] described in
Chap. 5 is a variation of this concept, in which the boost ratio is almost
continuously changed over a wide range of Vpp values.

The Raised dc Supply-Voltage Driver [3.29-3.32]. A quasi-static supply-
voltage (Vpu) generator, discussed in Chap. 5, would not only minimize
the stress voltage to devices, but also enable fast operation, as follows. Fi-
gure 3.52a shows a word driver using the dc power supply Vpy. One decoder
is shared with four word lines through transistors controlled by the decoded
signals ®xo—®x3. At the beginning of activation, the non-selected three of
the four signals, which were all at Vpp, go down to 0V while the remaining
selected one goes to Vpp. After that, the decoder output goes down to 0V
and the selected PMOS word transistor is thus turned on, with a change
in the gate voltage from Vpy to 0V, so that the word line is activated at
Vbu. During this process, the remaining three word lines are latched at 0'V.
This driver eliminates the need to drive a heavily capacitive RX line and thus
eventually realizes a higher speed, although it needs a little additional time to
ensure the sequence of the enabling decoder after enabling &x;. Figure 3.52b
shows the other word driver. A decoder and a level shifter are both shared
with four word drivers. The decoder function given by @x; in Fig. 3.52a is
replaced by a decoded RX scheme, in which each RX driver comprises a level
shifter and an inverter (see Fig. 3.54), similar to the word driver. The timing
requirement between the application of RX and the enabling of the decoder is
relaxed, permitting even an advanced application of RX. Without a boosting
effect, which is available at the NMOS word transistor combined with a MOS-
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_r R i
K 5 =
by —iC | 4

word
driver
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driver
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level shifter

(a) (b)

Fig. 3.52. A word driver using a raised dc supply voltage [3.4, 3.29-3.32]. (a) Static
driver; (b) dynamic driver
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SWL driver that drives 512 pairs of data lines in total. Tungsten polycide,
first (lower) level aluminum, and second (upper) level aluminum are used for
the SWLs, MWLs, and RX lines, respectively.

In this structure, even partial activation of a word line is possible by
selecting a main word line and only one of a number of subword lines in
a row. Note that the number of cells connected to one SWL in this physical
array corresponds to m in the logical array shown in Fig. 3.15. The resul-
tant architecture does not meet the requirements of a traditional address
multiplexing scheme, since it increases the number of row address signals or
introduces a speed penalty involved in additional selection. However, as far as
power reduction is concerned, it has great potential. For example, Cpt could
be reduced down to about 100 pF at 256 Mb, as shown in Fig. 3.37, assuming
a Cp of 200fF, a AVp of 1V, and a reduction in the number of activated
data lines by a factor of 32, as in [3.19]. Consequently, the architecture almost
halves the chip power of partial activation of the data line.

3.6.4 The Sensing Circuit

Voltage margin and speed of DRAM chips are closely related to the sen-
sing operation. However, successful sensing is never realized without a deep
understanding of memory-cell structures, circuit configurations, data-line dri-
ving schemes, and noise-generation mechanisms in the memory array. In this
section, first, basic circuits for sensing and amplification are explained in
terms of differential sensing, data-line arrangements, and data-line prechar-
ging. Next, sense circuits and high-speed sensing schemes for modern CMOS
DRAMs, such as a sense circuit for divided data lines, sense-current distri-
buted arrays, and a direct sensing scheme, are discussed. Other interesting
circuits for a higher speed or low-voltage operation are omitted: these include
which are a constant data-line charging current scheme [3.13, 3.34, 3.35] with
a current mirror, an instantaneously raised gate-voltage scheme with a sense
amplifier [3.36, 3.37], and a well-driving scheme of a sense amplifier [3.38].
Basic Circuits for Sensing and Amplification. _
Differential Sensing and Amplification [3.4]. A cross-coupled differential am-
plifier connected to a pair of data lines can amplify a small signal voltage on
one data line up to Vpp, with reference to a voltage on the other data line.
Thus, the read information is discriminated by the polarity of the read signal
for the reference voltage (V;), as shown in Fig. 3.55, while any common-mode
voltage coupled to both data lines is canceled. The discrimination stability
is closely related to how to arrange the data lines and how to generate the
reference voltage.

Data-Line Arrangements [3.4]. Figure 3.56 shows two kinds of data-line ar-
rangement, the open data-line arrangement and the folded data-line arran-
gement, and examples of corresponding memory-cell structures. The folded
data-line arrangement has been unique in terms of low noise and low-power
operation, as discussed in Chap. 4.
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Fig. 3.55. A signal voltage on a pair of data lines [3.4]. (a) Signal on data line DL;
(b) signal on data line DL

Reference Voltage Generations [3.4]. Figure 3.57 shows reference-voltage ge-
neration for the folded data-line arrangement. A simple, small cross-coupled
amplifier is used, because it meets a tight data-line pitch and allows the am-
plified signal voltage to be utilized as a rewrite voltage of the cell. Reference-
voltage generation depends on data-line precharging schemes; that is, Vpp
precharging and half-Vpp precharging. Vpp precharging, in which the data-
line voltage after precharging is Vpp, necessitates a special reference-voltage
generator (a vggr generator) to generate an intermediate voltage (vrrr) on
one data line, which is set between the binary information voltages on the
other data line. Otherwise, when a memory cell storing a high voltage (Vpp)
is read, no signal voltage component is developed on the data line because
there is no voltage difference between the cell storage node and the data
line. Hence, no differential voltage is developed between the pair of data-
lines, and the information fails to be discriminated. In any case, the signal
voltage is read out to be positive or negative for the data-line reference voltage
(Vbp — vrEr), enabling successful sensing. The amplified signal voltage, Vpp
or 0V, is utilized for the subsequent rewrite operation. Half-Vpp precharging,
in which the data-line voltage after precharging is Vpp/2, does not necessa-
rily need a vggr generator. The reference voltage is Vpp/2 since a unit of
binary information appears as a plus or a minus for the Vpp /2 level. In this
precharging, however, an active restoring circuit is indispensable for raising
the data-line high voltage (i.e. Vpp/2) up to Vpp after amplification for cell
restoring (rewrite). Half-Vpp precharging, which favors a CMOS amplifier,
has been widely used, although Vpp precharging was popular in the NMOS
era up to the 256 Kb generation. Half-Vpp precharging is superior in terms of
noise, power, and voltage margin if a CMOS amplifier is added, as discussed
in Chaps. 4 and 7.

Vop Data-Line Precharge (3.4]. Figure 3.58 shows an NMOS Vpp prechar-
ging circuit. The reference voltage vggr is generated by a dummy cell which
is similar in structure to a memory cell and is activated simultaneously with
the memory cell. The capacitor in the dummy cell has half the memory-
cell capacitance Cs, and is always precharged to 0V during the precharge
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Fig. 3.58. The amplification mechanism for Vpp precharging [3.4]. (a) Slow am-
plifier activation; (b) fast amplifier activation

period. Therefore, vrgr is set at an intermediate level when the dummy cell
is activated. One dummy cell is common to all of the memory cells connected

to one data line.

The following is a detailed explanation of what happens when a memory
cell storing a high-voltage level (Vpp) is read. The precharge operation is
completed by turning off the precharge pulse applied to P and precharging
a pair of data lines to a floating Vpp. After that, the simultaneous activation
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of a selected word line (WL) and a selected dummy word line (DWL) enables
the outputting of no voltage change on one data line (DL) but a dummy-
cell signal vg on the other data line (DL). Next, the cross-coupled sense
amplifier is activated by applying a falling pulse to the common source SNL.
Note that an active restoring circuit is not needed if the fall time of the
SNL pulse is rather larger than the discharging time of the data line by
Q or Q, as in Fig. 3.58a. Otherwise, it is needed because the high level is
degraded, as in Fig. 3.58b. When the SNL pulse falls at an slow enough rate
and reaches the point at which the DL-SNL voltage difference is equal to
the Q threshold voltage Vi, Q starts to conduct at first, since the Q gate
voltage is higher by vs than the Q gate voltage. Thus, the resulting current
i starts to discharge DL. Consequently, Q is turned off more deeply, with
its gate-source voltage more negatively biased, because DL falls faster than
SNL. In other words, Q eventually stays switched off, since the gate voltage
drops before it would conduct. Hence, Q continues to conduct, with staying
Q off, until DL is discharged to 0V, passing the Q saturation state (a-b in
the figure) and then the non-saturation state (b-c) when the DL-DL voltage
difference is larger than Vr. Finally, DL is still at Vpp, implying no need
for an active restoring circuit. Obviously, either of the two data lines can be
discharged, depending on the polarity of the DL-DL voltage difference, but
independently of a common-mode noise coupled to both data lines. Thus, the
amplifier surely works as a differential amplifier.

For a sufficiently fast SNL activation, as in the usual applications, both
Q and Q are turned on and both DL and DL are thus discharged, with a shar-
per slope for the DL waveform. When DL reaches Vi, Q becomes switched off,
and DL finally discharges to 0V. As a result, unlike the previous example,
the high level after amplification is degraded, which is enhanced by faster
SNL activation. Thus, an active restoring circuit, as shown in the figure, is
needed to restore the degraded level to a full Vpp. The active restoring circuit
needs two transistors and one MOS capacitor per one data line. Just after
amplification has finished, the data-line voltages stored temporarily at the Qs
and Q gates through the isolation transistors Q; and Q; are conditionally
boosted by applying @4 to the capacitors. For example, if the resultant Qg
gate voltage is high, the gate voltage is sufficiently boosted by the MOS
capacitor for Qo to quickly drive DL to Vpp. The diode connection of Q;
isolates the Q; gate from DL. However, if the Q gate voltage is low enough,
the MOS capacitor no longer works as a capacitor. In addition, the capacitor
can see a large data-line capacitance, through Q; being in conduction. Thus,
the Qg gate voltage is never boosted, leaving Qo switched off. Note that an
early @5 application increases the power dissipation due to a ratio operation

by @2 and Q.

The HalfVop Data-Line Precharge [3.4]. Figure 3.59 shows half-Vpp pre-
charge using a CMOS cross-coupled amplifier that works as a sense amplifier
and an active restoring circuit. Fast SNL activation is shown in the figure.
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The CMOS amplifier is regarded as a parallel connection of an NMOS cross-
coupled amplifier and a PMOS cross-coupled amplifier. Thus, the NMOS
amplifier tends to strongly discharge the data line to a lower voltage, while
the PMOS amplifier tends to strongly charge up the data line to a higher
voltage. Consequently, a small differential signal voltage is finally amplified
to a large differential voltage of Vpp. Note that when the PMOS amplifier
is activated, DL is instantaneously charged up by Qp. However, the char-
ging up is suppressed by the ever-rising DL voltage, and thus the increasing
Qn transconductance. In practice, both amplifiers are activated, with quite
a short time interval at high speed, despite the increased dc current that
penetrates both amplifiers. In principle, activation of the PMOS amplifier
could precede that of the NMOS amplifier unless the noise generated in an
NMOS memory-cell array (see Chap. 4) and the offset voltage of the PMOS
amplifier are risks. A dummy cell is usually unnecessary.

DL
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Fig. 3.59. The amplification mechanism for Vpp/2 precharging [3.4]. Vpn and
Vrp are the threshold voltages of the NMOSFET and the PMOSFET, respectively

The Sense Circuit for Divided Data Lines. Figure 3.60 shows detailed
circuits [3.8] of the shared sense amplifier, shared 1/0, and shared Y-decoder
(Fig. 3.35) for modern CMOS DRAMs. Two of the divided subdata lines
(DL;/DL; and DL, /DL,) are precharged to half-Vpp by a shared precharge
circuit, with both isolation signals ISO1 and ISO2 kept high. Then, either of
the two is selected by ISO1 and ISO2, although the drive circuit for ISO2
is omitted here because it has the same circuit configuration. For example,
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Fig. 8.60. The configuration of a shared sense amplifier, a shared I/O, and a shared
Y-decoder [3.4, 3.8]

when a memory cell on the left is activated, the cell signal is inputted to
the CMOS sense amplifier with ISO1 kept high but with ISO2 turned off. To
restore a full Vpp to the cell, ISO1 must be boosted to a Vpy higher than
Vbp + Vo by the time amplification has completed.

The Sense-Current Distributed Array. Since the drive lines of sense
amplifiers are common, the sensing speed can be degraded [3.34]. This will
be explained by using the jth subarray (Fig. 3.61), which results from dividing
each data line in the array shown in Fig. 3.10. As soon as the NMOS sense am-
plifiers are activated by turning on Qgp so that the common drive (or source)
line SNL is driven from Vpp/2 to 0V, the discharging currents of a number
of data lines rush into the parasitic distributed resistor of an aluminum SNL
line. The resultant increased source voltage Av of the amplifier transistor
degrades the amplifier driving capability, preventing high-speed discharging,
especially at the end of SNI. where Av is maximized. Av becomes larger with
a larger resistance, caused by a larger memory capacity and higher density.
One solution would be to reduce the resistance itself or the number of data

176



177



178



3.6 Read and Relevant Circuits 167

putted to the RO lines through a buffer without waiting for amplification. In
conventional sensing, the timing margins required between a word pulse, the
CMOS amplifier activation pulses, and the Y control pulse that connects the
data line to the I/O line are the origin of slow sensing. A sense amplifier must
be activated after the cell signal is fully developed, which requires a timing
margin fwg between the word pulse and the sense-amplifier activation pulses.
Furthermore, YL must be activated after the cell signal is amplified, which
requires another timing margin fsy. The necessary tgy is closely related to
the amplification speed on the data line, and the capacitances and imbalances
of the paired data lines and I/O lines. When YL is activated, the low level of
the signal waveform in the process of being amplified is instantaneously raised
due to charge-sharing between the data line and the heavily capacitive 1/O
line, which has remained at a high precharge voltage. Thus, the differential
voltage (Vymin) of the paired data lines is degraded. Obviously, an earlier YL
activation causes a smaller Vypi,. If Vi is larger than the sensitivity of the
sense amplifier discussed in Chap. 4, the degraded Vi, will be increased
again by continuing activation of the sense amplifier. If it is smaller, the
succeeding operation will fail. Thus, there is a minimum tgy for successful
sensing.

In direct sensing, a small differential cell-signal voltage of about 200 mV
is converted into a differential signal current of about 50 pA, superposed on
a common-mode current of 1mA, by a read circuit controlled by a read-
selection signal YR. The resulting signal current developed on the RO line is
discriminated directly by means of current or voltage sensing. Since the read
circuit isolates the data lines from the RO lines, YR can be activated even
before word-line activation, allowing both fwg and tgy to be substantially
eliminated for sensing. For an actual 1 Mb design [3.44], a tws of more than
5ns was needed, and is the same for both sensing schemes. tgy was more
than 4.5 ns, assuming imbalances of £10% in ACp, of £10% in the transcon-
ductance, and of £30 mV for V1 between the cross-coupled transistors in the
sense amplifier. Thus, in conventional sensing, the sum of tws and tgy was at
least 9.5ns. On the other hand, in direct sensing, the time needed for word-
line activation to current sensing on the RO lines was only 1.5ns. Thus, the
access time was shortened by 8 ns, about 30% of the access time. It has been
also reported that the chip area increased by 3% for a 64 Mb design due to
the need for separate read and write circuits [3.45].

3.6.5 The Common I/O-Line Relevant Circuit

To improve the inherently slow speed of the common I/O line, I/O-line confi-
gurations to reduce the parasitic capacitance and resistance, main amplifiers
to detect a small voltage swing at a high speed, and a small-signal I/O trans-
mission have been proposed. In this section, high-speed schemes — mainly for
the common I/O-line configuration — are discussed.
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Fig. 3.63. Direct sensing compared with conventional sensing [3.4, 3.30, 3.42-3.44].
(a) Conventional sensing for common 1/0; (b) direct sensing for separated I/0

I/0-Line Configurations. The high-speed I/O-line configurations [3.46]
shown in Fig. 3.64 have been used since two-level metal layers became avai-
lable. Figure 3.64a is simplest and is composed of two I/Os: I/O; and I/O2. In
general, 1/0; is heavily capacitive, because it connects many MOS switches;
while I/Os is not so capacitive, because there are fewer switches if the second-
level aluminum layer is used. However, the delay time between sense-amplifier
SA and the main amplifier MA is very large, because both 1/O capacitances
must be driven by only one sense amplifier in the selected subarray (for
example, the #k — 1 subarray). Figure 3.64b realizes a higher speed with
a reduced load capacitance of the sense amplifier through the help of an
additional main amplifier MA; to drive the I/O; line. Amplifier MA; plays
the role of a repeater in Fig. 3.19¢e. Figure 3.64c features a hierarchical I/O-
line configuration composed of multidivided I/O; lines, a number of I/0;
lines orthogonal to the I/O; lines, and an I/O3 line. The resultant sub-1/04
line is connected to an I/O; line at each division. The I/O line, as well as
YL, run orthogonally over subarrays with the second-level aluminum layer
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detected signal to the succeeding stage. This control is carried out by EQj.
For example, in the static column mode, as soon as the column addresses
are switched, the I/O lines are equalized by EQ,, and the output of the
selected column decoder becomes low. The EQ, concurrently becomes high,
so that the column driver and Y-switch (YL,,..;) are turned on. Every time
the column addresses are changed, a small ratio signal is outputted from
the corresponding data lines to the I/O lines under the control of these EQ
pulses, followed by successful amplification at low power.

Figure 3.66 shows a current-detecting main amplifier. Figure 3.66a is
a negative feedback amplifier [3.45], similar to an on-chip voltage down-
converter (see Fig. 5.45). A small voltage swing developed on the I/O lines as
a result of a current flow is eventually suppressed by turning on the PMOS
feedback transistor, with a resultant large voltage swing at the gate, with
referrence to the reference voltage Vrgr. Thus, a small differential current
on the I/0O lines develops a large differential voltage between the two PMOS
gates. For a 1.5V 64 Mb design with an I/O capacitance of 7.6 pF [3.45], the
time from sense-amplifier activation to outputting of a 200mV differential
voltage at the PMOS gates was shortened by 20 ns, compared with that of
a voltage main amplifier. Figure 3.66b shows a current-mirror amplifier [3.47].
Each input is composed of a PMOS current mirror, followed by an NMOS
current mirror. In this circuit, the currents at the NMOS current mirrors are
given by

myi — mymai = my(1 — mg)ig + my(1 +mo)Ai at A,

myi’ —mimai = mi(1 —ma)io — mi(l +mg)Ai  at A",

TVDD

o o—l m1 mi m1 l—o ¥

TP Erde 3h3

Voo RO

1.5V) i im” i'

$mimg

Imiit

1 | i

Out VREF Out | ] |
(0.75V) mz _’I

rl; ¢z
flip-flop

(b) Out Out

Fig. 3.66. Current-detecting main amplifiers [3.45,3.47]. (a) Negative feedback;
(b) current mirror
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quickly drive a large off-chip capacitance of 100 pF in TTL catalog specifica-
tions, is increased from 4 to 8, to 16 and then to 32, the total spike current
flowing from or to power-supply lines is also increased. The output waveforms
would be oscillatory due to parasitic inductances developed between package
pins and interconnections to the buffers. Moreover, the spike current could
trigger a CMOS latch-up if a PMOS output transistor was used in the buffer.
Thus, an NMOS transistor is usually used. At lower Vpp , however, even
the NMOS degrades speed. Note that while the chip is not selected with
RAS : H the buffer must keep a high impedance (Hi-Z), to avoid interference
with another selected chip, which is Wired-ORed with many non-selected
chips.

Figure 3.68 shows a Dy buffer, using capacitor boosting [3.30]. First,
a small transistor, Q; or Qs, depending on the read data RD and RD ,
drives the output in order to suppress a large noise caused by a large voltage-
changing rate of the Dy, waveform in the initial stage of D, driving. Next,
a large transistor, Q2 or Q4 quickly drives the output as soon as D, reaches
a certain level. To quickly charge up the output, despite the use of the NMOS
Qg2, the Qo gate is raised to higher than Vpp, using a capacitor. There is
another example (3.8, 3.20] that uses an increased dc voltage Vpy instead of
a capacitor.

Figure 3.69 shows a D,y buffer using a raised power-supply voltage
Vbu [3.20]. Every time a data-strobe pulse TRS from ATD is turned off,
a short pulse is generated at N3 or N4, depending on the read data RD’ and
RD'. Since the pulse width 7 is short enough not to fully charge or discharge
Dout, a tri-state circuit consisting of Qs, Q4, and a delay component can
preset Dyy: to an intermediate floating voltage (i.e. Hi-Z). Then, the floating
Doyt is quickly charged up to Vpp or discharged to 0 V. An increased Q; or
Q; gate voltage and the charging or discharging from an intermediate voltage
are responsible for rapid low-noise operation.

L‘ ]
j_—Ll;

—

== Jnl:71’
Obr Q4

Fig. 3.68. A Doyt buffer using capacitor boosting {3.30]

o Vop

Dout
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Fig. 3.69. A Dyyt buffer using a raised power supply [3.20]

It has been also reported [3.51] that the rise and the fall times of the
Doyt waveform can be kept constant, independently of the magnitude of the
off-chip capacitance, by feedback from the Doy, waveform.

3.7 Write and Relevant Circuits

In the write operation, differential voltage, corresponding to a input data
Din to the selected memory cell, is applied through the write enable (WE)
and data-input buffers, the I/O lines, and the data lines. The operation is
carried out while all the memory cells on the selected word line are being
read and then amplified. The data input Dj;, is converted to a differential
data-input voltage and sent to the I/O lines under the control of D;, and
the WE buffers, as shown in Fig. 3.70. Note that during the write operation,
all of the read-relevant circuits, such as the main amplifiers and load MOS
transistors on the I/O lines, are cut off, using an internal write-enable signal,
to achieve low power. After that, the read data on the selected pair of data
lines, which has been amplified to Vpp, is replaced by the data-input voltage
on the I/O lines with the help of a sense amplifier. The write operation does
not entail S/N ratio problems, unlike the read operation, because the relevant
signal voltages are always large.
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Fig. 3.70. Write-relevant circuits [3.4]

3.8 Refresh-Relevant Circuits

3.8.1 Refresh Schemes

When a refresh cycle starts, all of the memory cells along the selected row
(word line) are simultaneously refreshed. By sequential selection of all rows,
all of the memory cells on a chip continue to be refreshed. In the case in which
a refresh row address for specifying a refresh word line is given by a refresh
address counter located outside the chip, we call this a RAS-only refresh. In
the case in which a refresh row address is given by an on-chip refresh address
counter, we call this automatic refresh [3.52]. Under the control of the refresh
request signal applied to an additional package pin, a row address is switched
to an internal refresh row address. After refreshing one row, the refresh
address counter counts up to prepare for the next refresh. A CAS-before-
RAS (CBR) refresh [3.6] can refresh memory cells by changing the timing
sequence between two external clocks RAS and CAS when a refresh cycle
starts, instead of adding an external pin dedicated to the refresh. When CAS
has been at a low level before RAS becomes low, the subsequent cycle enters
into an automatic refresh mode, using an internal refresh address counter.

The above refresh modes need a refresh address to be synchronized with an
external clock RAS. Self-refresh [3.52, 3.53] generates all the refresh-relevant
signals, such as the refresh request and row address signals, on a chip. Under
timing conditions of the external signals shown in Fig. 3.8, refresh operations
continue without any special external signals. This refresh mode is suitable
for battery back-up use. Users normally use the CBR refresh mode in normal
operation modes, and switch to self-refresh mode on the occasion of the
battery back-up mode.
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3.8.2 The Extension of Data-Retention Time in Active Mode

The data retention time of a chip is determined by the worst memory cell
with the shortest retention time. Thus, it is essential to reduce the leakage
current of the memory cell. Elimination of the worst cells by redundancy and
potential profile designs, to release the stress voltage across the p-—n junction
in the cell, are effective methods, as discussed in Chap. 4. Moreover, reduction
of the junction temperature Tj is crucial, since the leakage current is quite
sensitive to T; , as exemplified by about a three-order increase for an increase
in T} of 100°C [3.54]. Hence, the low-power circuits described in Chaps. 7
and 8, as well as low-thermal-resistance packages, are indispensable.

3.8.3 Current Reduction Circuits in Data-Retention Mode

To reduce stand-by or data-retention power, the current consumed during the
refresh operations is a major concern. The current is composed of dc, array,
and peripheral currents. The major circuit blocks that consume dc current are
the Vzp generator and the voltage down-converter. The Vg generator current
can be reduced only in data-retention mode, but must be kept sufficiently
large in active mode. This is because the substrate current of the chip is
drastically reduced in the extremely long cycle in data-retention mode, since
the current is roughly proportional to the operating cycle time. This enables
reduced drivability — that is, a reduced current — to the Vgg generator. An
example of conserving current in the Vpp generator itself is shown in Fig. 5.25.
This generator consists of two Vgp generation circuits: one circuit operates
continuously at a low current, while the other operates at a high current
only in an active cycle or when Vg deviates from a specified value. Another
alternative (Fig. 5.26) for saving Vgp current is to stop the oscillation of
the Vgp generator while the DRAM is not in an active cycle. An active and
stand-by current reduction in the voltage down-converter (VDC) is also a key
to reducing the chip operating current. The use of two VDCs (Fig. 5.71), one
for an active node and the other for stand-by, is an efficient way of reducing
the current consumed.

An efficient approach to reducing the array and peripheral currents is
to make the refresh interval, tgrgr, longer, as in case @ in Fig. 3.13. trrr
in a standard DRAM is determined so that a stored signal charge has
a sufficient margin for charge loss due to leakage current, at the highest
possible temperature. This indicates that trgr can be longer at a lower
temperature, because the leakage current is then drastically reduced. For
example, when the stand-by mode starts, T} is reduced from the maximum
value (~ 100°C), developed at the fastest active cycle time, down to almost
an ambient temperature 7, (usually 40°C max.) of the system, because of
quite a small standby-power. Thus, the refresh interval could be extended
by about two orders. One method of controlling trgr according to the chip
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junction temperature can be achieved by a refresh timer that features a self-
refresh control with an on-chip monitor, as shown in Fig. 3.71. A refresh pulse,
PrEr, with a refresh period of trgr, is automatically aligned with the cell
leakage current by the monitor cell. Thus, each chip can have its own refresh
interval, determined by the monitor. If all of the memory cells in a memory
cell array were uniform, a memory cell could be a representative and thus
could be used as a monitor cell. In actual practice, however, each memory
cell can have different characteristics regarding the amplitude of the leakage
current, temperature, and voltages. Thus, to monitor even characteristics of
all the memory cells in subsequent volume production, quite a wide refresh-
time margin is added to the shortest refresh time of the worst memory cell
in a certain chip.

Figure 3.72 shows another refresh timer [3.28]. A set of 1 Kb memory
cells, each of which is exactly same in structure as the actual memory cell, is
used as a monitor so that the leakage current of the average memory cell can
be monitored. The refresh request pulse @rgr is generated every row-refresh
cycle, with 512 cycles at T} in total, followed by a pause period of T;. When
the cell-node voltage VN decays down to Vggp, ®g is activated, to trigger
a stage in the succeeding timer. After the completion of 512 refresh cycles,
&g is reset to a low level and &p stops precharging the cell node, allowing
VN to decay according to the cell leakage current. After time T3, &g is again
activated to start the next refresh cycle. Thus, each memory cell is refreshed
at a refresh interval of 5127 + Ty (~ T5).

Other generation schemes for the refresh request pulse have been pro-
posed. The programming of pulses by counters that are activated by a ring
oscillator [3.29] allows $rpr to be generated so as to meet the cell leakage
current characteristics as closely as possible. Different ®rgyp’s tailored to the
individual row and subarray [3.55] can effectively extend the refresh interval
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Fig. 3.71. A self-aligned refresh timer [3.54]
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Fig. 3.72. A refresh timer [3.28]

of the chip. This scheme reduces the data-retention current of a 4 Mb DRAM
down to 20% with an additional chip area of 4—5% , which is due to a fuse-
relevant circuit.

There are different ways of reducing the retention current, by decreasing
the peripheral current through array activation strategies. Quadrupling of
the number of data lines activated in the data-retention mode, accompanied
by reducing the number of refresh cycles by one-quarter instead, is effective
in reducing the average current [3.56]. On the other hand, the reduction
of the number of activated data lines to one-quarter in the data-retention
mode [3.57] has been proposed. The resultings reduced peak current enables
the battery life to be extended through flattened current waveforms. A charge
recycling scheme [3.58], in which charges resulting from precharging of a cer-
tain subarray are used to precharge an adjacent subarray, halves the refresh
current.

3.9 Redundancy Techniques

Redundancy techniques have been widely used as effective methods of en-
hancing the production yield and reducing cost per bit of DRAMs since the
64—256 Kb generations [3.6, 3.59-3.63, 3.82]. The techniques replace defective
memory elements (usually word lines and/or data lines) by on-chip spare
elements. Figure 3.73 shows the well-known redundancy technique [3.6, 3.63]
applied to a DRAM without memory-array division. Redundant data-lines
are omitted here for simplicity. The memory has L (here, L = 4) spare word-
lines SWo—SW3 and the same number of address comparators ACy—ACs. If
the addresses of the defective word lines (WL¢—WL3) have been programmed
into the address comparators during wafer testing, the address comparators
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allow one of the spare word lines (SWo-SW3) to be activated whenever a set
of input address signals (Ag—A,_1) during actual operations matches one of
the defective addresses. In modern DRAMs, as many as over one hundred
defective elements could be replaced by spare elements in the early stage of
production, with an additional chip area of less than 5%. The program ele-
ments are usually poly-Si fuses, which are blown by means of a laser beam or
a pulsed current, although they do accept memory-cell capacitors [3.64]. Laser
programming occupies a smaller chip area and does not normally affect circuit
performance, but it does require special test equipment, and increased wafer
handling and testing time. Also, the laser spot size and beam-positioning
requirements will become more stringent with ever finer line widths. Elec-
trical programming by a pulsed current is carried out using standard test
equipment. Usually, a hole is cut in the passivation glass over such fuses to
reduce the amount of programming current needed. The possibility of mobile-
ion contamination of active circuit areas can be eliminated by using guard-
ring structures surrounding the fuse area, or other techniques [3.80]. The
area and performance penalties of electrical programming can be minimized
by careful circuit design. Electrical programming is used when the number
of fuses required is not large enough to offset the negative aspects of laser
programming. In any event, laser programming has been widely accepted
due to the smaller area and performance penalties, simplicity, assurance of
cutting, and the ease of layout of fuses. Many programming methods have
been proposed.

Figure 3.74 shows a typical example [3.59] of a spare decoder and driver
to replace a defective word line. Laser programming is used. A programmable
fuse is equipped for each output of the word drivers (each Qp), while fuses
are used in the spare row (word) NOR decoder. Before programming the
spare decoder possesses fuses, so that sets of complementary addresses (i.e.
a; and aj, etc.) are input. When a defective word line is detected during wafer
testing, the spare decoder is programmed so as to meet the address of the

= Rd
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X B >
X i
d g3 3 3 :
Bl_3__% 5
| X ]
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Programmed: WLo WL1 WL WLs

Fig. 3.73. A conventional redundancy technique applied to a DRAM [3.6, 3.62].
X, row decoder; Y, column decoder; SA, sense amplifier; AC, address comparator
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Fig. 8.74. A scheme for replacing a defective word line with a spare word line
[3.59]

given defective word line. In addition, the defective word line is isolated from
the word driver by cutting the fuse. Thus, even when the input address meets
that of the defective word line, and thus the decoder and driver are activated
during actual operation, no word pulse is outputted to the defective word line.
Instead, the spare decoder, driver, and word line are activated. Obviously, no
speed penalty is caused. In the case of no defective word line, all fuses in the
spare word line are blown to avoid detrimental effects such as increased power
dissipation. The drawbacks, however, are the need for a layout pitch of fuses as
fine as that of the word lines, accurate positioning of the laser spot, and large
fuse areas. Although a shared decoder scheme (for example, four word lines
per decoder) allows the fuse layout pitch to be relaxed to some extent [3.65],
the approach eventually becomes a limitation on a higher-density layout.
Figure 3.75 shows an example of disabling the normal decoders by using
a disable pulse [3.66]. After a spare decoder that has been programmed in the
same manner above is selected (i.e. a high voltage at the Qp gate), a word
activation pulse RX; is applied to the spare decoder, so that the resulting
pulse &p4 disables each of the normal decoders by turning on Qpa. After
that, a delayed pulse RXs is applied so that only the spare word line is
activated. Whenever an input address does not meet the programmed address
at the spare decoder, the Qp gate and ép, are at low levels and thus only
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Fig. 3.75. The disabling of normal decoders and drivers by a disabling pulse, $p4,
which is generated from an address comparator that consists of a spare decoder and
driver [3.66]

the normal decoder is activated. This scheme causes a delay, although only
a small number of fuses are needed.

Figure 3.76a shows the circuit for two spare rows (word lines) of a 16 Kb
NMOS SRAM [3.81]. When the spare rows are to be used, fuses are blown
within the spare NOR decoders and each gate of the pulldown transistors
(the Ts) is brought to ground. Then the programming elements come into
play. Under the control of a fuse, either address true or address complement is
transmitted through each programming element. Thus, by blowing the proper
fuses, the addresses of faulty rows in the array are programmed into spare
NOR decoders. Figure 3.76b gives the basic configuration of a programming
element. Vpp is a special high-voltage supply used only during programming.
It is brought on-chip by an extra pad, which is probed at wafer sort. Later, this
pad is grounded by an on-chip transistor, so that no inadvertent programming
can take place at the package level. P is a logic-level signal that determines
which spare row is being programmed. Once a spare row decoder is enabled,
it causes the normal element disable signal (NED) to rise as well. NED is
inputted to one extra input of every normal decoder, as shown in Fig. 3.75.
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Thus when a spare row decoder is selected, it automatically deselects not only
the faulty row line, but also every other normal row of the array. An additional
chip area of 6% and an access-time penalty of 7% have been reported.

Figure 3.77 shows a CMOS address comparator [3.82]. A defective row
address is programmed by blowing fuses in programming elements. A fuse in
a spare row-enable circuit is blown, so that the resulting NED disables the
normal CMOS NAND decoders.

The confinement of the number of spare lines [3.67], which increases
rapidly with memory capacity, and the replacement of defective subar-
rays [3.68] that have dc failures, are also indispensable. The error-checking
and -correcting (ECC) techniques implemented in 16 Mb DRAMs [3.51, 3.69]
avoided not only the above-described hard errors, but also soft errors that oc-
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Fig. 3.77. An address comparator [3.82]. A fuse in a spare row enable circuit is
blown when replacing a defective address

cur at random due to alpha-particle irradiation. The speed and area penalties
caused by ECC are less than 5ns and 11—12%, respectively.

In the following sections, redundancy techniques for high-density DRAMs
will be described in more detail. The techniques are to solve the following
two problems that have arisen with the increase in memory capacity: (1)
the increase in memory-array division (as discussed earlier in this chapter)
reduces the replacement flexibility between defective lines and spare lines; (2)
the defects that cause dc-characteristics faults, especially excessive stand-by
current faults, cannot be repaired using the conventional redundancy tech-
niques.
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current (Isg) faults. An example of an Isp fault is shown in Fig. 3.79 [3.68].
A short-circuit between a word line (electrically connected to the ground in
the stand-by state) and a data line (connected to the data-line precharge
voltage, Vpp/2) creates an illegal dc current path from Vpp/2 to ground.
Replacing the word line (data line) by a spare word line (spare data line)
inhibits the defective line from being accessed, but the current path still
remains. Thus, the fault is not repaired by the conventional redundancy
technique. A single (Isg) fault can increase the stand-by chip current by
as much as 100 mA, causing a yield loss to the Ipp stand-by specifications.

3.9.2 Intra-Subarray Replacement Redundancy

Let us now consider dividing the memory array into subarrays. Two ap-
proaches within the limits of intra-subarray replacement are shown in
Figs. 3.80a, b. Here the memory array MA in Fig. 3.73 is divided into four
subarrays, MAy—MAj3, only one of which is selected.

In simultaneous replacement (Fig. 3.80a), the number of address com-
parators is equal to L, the number of spare word-lines in a subarray. Each
address comparator compares only intra-subarray address signals (here, Ag—
A, _3), and the output is commonly supplied to all of the subarrays. The
inter-subarray address signals (here, A, _» and A, _;) in turn select one of
the four spare word lines. As many defective word lines can be repaired as
are shown in Fig. 3.73, if L is the same as in Fig. 3.73. In this approach, four
normal lines are simultaneously replaced by spare lines. That is, to replace one
defective normal line, three other normal lines with the same intra-subarray
address are also replaced, even if they are not defective. This causes the
following problems. First, the usage efficiency of spare lines is lower, and
the number of spare lines should be larger, which results in an increase in
chip-area. Second, the probability of unsuccessful repair due to defects in the
spare lines that have replaced normal lines is higher, which results in yield
degradation.

In individual replacement (Fig. 3.80b), every spare line in every subar-
ray has its own address comparator. The number of address comparators is
therefore L * M, where M (= 4) is the number of subarrays. Each address
comparator compares both intra- and inter-subarray address signals. This
approach has the following advantages over simultaneous replacement. First,
a smaller L is statistically required (here, L = 2) to repair as many defects.
This is because the probability of clustered defects in a particular subarray
is small under random defect distribution. Second, since only one normal
line at a time is replaced by a spare line, the probability of a defect in the
spare line is lower. However, this approach has the disadvantage of lower
usage efficiency of address comparators, resulting in an increase in the area
of address comparators.

Figure 3.81 shows the flexible intra-subarray replacement scheme [3.67],
which has been proposed to overcome the problems described above. The
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Fig. 3.80. Conventional intra-subarray replacement redundancy techniques applied
to a DRAM with memory-array division [3.63]. (a) Simultaneous replacement;
(b) individual replacement

spare lines and address comparators are not connected directly, but through
the OR gates Gy and G;. Each address comparator compares both intra- and
inter-subarray address signals. This connection provides a flexible relationship
between spare lines and address comparators. In the architecture shown in
Fig. 3.80, this relationship is fixed, so that a spare line can be activated
only by a particular address comparator. However, in Fig. 3.81, a spare line
can be activated by one of several address comparators. Another advantage
of this architecture is that more flexible selection of the number of address
comparators C, as well as the relationship L < C < LxM /m stands, where m
is the number of subarrays in which defective normal lines are simultaneously
replaced by spare lines.

The calculated yields through the conventional (Fig. 3.80a) and flexible
(Fig. 3.81) intra-subarray replacement redundancy techniques are shown in
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inter-subarray replacement. This will become clear if the hatched areas in
Fig. 3.84 are assumed to be one subarray and the white areas are assumed
to be another subarray.

3.9.3 Inter-Subarray Replacement Redundancy

With the further increase in memory-array division, the probability of cluste-
red defects in a particular subarray is no longer negligible. In intra-subarray
replacement, to repair clustered defects the number of spare lines in a subar-
ray, L, must be larger or equal to the maximum number of defective lines in
the subarray. This causes an increase in L and a chip-area penalty. To solve
this problem, inter-subarray replacement redundancy techniques [3.75-3.77]
have been proposed, which permit a defective line to be replaced by a spare
line in any subarray. These are classified into two categories, as shown in

Fig. 3.85.
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Fig. 3.85. Inter-subarray replacement redundancy techniques [3.63]. (a) Distribu-
ted spare lines; (b) concentrated spare lines
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In the distributed-spare-line approach [3.75], shown in Fig. 3.85a, each
subarray has its own spare lines, like intra-subarray replacement. However,
each spare line can replace any defective normal line not only in the same
subarray but also in another subarray. Therefore at most L x M defects
clustered in a particular subarray can be repaired, where M is the number of
subarrays. In this example, four clustered defective normal word lines WLy—
WL;3 are replaced by the spare word lines in subarrays MAg, MA; and MA,.
It is sufficient for successful repair that the number L is the average number
of defective lines in a subarray and is smaller than that for intra-subarray
replacement. The number of address comparators C is equal to L x M in this
case. However, this number can be reduced through the similar technique
shown in Fig. 3.81.

In the concentrated-spare-line approach [3.76, 3.77] shown in Fig. 3.85b,
each subarray has no spare lines. There is a spare subarray MAg instead,
composed of L’ (here, L' = 5) spare lines. Each spare line can replace a de-
fective normal line in any subarray. Therefore at most L’ defects clustered in
a subarray can be repaired. The number of address comparators C is equal
to L’. This approach has an advantage of more flexible selection of L' (= C)
and better usage of address comparators compared to the distributed-spare-
line approach. This is because the size of the spare subarray need not be
the same as that of a normal subarray. The problem with this approach is
that additional circuits (a decoder, a sense amplifier, and so on) for MAg are
needed. A solution of this problem using hierarchical data-line architecture
is proposed in [3.76].

Figure 3.86 compares the probability of repair using intra- and inter-
subarray replacement redundancy techniques [3.75, 3.77]. Here, for simplicity,
defects that cause fatal faults and defects on spare lines are neglected. In the
intra-subarray replacement, the probability of repair of a memory composed

100 [~ 1
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Fig. 3.86. A comparison between intra- and inter-subarray replacement (3.75,3.77]
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3.10 On-Chip Testing Circuits 193

higher despite parallel testing of a number of chips. Thus, on-chip testing
schemes [3.65, 3.83] have been proposed since the 1 Mb generation. Although
they cannot perform the perfect testing provided by an expensive tester, they
can roughly screen bad chips. After that, the resulting good chips are tested
rigidly by the expensive tester. Thus, the utility of the tester is improved.
One way to reduce testing time is parallel testing. There are two major
approaches to parallel testing: (1) multibit testing [3.65, 3.66, 3.68, 3.83-3.85],
and (2) line-mode testing [3.76, 3.86-3.89], as shown in Fig. 3.89. The multibit
testing scheme was proposed during the 1Mb DRAM generation. In this
scheme, a number of memory blocks (g blocks in the example of Fig. 3.89a)
are activated simultaneously. By incorporating a number of amplifiers and
activating them at the same time, ¢ bits of data can be written or read in
parallel. The expected data patterns of the ¢ bits can be modified, although
the example shows only the “all 1” pattern. The testing time can be reduced

Activated Memory Blocks 5’;5‘333. Comparator
# #2 #q
wL wL E}:)D
NI N N1 DL
DL H 2 2
NIfD S N O
MC : ! ' Me,
AN |

(a) TEST RESULTS (b) TEST RESULTS

Fig. 3.89. Parallel testing schemes for DRAMs [3.90]. (a) Multibit testing;
(b) line-mode testing
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Data Comparator

Fig. 3.90. The built-in self-test (BIST) function [3.37, 3.91]
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to 1/q times that of a conventional read/write operation. A further reduction
in the testing time can be achieved using line-mode testing (LMT), as shown
in Fig. 3.89b. This concept is to test all memory cells on a selected signal
line in one cycle. m bits of data are read and compared with the set of
expected data. The testing time with this scheme is proportional to v/
for the marching test, and proportional to M for conventional testing. Thus,
the testing time is cut drastically. A 16 Mb DRAM with a line-mode test
function using multipurpose registers (MPR) to store the expected data has
been reported, with a chip area increase of about 0.5%. A built-in self-test
(BIST) function [3.37, 3.91], as shown in Fig. 3.90, is also expected to become
important in the future. The self-test circuit includes a program counter
(PC), a microprogram ROM, an address generator, a data generator, and
a data comparator integrated on to the chip. This circuit generates simple
test patterns, such as marching and checkerboard patterns.
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4. High Signal-to-Noise Ratio DRAM Design
and Technology

4.1 Introduction

One of the main contributions to DRAM advances is the one-transistor,
one-capacitor (1-T) cell, as explained in Chaps. 1 and 3. The cell has been
universally used for over 25 years, because it has the highest density. The
drawbacks — no gain and the existence of leakage currents in the cell — have
been overcome by successive developments in high signal-to-noise (S/N) ratio
designs and technologies. Moreover, the multidivision of data lines by using
multilevel metal wiring, explained in Chap. 3 has allowed not only a high-
speed and low-power array, but also a high S/N array, while limiting the
increase in chip area. Without high S/N designs and technologies, the kilobit
and megabit eras would not have been developed at all. In the multigigabit
era, however, there are many challenges to realizing high S/N cell design
to cope with the ever-decreasing cell area and ultra-low-voltage operations.
The development of higher-permittivity materials for capacitor dielectric
films, while keeping the fabrication process as simple as possible, and the
suppression of the random design-parameter variations of MOSFETSs, which
are prominent below (.1 um, are good examples. However, it will be more
difficult than ever to accomplish these things, because of fabrication and
physical limits.

This chapter addresses the S/N ratio issue of the 1-T cell. First, Section 4.2
reviews trends in high S/N designs and technologies for the 1-T cell. Then,
Section 4.3 investigates in detail the data-line noise issue, which has been
and will remain essential for the 1-T DRAM design.

4.2 Trends in High S/N Ratio Design

Memory-cell miaturization and low-voltage operation have to be accompanied
by high S/N design [4.1-4.3], because they reduce the cell margin with a re-
duced signal charge. Before going into detail, the basic operation of a DRAM
cell is explained, to clarify the importance of the high-S/N cell design.
Figure 4.1 shows a memory cell that has a capacitance, Cg, a pair of data
lines or bit lines (each of which has a parasitic capacitance, Cp), a precharge
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196 4. High Signal-to-Noise Ratio DRAM Design and Technology

lloll
I (write) (refresh)
— 0 o |
DL 0

tHEFmax

SA
Fig. 4.1. The operation of a DRAM cell

circuit (PRE), and a CMOS latch-type sense amplifier (SA). The available
signal voltage in the cell for “1” and “0” is Vpp/2 for the reference voltage of
Vb /2. When the cell is read just after a write operation, the signal voltage
read out on the data line is a maximum, and is expressed by

y _ Cs Vbp _ Qs
Smax T oL+ Cs 2 Cp+ Cs

(4.1)

because of the maximum or fresh stored voltage, Vpp. Here full write and
read operations are assumed, which are carried out by “word bootstrapping”
(word-line voltage Vwr > Vpp + V1) so that the Vi drop at the cell is
eliminated. However, the initial high stored voltage, Vpp, decays during
a data-retention period due to charge losses by leakage currents and a-particle
irradiation [4.4]. The resulting degraded voltage must be restored by a refresh
operation at the maximum refresh time, tREFmax,Which is guaranteed in cata-
log specifications. This is done by reading the cell and restoring the resulting
data by using the sense amplifier, so that the cell retains the data for at
least trEFmax. NOte that the signal voltage just before the refresh operation
is a minimum, and is expressed as

QL + Qc

USmin = VUSmax — Cp + Cs . (4.2)

For a successful refresh operation, vgyi, must be larger than the data-line
noise, vn, which is caused by capacitive coupling to the data line from other
conductors, the electrical imbalance between a pair of data lines, and the
amplifier offset voltage. Thus, vgmin > vn. The formula can be changed with
the charge expression if Cp > Cs as usual, as

Qs > Qu+ Qc+ On. (4.3)

Here, Qg is signal charge (= CsVpp/2), QL is a leakage charge that is the
product of the cell leakage current, ¢, , and {REFmax, While Q¢ is a soft-error
critical charge, which is the maximum charge collected at the cell node by
a-particle irradiation. Qn is a data-line noise charge that is the product of
un and Cp. To cope with cell miniaturization and Vpp reduction, vgm;i, must
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4.2 Trends in High S/N Ratio Design 197

be increased. Consequently, it is essential to increase vggax by maintaining
(s and reducing Cp.The reducing of @1, Q¢, and vy is also crucial. In
other words, the design and technology must be developed so that the charge
relationship in (4.3) is always maintained through high-S/N techniques aimed
at a larger Qs and smaller effective noise-charges (Qr, Q¢, and Qn).

4.2.1 The Signal Charge

Figure 4.2 shows trends in the signal charge (Qg) [4.16]. Due to various cell
innovations, the actual signal-charge reduction from the 64 Kb to 64 Mb gene-
rations is less than 1/5, despite a cell area reduction of 1/100. A more detailed
description with regard to Q)s-maintenance will be given in the following.
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. ] °
1000 |- -100 g’
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~ 100 J10 §
E f 7]
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]
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2 I
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T6K 256K AWM GAM 1c';
Memory Capacity (bit)

Fig. 4.2. Trends in Qg and the DRAM cell area [4.3,4.16]

As the memory capacity is quadrupled, maintaining a sufficiently high Cs
has been indispensable in order to maintain a sufficiently high Qg, despite
reductions in the memory cell area and operating voltage [4.2] (Figs. 4.3
and 4.4). Here, Cs is defined as Cs = ¢ - Ag/t;, where, €, Ag, and t; are
the permittivity of the capacitor insulator, the surface area of the capacitor
electrode, and the SiO5 equivalent insulator thickness , respectively. In the
kilobit era, from 1970 to 1985, decreasing t; was the only way to cope with the
decrease in cell area and maintain Cg as much as possible (Fig. 4.4). Note
that word-line bootstrapping, explained previously, is a well-known circuit
that increases ()s while storing a full Vpp level. When approaching 1 Mb, the
decrease in t; reached the limit of electric breakdown field strength, making
the following innovations necessary. Until the 64 Kb generation, the Vpp
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Fig. 4.12. Permittivity versus physical thickness for BST film [4.2]

a substrate-plate type of trench cell replaced the stacked trench cell in the
64 Mb pgeneration, since making a storage node within a trench surrounded
by an oxide film became very difficult. Also, inuovative technologies were
applied to the trench cell in the 64 Mb generation. A doep trench capacitor
with a large aspect ratio. of more than 40 — which is a great challenge — was
used, and chemical mechanical polishing was applied to achieve an entirely
pianar structure [4.63). A buried contact that connects the storage node and
the diffused region of a switching MOSFET iu the substrate also improved
scalability, The drawback of the trench cell, the need for a large-aspect-ratio
trench, stems from the following two reasons: the capacitor hole is inevitably
small, because it must be formed between MOSFETSs; and the permittivity of
the insulator, usually made of layered SiQs and SizN,, is lower compared with
that of the STC insulalor. Note that higher-permittivity insulators arc not
accopted, since a high-temperature heat treatineut during MOSFET forma-
tion degrades the insulator characteristics. An advantage of the trench cell,
however, is that the substrate remains almost flat, even after the capacitor
and isolation formation. enabling the accommodation of multilevel wiring
with a tight pitch. In addition, since MOSFETS are fabricated after capacitor
formation that needs a relatively higher-temperature heat treatment, the
device performance of irench DRAMs is superior to that of STC DRAMs,
especially in terms of short channel characteristics. Thus, the trench cell
is considered to be more suilable for high-performance DRAM-embedded
systern LSIs. However, process harmonization or compromise is necessary to
accommodate both the trench and the STC cell when implementing DRAM
memory arrays, because DRAMs use several specific device structures to
permit miniaturization, such as SAC (self-aligned contact), which are not
always suitable for logic-device fabrication [4.72].
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Both STC and trench cells are candidates for use in gigabit DRAMs.
However, it is becoming very difficult to obtain sufficient storage capacitance
as memory cells become smaller.

An empirical scaling technique [4.2] shown in Table 4.1 provides a sum-
mary. Cg should be maintained at around 20fF, even in the multigigabit
era, to keep the cell signal voltage large. Thus, to cope with cell-area re-
duction, ¢ reduction must again be accelerated from F/2 to F. This is
a strong driving force for the development of new high-¢ materials. Otherwise,
Ag-enhancement must take over the role of the insulator. However, no feasible
techniques have been proposed yet.

Table 4.1. The scaling law for DRAM-cell parameters [4.2]%

Parameter 1Kb-1Mb 1Mb-1Gb 1Gb-1Tb

Cell area « F?

Capacitor area, As o F2 o F

Insulator thickness, t; o F? o FY/2 o F

Storage capacitance, Cs 1 o« Fi/? 1

Scaling technique Area Three- New
scaling dimensional = material

“F, feature size; Cs o As/t;.

4.2.2 Leakage Charge

There are two leakage currents [4.2] at the storage node of a non-selected cell:
the p—n junction leakage current (ir; ) to the substrate, and the subthreshold
current (ir2) to the data line (DL), as shown in Fig. 4.13. Here, the worst
case for each leakage current is shown. A cell that is not selected during the
tREFmax period must hold data even under the worst conditions. The worst
conditions are established by the combination of the maximum junction tem-
perature (Tjmax) and successive low-level disturbances from the corresponding
data line. This is because Tjy,.x maximizes the above cell leakage currents.
Here, Tjmax is attained by the maximum ambient temperature (usually 70 °C)
and the minimum cycle time operation in the catalog specification. The
disturbance further enhances the subthreshold current when the lowest DL
voltage (0 V) is supplied for as long as possible. Thus, the worst conditions are
eventually the successive low-level data-line disturbances due to successive
operations of other cells on the data line at the minimum cycle time and
maximum ambient temperature, as shown in Fig. 4.14. In the worst case, both
leakage-current components (i11 and i1,2 ) are maximized and contribute to
the degradation of cell-retention characteristics. Note that if successive high-
level (Vpp) data-line disturbances are applied, the i;,5 component disappears
and only the i1; component is developed, enabling separation of the two
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Fig. 4.15. An acceptable p—n junction leakage current for ensuring tREpmax [4-2]

where A, E,, T,, and P are a factor that depends on the cell area, the
activation energy, the ambient temperature, and the power dissipation of
the chip, respectively. Thus, the ratio of the leakage charge to that of the
preceding generation is given by

AQL(4)/AQL(1) = {tREFmax(4)/tREFmax (1)}
{A(4)/A(1)} exp(Ea8;a AP/KTY),
AP = P(4) — P(1),
where it is assumed that
T.(4) =Ta(1) =T, and 65.(4) =6;a(1) = s,

and where E,, A(4)/A(1), 6;5, and T, are assumed to be 0.63€V, 0.63,
100°C/W, and 343K, respectively. Note that A is determined of the pe-
ripheral component by the p—n junction leakage current of the cell storage
node, rather than that of the area component [4.18]. Here, we assume that
the same amount of leakage charge is accepted at each generation, with
AQR1(4)/AQLL(1) = 1. The traditional approach of doubling tRgpmax in each
generation (Fig. 3.16) requires a power reduction of as much as 40mW in
each successive generation, as shown by point A in the figure. In the con-
ventional design, however, the ever-stronger need to achieve a faster cycle
time in each generation and a multi-data-bit I/O configuration lead to an
increase in chip power. Thus, this approach would burden the chip design
with a power reduction requirement that cannot be achieved, unless a gene-
rous margin of cell-retention time can be gained through the ultracleaning
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Fig. 4.17. An acceptable VT of a cell FET, and a boosted word-line voltage for
ensuring tREFmax and a full write operation [4.2]. tREpmax and Qg are shown in
Fig. 4.15

For 64 Gb, the boosted word-line voltage (Viyy), which is the sum of Vpp,
Vi, and AVt is thus as high as 2.3 V. Here, AVt is the increase in Vi for the
source—follower mode of the cell FET, which is given by (2.10). To achieve the
value of Viy1, a gate oxide as thick as 4.6 nm under a stress voltage of 5 MV /cm
is needed. Note that the gate oxide thickness of the peripheral-circuit MOS-
FETs is expected to be less than 3nm for the 64 Gb generation. Thus, two
gate-oxide thicknesses will be needed. Here, the boost ratio (Vw,/Vpp) is at
least as large as 2.5, and requires an on-chip low-power voltage up-converter
with a high conversion efficiency. The above leakage current suppression could
be achieved by optimizing traditional device and circuit designs. It would also
be helpful if the factor by which tREFmax increased at each generation was
relaxed to only 2*/2, as discussed above.

4.2.3 The Soft-Error Critical Charge

There have been two kinds of soft errors (i.e. non-destructive failures):
a-particle induced soft errors [4.4, 4.19], and cosmic-ray neutron-induced
soft errors [4.60]. As for a-particle-induced soft errors, it is fortunate that
a smaller Q)¢ is obtained by increasing the cell density, since Q¢ decreases
with a reduction in the diagonal length of the depletion region of the mem-
ory cell, as shown in Fig. 4.18 [4.20]. Furthermore, fewer charge collection
structures as the volume of the depletion region is reduced, such as stacked
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Fig. 4.18. The critical charge Q¢ versus the diagonal length L of the depletion
region in the memory cell [4.20]

capacitor cells and p™ barriers, are efficient in obtaining a smaller value of Q¢.
Chip coating and purification of materials are both indispensable in reducing
the number of a-particles from the package and materials in a chip. On the
other hand, cosmic rays hitting the atmosphere generate neutrons. These
neutrons, with a small probability, interact with silicon nuclei. The resulting
events, while each few in number, have a large probability of causing an
error. This is because neutrons can generate about ten times as many charges
(electron—hole pairs) as a-particles, as shown in Fig. 4.19. These charges are
generated along the tracks of various kinds of ions that are produced by
reactions between the neutrons and the silicon nuclei. The resultant electrons
are collected at the cell storage node, causing a soft error. These neutrons are
the main contributors to the soft-error phenomena in recent DRAMs. The
soft-error rate per chip, however, remains constant even when the DRAM

[ Cosmic-ray neutron rAIpha ray

Xe@
| Nuclear reaction ]

Fig. 4.19. Soft error phenomena induced by a-particles and neutrons [4.61]
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memory capacity increases [4.61]. In addition, the triple-well structure of
the memory-cell array improves resistivity against soft errors [4.62]. Thus, it
might be possible to reduce Q¢ even in the multigigabit era.

4.2.4 The Data-Line Noise Charge

A reduction in @Qn has been achieved by reductions in Cp and vy [4.17],
through a multidivided folded data-line structure combined with a shared
I/O (Fig. 3.31). However, un is not necessarily scaled down, and requres
a higher signal voltage on the data line, vg. The extrinsic offset voltage (the
Vr mismatch of the pair of FETs caused by short/narrow channel effects) of
the sense amplifier is a good example. The offset voltage [4.2] generated by
the deviation of numerous sense amplifiers that results from the multidivided
data-line structure increases with increasing memory capacity. Note that
there are one million amplifiers in a 1 Gb chip (Fig. 3.39). The offset voltage
could be managed by using the traditional approach of the enlargement of
the sense amplifier FETS, despite the area penalty. However, an additional
(intrinsic) offset voltage resulting from random fluctuations of the MOSFET
parameters [4.2], as discussed later, emerges as a serious concern. Data-line
noise will be discussed in detail in the next section, because it has been, and
will continue to be, essential for DRAM design.

4.3 Data-Line Noise Reduction

4.3.1 Noise Sources and Their Reduction

This section first summarizes the noises [4.1] coupled to the data line during
the read operation of the 1-T cell, and describes the well-known noise can-
cellation method, which is paired configuration of the data lines. Next, seven
kinds of noise [4.1] that still reside despite the configuration are clarified.
Then, each of the noises is discussed in detail, in terms of variations of the
paired configurations and the precharging method for the data line. Finally, it
is concluded that a combination of the folded data-line arrangement, half-Vpp
precharging, and simultaneous activation of the NMOS and PMOS sense
amplifiers minimizes the noises.

Noise Sources. Figure 4.20 shows the noise sources of the 1-T cell. Noises
are coupled to the data line during the read operation through various para-
sitic capacitances between the data line and cell nodes. For example, the ap-
plication of a voltage to the word line causes a noise on the data line through
Cpw. Moreover, any voltage fluctuation at the electrode, the adjacent data
line, and the substrate also causes significant noise on the data line through
Cpbp, Cpp, and Cpg, if the fluctuation occurs in the floating period just before
the sensing operation. Note that the components of the data-line capacitance
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Fig. 4.20. The noise sources of the 1-T cell [4.1]

(Cp) for a 1.3um 1 Mb chip using a folded data-line arrangement [4.21] are
32—54% for Cpw, 10—15% for Cpp, 10—25% for Cpp, and 35—40% for Cpg,
although this depends slightly on the data-line material (i.e. Al or polycide).
The Cpp component rapidly increases with miniaturization of the cell [4.22—-
4.24].

Noise Cancellation. To cancel the noise, paired configuration of the data
lines combined with differential sensing [4.1, 4.25] is most effective. The noise
coupled to each of a pair of data lines from a noise source is rejected as
a common-mode noise by a differential amplifier, if AC' = AC” and Cp, = CY;,
as shown in Fig. 4.21a. Thus, only the signal voltage read out on either of
a pair of data lines is amplified. In actual design, however, the condition of
AC = AC’ is not necessarily established, even if Cp = C}, is satisfied. This
causes a differential noise that affects the signal. In this case, an additional
noise source that is physically equivalent can cancel the noise by the common
or differential driving of two noise sources, as shown in Fig. 4.21b and c.

Residual Noises. Figure 4.22 shows various noises and their generation
timings in read, and rewrite or write operations for a half-Vpp precharging
scheme [4.1]. Our prime concern is with the floating period of the data line,
from completion of data-line precharging to completion of amplification, be-
cause in this period there is a small signal that is susceptible to noise, and
which easily couples various noises on the data-line due to the floating state.
The following seven kinds of differential noise are generated due to the above
incomplete cancellation, even if a folded data-line arrangement — that is,
a paired data-line configuration to minimize noise - is adopted. Note that six
major noise sources are shown as @ to ® in the figure.
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(Chw), the other is only the WL-DL cross capacitance (Cpw), which
may differ from Cf;y, due to the memory-cell layout. This type of noise
generation corresponds to the case AC # C’ in Fig. 4.21a.

e Data-Line and Amplifier Imbalances (source @). A capacitive imbalance
between a pair of data lines causes a differential noise when WL is activated,
even if, as in Fig. 4.21a, AC = AC’. The imbalance also generates a noise
during amplification. Furthermore, any imbalance regarding Vr and the
conductance between paired transistors in a differential amplifier works as
a noise.

e Data-Line Interference Noise (source @ ). Interference occurs not only bet-
ween small signals on the data lines, but also between large signals that
are increasing during amplification. The resultant noise increases rapidly
as the data-line pitch becomes smaller because of an increased value of
Cpp. The noise depends on the read data pattern along the word line.

e Non-Selected Word-Line Noise (source ®@). Numerous WL-DL crossing
points are noise sources during amplification. Large voltage swings on the
data lines during amplification couple a voltage on each of the non-selected
word lines through WL-DL cross-capacitances. The resulting voltages on
all of the non-selected word lines in turn couple another voltage (noise, in
some cases) to each pair of data lines through all of the cross-capacitances
along the data line. If the pull-down circuit at the end of each non-selected
word line is ideal, all of the non-selected word lines are grounded and thus
no noise is generated. Unfortunately, however, the circuit has a certain
impedance.

e Power-Supply Voltage Bounces (source ® ). Any voltage bounce at the Vsg
(ground) line of the pull-down circuit causes voltage fluctuations on all of
the non-selected word lines. Thus, the fluctuations couple noises on the
floating data lines through all of the cross-capacitances.

e Reference-Voltage Variation (source ®). The reference voltage from the
generator (V,) must be set at the intermediate level between the “1” and
“0” read signals for successful discrimination. Otherwise, the deviation
works as a noise.

e Other Noises. Typical examples are a Vpp bump noise, incomplete data-
line precharging, and a noise from or to the common I/0 line.

4.3.2 Word-Line Drive Noise

The magnitude of WL drive noise [4.1] depends on the data-line arrange-
ments [4.26, 4.27] — the open data-line and the folded data-line arrangements
— as shown in Fig. 4.23. Here, it is assumed that a cell connected to the
data line (DL) is selected. Where there is no dummy cell, the open data line
never cancels the noise, despite the paired data-line configuration. A cou-
pling voltage through Cg + Clyy is developed only on the data line (DL),
causing a differential noise that is superposed on a read signal voltage. The
folded data line, however, generates the differential noise, corresponding to
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Fig. 4.23. Word-line drive noise and its reduction [4.1]

Ce + Chw — Cow, reduced by the Cpw component. The noise is completely
cancelled by adopting the dummy cell scheme shown in the figure. The scheme
utilizes the dummy word line and the dummy cell, both of which have the
same electrical characteristics as those of the actual word line and cell. In
principle, one dummy cell is added to one data line: thus,there are two dummy
cells for each pair of data lines. Two dummy word lines are needed to select
either of two dummy cells. For example, when a word pulse is applied to
read a memory cell on the data line (DL), the same pulse is simultaneously
applied to a dummy word line belonging to the other data line (DL). Thus,
in principle, the common mode voltages coupled to each pair of data lines
become the same, so that they are completely cancelled by the differential
amplifier. It is fortunate if the dummy cell enables adjustment of the reference
voltage of the data line and equalization of both capacitances of a pair of data
lines during amplification, as discussed later.

Figure 4.24 shows experimental data [4.1] for a 1.3 um 1 Mb cell, to esti-
mate the degree of noise cancellation. A poly-2 word line shown in Fig. 3.56b is
strapped with a metal (Al) line, and a half-Vpp (Vpp = 4V fixed) precharge
is applied. Here, consider the case when the cell storing a high voltage is
read with an increasing word voltage (Viv), as shown in the figure. Note
that a high voltage is Vix — V1 (i.e. the cell-FETs Vr) for Viy < Vpp + Vr
(~4+41.5~5.5V), while it is Vpp for Vay > Vpp + Vir. The coupling voltage
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Fig. 4.24. The S/N characteristics of the 1-T cell [4.1]. WL pitch, 3.4 um; DL-pair
pitch, 10.6 pm

to the cell-connected data line (DL) gradually increases when Viy increases
from 0V, because the coupling capacitance almost equals the small WL-DL
wiring capacitance (Chy ). However, it starts to increase rapidly when Viy
exceeds the sum of Vpp /2 (i.e. the precharged data-line voltage of 2V) and Vp
(~1.5V), and then increases in proportion to Vi . The following two compo-
nents are responsible for the rapid increase. One is an increase in the coupling
capacitance to Cg + Chy, caused by the MOS capacitance characteristics
discussed in Chap. 2. The other is the appearance of a signal voltage (vs)
on the data line whose amplitude is proportional to the high stored voltage
(Viw — Vi) described above. However, the coupling voltage tends to saturate
beyond Viy = 6V, because the increase in vg finally stops due to saturation
of the stored voltage (i.e. Vpp, because Vay > Vpp + V). Therefore, only
Ce+Chyy contributes to the slope beyond 6 V. If the same slope line is drawn
at Viy = 3.5V, it implies noise coupled only from Cg + Clyy. On the other
hand, a voltage through Cpw couples to another data line (DL) until Viy
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reaches 3.5 V. Above 3.5V, however, vs on the data line (DL) couples to DL
through Cpp, slightly raising the DL voltage. Hence, the Cpp noise is the
difference between the slope below 3.5V and the slope above 3.5V. Above
6V, the slope is again the same as below 3.5V because of the saturation.

The noise components at Viy = 6V, un(Ca+Chw ), vN(Chw ), vn(Cow +
Cbp), and vn(Cpw ), are estimated with these data as 49mV, 28 mV, 30 mV,
and 23mV, respectively. Thus, a vN(Cg) of 21mV and a vn(Cpp) of 7TmV
are obtained. Moreover, since vn(Chyw ) and vn(Cpw) are proportional to
VW (6 V) and CD is 300 fF, C],DW/CD7 CDW/CD7 C{DW? and CDW are 0.47%,
0.38%, 1.411F, and 1.14{F, respectively. The reason why Clyy is 24% larger
than Cpw comes from additional Al-poly-2 and gate-diffusion overlapped
capacitances at the Al-diffused contact of the data line. Since the difference
in Viy between 6V and 3.5V contributes to vn(Cg), Cg/Cp and Cg are
0.88% and 2.63 fF, respectively.

The following is a noise estimation [4.1] for the data-line arrangements
and precharging methods using the 1.3um 1Mb data above. The voltages
are changed to practical values of Vpp =5V, Vig =75V, and V= 1.5V.

Data-Line Arrangements. A noise comparison between the open data-line
and the folded data-line is made, assuming the use of a half-Vpp precharge
and the same Cp, and no dummy word line. For the open diffused data line
shown in Fig. 3.56a, Cpy is assumed to be half that of the folded data line,
causing a Chyy /Cp of 0.24%. This is because the open data-line structure is
simple, while a folded Al data line is sandwiched between the lower poly-2
word lines and the upper Al-2 word lines. Moreover, Cpp is negligible for the
open data line because of the doubled pitch of the data line buried in the
substrate. For the open data line, the total noise is 49 mV, which is the sum
of 7.5V x C],DW/CD and (VW — VT - VDD/Z) X CG/CD. On the other hand, for
the folded data line it is 38 mV which, is sum of 7.5V x (C,w — Cpw)/Cb
and (Vi — Vr — Vpp/2) X Cg/Cp. Thus, the noise of the folded data line is
smaller by about 20%. These noises are not negligible when compared with
the signal voltage of 100—200mV.

Precharging Methods. For the folded data-line arrangement and Vpp
precharge, the total noise is as small as 16 mV, which is the sum of 7.5V x
(C]IDW - CDW)/CD and (VW — VT — VDD) X CG/CD. Therefore, the VDD
precharge almost halves the noise (38 mV) of the half-Vpp precharge.

In summary, the open data-line arrangement and half-Vpp precharge ge-
nerate more noise. The noise tends to increase with cell miniaturization and
an increase in memory capacity because of the reduced value of Cp, as shown
in Chap. 3, an increase in the fringe effect, causing a larger Cl,y;, and Cpw,
as shown in Chap. 2, and an increased Cpp, although it is lowered by the
reduction of Viy. Thus, the ever-increasing noise poses a serious concern in
the design of a higher-density DRAM, although the noise level is still low at
1.3um generation. In principle, a dummy cell scheme cancels the word-line
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noise, independently of the data-line arrangements and precharging methods,
despite an area penalty.

4.3.3 Data-Line and Sense-Amplifier Imbalances

Investigation of the noise-generation mechanism in the well-known sensing
system, which is a pair of data lines connected to a differential amplifier, is
indispensable in determining the necessary signal voltage of the 1-T cell. The
noise derives from imbalances not only between a pair of data lines, but also
between a pair of transistors at the input of the amplifier. The need for tight
layouts for data lines and amplifiers is subject to the local imbalances. These
imbalances are quite large when one considers their statistical deviations,
which are caused by the large number of data lines and amplifiers that are
distributed throughout the chip, occupying almost half of the chip area. In
this section, the noise-generation mechanisms [4.27] for the sensing system are
first clarified. Next, based on the results, the low-noise and high-sensitivity
circuits proposed so far are investigated.

Figure 4.25 shows an NMOS amplifier, which amplifies a signal (vg) on
the data line (DL), connected to a pair of data lines. The imbalances for the
data-line capacitance (C), threshold (V1), and conductance (3) are assumed
to be 8C, 6V, and 83, respectively. The degree of influence of the imbalances
on the signal depends on the polarity of signal. Since a data line with a smaller
capacitance is discharged more easily, the voltage margin of the memory cell
on the data line (DL) is widened for a negative vg for a positive 6C, while
it is narrowed for a positive vg. Thus, 6C works as a gain for vg < 0 while
it works as a loss (noise) for vg > 0. The same situation occurs for §3. In
addition, 4V is an effective noise, because it directly affects the necessary vs.
The imbalances, 6V and 63, are regarded as built-in noises of the amplifier.

If the voltage, V3(t), at the common source of @; and Q- is decreased with
the slope of K from the initial value of Vp for vg > 0, Q)2 first starts to turn
on at the time (¢,) when the difference between the Q2 gate voltage, Vi(t),
and V3(t) reaches V. The succeeding Vi (t) and Va(t) waveforms depend on
the relationship between K and the V; discharging speed. If 35/Cs is large
enough, or K is small enough, both V5(t) and V3(t) decrease at the same
speed, while turning @, off. In actual design, however, V5(t) discharges more
slowly than V3(t) because K must be quite large for high-speed sensing, and
B2/Cs must be small due to layout limitations. Therefore, the difference in
magnitude between V5(t) and V3(t) becomes larger with time, and finally Q1
is also turned on at the time, ty, when the difference reaches V1. After to,
both Q1 and @ stay turned on until 3, when Va(t) decreases to Vi and
thus @ is turned off. Thus, V;(t) stays at a constant voltage, Vg, after 3.
Va(t) decreases more rapidly hereafter, as shown in the figure, because the
Q2 operation changes from the saturation mode to the non-saturation mode.
The following analysis, however, assumes a linear change of V(t) from ¢ to
t3, since a short period during small-signal amplification is considered.
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Fig. 4.25. A noise-analysis model for an NMOS flip-flop differential amplifier

connected to a pair of data lines [4.1]

1. 0<t<y
Vl(t) = Vp + vg,
‘/Q(t) :VP7
Vi(t) = Vp — K,

t1 = (—vs + V2)/K.
2. t; <t <t9: Q) is turned off, and @) is in saturation. Thus,
Vi(t) = Vo + vs,
—CodVa(t)/dt = Bo{VA(t) — V5(t) — V2 }?/2.
Va(t) is obtained by using the initial conditions of t = ¢; and Va(t) = Vp

(4.4)

Vg(t) =Vp — GCﬂ;K{’Us — Vo + Kt}a.

Since @, starts to be turned on at t = o,
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Va(te) — Va(to) = Va(ta) — Vp + Kt = Viq;
B
T 6CK
3.tp < t < t3: Both J; and () are in saturation. Assuming that
dVa(t)/dt ~ —aK (0 < a < 1),
dvi(t)/dt = —iy/Cy,
dVa(t)/dt = —ig/Ca,
i1 = B{Va(t) — Va(t) — Vo1 }2/2,
iy = Bo{Va(t) +v(t) — V3(t) — Vo }2/2,
o(t) = Va(t) - Va(t);
o du(t)/dt = —(B1/2C){—v(t) + (2C2a K/ B2)Y/? (4.5)
+ Vg — V1 }2 4 oK.

{vs — Vo + Kt2}3 + Ktg = V1.

Thus,
u(t) = (2C1aK/B1) 21 + Aexp{—(261aK/C))Y?(t — t2)}]/
[1— Aexp{—(261aK/C1)*?(t — t2)}] + (2CaaK/32)*/*
+(Vrz — V1), |
A = {v, — (2C1aK/B1)Y?} {ve + (2C1aK/B1)M?},
ve = vs + (B2/6C2 K) (vs — Virz + Kt3)° — (2CaK/5)"/*
— (Vo — V).
In addition, since V;(t) stops discharging when V5(t) = Vry,

ty =19 + {Vg(tz) — VTl}/OLK.

4. t > t3: Since @1 stays turned off, the final level, Vy, of V1 (%) is expressed
as follows:

V= Vl(t3) = ’U(t3) + Vg(t3) = ’U(t3) -+ VTl-

Now, based on the above formulations, the noise can be analyzed as
follows. The condition dwv(t)/d¢ > 0 in the period (t2 < t < t3) means the
process of amplification, because the voltage difference between a pair of data
lines becomes large with time, while dv(t)/dt = 0 means no amplification.
Thus, if the noise is defined as the value of vy that satisfies dv(t)/dt = 0,
and v(t) —vn =0,

VN = (2CQOLK/ﬂ2)1/2 - (ZClaK/ﬂ1)1/2 + (VT2 — VTI)
~ (1/2)(2CaK/B)Y*(6C/C + 63/6) + V. (4.6)

It has been reported that « is about 0.5 [4.28]. Note that a PMOS latch-
type flip-flop also works an amplifier, with opposite polarity to an NMOS
amplifier.
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Figure 4.26 shows the relationship between vy and CK/f for 6V = 0.
Obviously, vn becomes smaller with a smaller K; that is, slower activation of
the amplifier. A smaller 6C, 3, and §VT are also effective in reducing noise.
The following sections discuss some more effective ways of reducing noise.

The amplifier Activation Speed. Two-step driving of the common
source [4.29] has been widely used. At the beginning of amplification, a signal
is slowly amplified with less noise generation caused by a small K that is rea-
lized by driving a small channel width MOSFET, as shown in Fig. 4.27. Then
it is quickly amplified by driving a large channel-width MOSFET (usually
ten times larger). Although the rapid driving (large K') generates a large im-
balance noise, the signal that has been amplified to some extent, accepts the
noise. Thus, low-noise, high-speed amplification is realized. Two-step driving
applied to the Vpp precharge scheme may allow the active restoring circuit
to be omitted. A sufficiently high voltage (Vy1), which is achieved by having
a small K and a large signal, could be rewritten to the cell after completion
of amplification without active restoration.

Capacitive Imbalance. Many circuits have been proposed to reduce 6C/C
as much possible. The decoupling scheme, which isolates the amplifier from
the data line during amplification, is a typical example. The amplifier reduces
not only its load capacitance, but also eliminates the capacitive imbalance of
the data line, allowing low-noise, high-speed amplification. Instead, however,
careful attention should be paid to the amplifier layout, so as not to introduce
another capacitive imbalance in the amplifier itself. The principle of decou-
pling is to vary the effective resistance by controlling the gate voltages of the
decoupling FETs (Q and Q) shown in Fig. 4.28a [4.31]. The following four
kinds of the resistance control [4.30-4.35].
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Fig. 4.26. Imbalance noises for a data line and amplifier [4.1]
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Fig. 4.27. Two-step driving for an amplifier [4.1]

Synchronized Decoupling. The Q and Q common gate line is instantaneously
driven to a low level from a boosted high level of over Vpp by utilizing
a capacitive coupling to the gate line. The low level quickly recovers to the
original level during amplification. This scheme, combined with Vpp data-line
precharge, was widely used in the 16 Kb generation.

Diode Decoupling. The gate-source connection of the depletion FETSs
(Q and Q) works as a resistor.

High-Level Application to Decoupling FETs. A high level is always applied
during amplification, which works as a resistor. This scheme has been popular
in modern DRAM designs, as shown in Figs. 4.28b—d. They all employ CMOS
latch-type amplifiers and half-Vpp precharge. Figure 4.28b [4.33] features the
separation of a PMOS amplifier, which is placed on the data line, and an
NMOS amplifier. This separation is needed for the application of Vpp to the
gate of the decoupling FET. Otherwise, a decoupled CMOS amplifier, merged
with NMOS and PMOS amplifiers, provides the data line with a degraded
high level (i.e. Vpp—Vr) reduced by the Vi of the decoupling FET, and failing
to write or rewrite a full Vpp to the cell. A signal amplified to some extent by
NMOS amplifier activation by pulse ¢ is further amplified to a full Vpp by
PMOS amplifier activation by a succeeding pulse ¢p. Thus, the resulting full
Vbp on the data line is utilized as a rewrite voltage to the cell. The scheme
needs an additional area caused by the separation, despite these being no need
for a boosted gate voltage for the decoupling FET. Figure 4.28¢c [4.34] shows
a decoupled CMOS amplifier combined with a boosted level (over Vpp + Vi)
application to the gate of the decoupling FET. The CMOS amplifier is shared,
with two pairs of data lines (DL and DL, and DL’ and DL’) extended to
both sides. Either of two pairs of data lines is selectively connected to the
amplifier. For example, if a memory cell connected to the data line (DL, DL) is
selected, ¢ is maintained at the boosted level of the precharging period while
¢ is turned off. Thus, a read signal, superposed on the half-Vpp data-line
precharged voltage, is amplified by the CMOS amplifier so that the resulting
data-line voltage is a full Vpp. The scheme has been popular due to the
smaller area needed and the simpler design, although the decoupling effect
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Fig. 4.28. Various kinds of amplification with data-line decoupling [4.1]. (a) The
principle of data-line isolation; (b) CMOS amplifier, Vpp/2 precharge; (c¢) shared
CMOS amplifier, Vpp/2 precharge; (d) shared NMOS amplifier, Vpp /2 precharge

is weakened by the boost voltage. Figure 4.28d [4.35] is a combination of
schemes (b) and (c). The absence of any need for a boosted voltage simplifies
the circuit design despite the additional PMOS amplifier.

Complete Decoupling. Amplification starts after completely isolating the am-
plifier from the data line, with the application of a low enough level to the
Q and Q gates. This scheme results in a slower cycle despite a maximized
decoupling effect, because Q and Q are turned off and then turned on again
to fully rewrite an amplified signal, necessitating additional clocks.
Reduction of 4C is crucial, although the above circuits reduce the detri-
mental effects. There are three major sources of §C': imbalance between a pair
of data lines; an additional imbalance caused by tight layouts of peripheral
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circuits such as the amplifier, precharge circuit, and column decoder; and an
imbalance due to the cell-storage capacitance (Cs), which occurs when the
cell is connected to either of a pair of data lines during reading. To reduce
0C as much as possible, the folded data-line arrangement is preferable.

In principle, the folded data line has less imbalance compared with the
open data line, because of its parallel running, in close proximity. It also
features less additional imbalance because of the layout flexibility of the above
peripheral circuits: the circuits can be laid out at both edges of a pair of data
lines. On the other hand, the open data line needs them to be positioned at
the center of the data lines, causing inevitable imbalances. To cancel the Cg
imbalance, various dummy cells, discussed later, have been proposed.

A simultaneous and differential drive of NMOS and PMOS amplifiers [4.36]
may effectively cancel §C. For an NMOS amplifier, 6C (> 0) on the data
line (DL) in Fig. 4.25 works as a gain if a signal developed on the other data
line (DL) is negative, while it works as a loss (noise) if the signal is positive,
as explained before. On the contrary, for the PMOS amplifier 6C works
oppositely. Consequently, the 6C effect is cancelled if both amplifiers are
simultaneously activated, with completely differential output waveforms. For-
tunately, the resulting differential waveforms also cancel the coupling noises
from a pair of data lines to other conductors, enabling a quiet memory array.
It would be effective if a completely differential drive against variations on
Vbp, temperature, and fabrication process could be realized. In this drive, the
PMOS amplifier would need a larger area because of conductance matching
with the NMOS amplifier.

Conductance Imbalance. The sources of 43 are mainly differences in gate
(or channel) length and width between paired MOSFETSs in an amplifier.
These differences are inevitably introduced in a chip by local variations in
the fabrication process, although careful attention is paid to the layout so
that any electrical imbalance is eliminated. In the past, both the gate length
and width have been enlarged under severe layout limitations, so that a large
gate length, which entails a larger gate width for a fixed (3, has resulted in
a smaller §3/03 for their fixed variations. It has been reported for a 16 Mb
chip using a 0.5—0.6 um gate length for the peripheral circuits [4.37] that
a noise of 5.5 mV for the standard deviation (o) is generated by a gate length
variation of +0.02 um. In addition to the variations, careful attention should
be paid to the layout, so that electrical imbalances regarding parasitic source
resistance and contact resistance between the amplifier and the data line are
reduced as much as possible. Their imbalances effectively cause 3.

The Amplifier Offset Voltage. The variation in Vg that is unavoidably
introduced during volume production is a source of the sense-amplifier offset
voltage (0V1). The reduction of this variation in Vi reduces the offset vol-
tage. There are two kinds of sources of V1 variation; extrinsic variations and
intrinsic variations.
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Extrinsic Variations. Asthe device feature size decreases, variation in Vi [4.38]
increases because of the increase in short-channel effects. Thus, in addition
to enlargement of the gate length, as in reducing 43, stringent controls of
L and tox, and a shallow junction MOSFET, formed by reducing the ion-
implantation energy and the process temperature, are essential to reduce
the Vr variations. A redundancy technique is also effective in eliminating
large-§Vr amplifiers. In an actual 16 Mb chip, a 6V of 31 mV (30) has been
reported [4.39)].

Intrinsic Variations. Even in the absence of extrinsic variations, intrinsic
variations [4.2] in Vi, the S-factor, and the drain current start to be generated
and increase rapidly as an FET is scaled down. This is caused by random
microscopic fluctuations in the number and location of dopant atoms in the
channel region of the MOSFET. A fluctuation-free FET is indispensable,
although it is still the subject of research. There are a few techniques that
may resolve this issue. One of these is to localize two-dimensional channel
doping in a relatively low-impurity-concentration channel region [4.2]. Ano-
ther technique is to choose a gate material the work function of which is
adequate for Vr design as long as the short- and long-term reliabilities are
satisfactory. Moreover, despite additional circuit complexity, the following
redundancy technique may also partly resolve this issue.

The standard deviation of the intrinsic random Vr variation [4.2] is ex-
pressed as follows:

g |[Na-D
Cox V3L-W

o(Vr) = (4.7)
where ¢ is the electronic charge, Cox is the gate-oxide capacitance per unit
area, N is the impurity concentration, D is the depletion layer width, L is
the channel length, and W is the channel width. The calculated o(Vr) values
of various sizes of MOSFETSs used in DRAMs are shown in Fig. 4.29. The
maximum deviation |AVr|max, however, depends not only on the device
parameters but also on the number of MOSFETSs, N, used in a chip. The
ratio m = |AVr|max/o(Vr) increases with N according to the following
equation:

1 5172 1
1— —— —— ) dy = —. .

Table 4.2 shows (V) and |AVr|max for various circuits in a hypothetical
16 Gb DRAM using 0.1 pm technology. The Vi deviation of the memory-cell
MOSFETs is the largest because of the small channel area L - W and the
large number of MOSFETSs. However, this deviation is easily compensated
by slightly raising the boosted word-line voltage Vixr, (by 0.14 V). As for
the sub-word driver and the peripheral circuit, V1 deviations are negligible
compared with their operating voltages. Therefore, the most serious problem
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Fig. 4.29. Standard deviations of MOSFET threshold voltages (threshold-voltage
mismatch for a sense amplifier) [4.2]

caused by the intrinsic Vr variation is the Vp mismatch (offset voltage) of
the sense amplifier pair MOSFETS, as shown in Fig. 4.30. The V1 mismatch
0Vr, which becomes an equivalent noise for the sensing operation, will be as
much as 50mV for a 16 Gb DRAM, while the signal voltage, vs, is usually
100mV (Fig. 4.3).

To solve this problem, two technologies [4.2] are needed. The first is
memory-cell technology to maintain the signal voltage vg as much as possible,
so that a large Vr mismatch is allowed in spite of the scaling down of the
memory-cell area and the supply voltage Vpp. The dotted lines in Fig. 4.30
show two cases for an acceptable §V: the first case is that it is constant with
memory capacity, which is made possible by a constant vg, and the second
case is that it is reduced with Vpp, which is imposed by a wg reduction-
proportional to Vpp. Here, an acceptable §Vr of 40mV is assumed at 64 Mb.
If the latter case applies, the DRAM capacity will be limited to only 256 Mb,
while if the former case were to apply the limitation would be extended
to 1—4 Gb. Hence, the maintenance of vg is crucial. The second case is an
advanced redundancy technique, that eliminates a certain percentage of the
sense amplifiers with excessive VT values, in order to maintain a constant
|6V [\ax /o (6VT) ratio. Here, |0Vr|yax 1s the maximum 6V after applying
the redundancy technique. For example, if the ratio of spare columns to
normal columns is 1/64 (1.6% of the memory-array area penalty), [0Vr|y14x 18
limited to 2.40(6Vr). As a result, the memory-capacity limitation is extended
for at least two generations for both cases, as shown in the figure. Note that
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amplification; (d) a current-mirror amplifier
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application of ¢3. Actually, a one-fourth reduction in §Vr [4.41] has been
reported. Complete §V cancellation, however, needs a quite long data-line
precharge time, because of the source—follower mode of operation. Circuit
(c) [4.1] features two-step amplification. Each of nodes N and N is precharged
to a voltage (~ Vpp — Vr) that corresponds to each Vi through paired
MOSFETSs. Then, signal is amplified to some extent by the application of
¢1, followed by a rapid amplification due to the application of ¢o. Note that
the precharged N and N voltages are never influenced by the signal, because
the signal is negative-going for Vpp data-line precharge. One drawback is
the need for many devices. Circuit (d) [4.38] compensates for the data-line
precharge level for §Vr by using a current-mirror differential amplifier. First,
¢1 and ¢, are turned on after precharging the data lines to a half-Vpp. Thus,
a current-mirror differential amplifier consisting of Qg, Q1, Q1, Q3, and Q3 is
constructed, because Q, is on. If Vp(Q;) < Vr(Q1), the Q, current is larger
than the Qi-current. Thus, the ()3 gate is more biased to raise its drain
voltage, allowing the (); gate voltage to be automatically compensated for
the difference, V7 (Q1) — Vr(Q;). The resulting )1 and Q, gate voltages are
held on the floating data lines after ¢; is turned off. Thus, the subsequent
read signal on the data line is amplified by the @Q;, Q, differential amplifier,
so that an amplified differential signal is developed at the Q4, Q, drains. The
signal is finally amplified up to a full Vpp by a CMOS amplifier, composed
of Q3, Q3, Q4, and Q,, which is activated by application of ¢3 and ¢x. The
full Vpp is utilized as a cell rewrite voltage by activation of ¢4. The scheme
requires many devices, although it has produced a one-sixth §Vr reduction,
from 16 mV (o) to 2.8 mV(o), for a 0.5 um CMOS process [4.38].

Figure 4.32 shows a charge-transfer amplifier [4.42, 4.43]: the available cell
signal is so large that the §Vr issue is negligible. The small cell signal issue in
the 1-T cell, which poses a serious problem in the §Vr issue, originates from
the fact that the signal charge at a lightly capacitive cell node is transferred
to the heavily capacitive data line. If the cell signal charge is transferred to
another lightly capacitive sensing node via the data line, a large signal voltage
that is independent of the data-line capacitance can be made available. This

VH
VR
1 Q1‘_I__“——¢1
. T ET 1 " _f
2 " n
H ' ; Cpo (V1) ;CO — 1 =
WL S DL T\—-'\n it
CS VH >VR C AVD ||1 n
AVo=(VR-VT-Vs) 25~ h
( ) Co out / \\___"Qi_l_Ayo

Fig. 4.32. The principle of the charge-transfer amplifier [4.42]. Vg = Vg — V is
assumed for “1”
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is the principle of the charge-transfer amplifier shown in the figure. In the
precharge period, the sensing (output) node and data line are precharged by
)1 and @2 to Vg and Vg — V, respectively. After completing the precharge
with ¢ off, a cell signal is read out on the data line. If the storage node
voltage (Vs) is small than Vi — Vr, a signal voltage swing, AVp, appears on
the data line, so as to turn ) on. Here, the initial AVp is expressed by

AVp = (VR - Vr — Vs)Cs/(CD + Cs).

Hence, ()2 continues to turn on until it again charges up both Cp and Cs to
Vk — V. The signal-charge decrease (AQ) on the data line and at the cell
node during this process is given by

AQ = AVD(CD + Cs) = (VR —Vr— Vs)CS.
Since AQ) contributes to the signal voltage, AVg,
AV = AQ/Co = (Vr — Vr — V5)Cs/Co.

Therefore, the cell-stored voltage, Vg1 or Vgg, corresponding to the binary
information, is transferred to the output. The voltage difference at the output
is (Va1 — Vgo)Cs/Co. If Co = Cs, a large signal voltage at the cell node
is completely transferred to the output without detrimental effects due to
Vr(Q2) and Cp. In general, however, the charge-transfer amplifier suffers
from an extremely slow speed due to the source—follower mode of operation
of Q5. If a shorter-channel FET is used for (J; to enhance the speed, it in
turn suffers from a drain-voltage dependence of Vr caused by short-channel
effects.

4.3.4 Word-Line to Data-Line Coupling Noise

The word-line to data-line coupling capacitance, Cpw, is a noise source [4.1,
4.26]. For example, a large data-line voltage swing during amplification
couples the voltage, dw, on all of the non-selected word lines through Cpw.
Then the dw’s cause a noise, dp, on the given data line, again through Cpw.
dp depends strongly on the number of memory cells connected to the selected
word line and their stored data patterns. Figure 4.33 shows an experimental
result of voltage waveforms dw coupled to the word lines [4.27]. A 1.3um
64 Kb chip incorporating the folded data-line arrangement combined with
Vbp precharge was used. The voltages of both the selected and non-selected
word lines drop in accordance with a data-line discharge of a voltage swing
of 4.5V, and then recover to their steady states with a certain time constant
of the array. This quite large voltage (dw) coupled to the word lines causes
the following three detrimental effects on the cells. The effects are minimized
by the folded data-line arrangement, combined with half-Vpp precharge.

242



4.3 Daia-Line Nowme Reduction 231

precharge MOS i amp on
Yoo @pn 4.5 :%L;“onamp Dy
6i [ TH LI LI axtomal [ '
call - clock | N Jsv
CHer OH (149 S st 3
Fartperai
o : 1 i rselectad 5 [
4.5v
bi— | CH 1 :
LT Gher.Gh T T wL J noA-sefeoted | Loy
4 103 um{WiL)
pull-down }" .‘_1= -'—!} v N
MOS r‘
3.6:3
20ns/div
325 Voo  |[WLie [WL: [Whs
- 27725 WL > DL pair : 8% 18,m ?
word driver WL : poly §1{3DQ/[]j
Yoo+ Vr DL : Al,Co= 5801F, VoD precharge of 4.5¥

Yob=SY, Y1=0.5¥, Co=3MF,Ca/2 dummy call

() (b}

Fig. 4.33. Word-line voltage waveforms of the folded data-line array [4.1]. The
memory cell shown in Fig. 3.56b was used. (a) 64 Kb circuit; (b} waveforms

Differential Noise Generation. The dw's gencrate a differential noise, dp,
on a pair of data lines, The open data line arrangement, combined with the
Vbp precharge shown in Fig. 4.34a [4.1], generates an increased dp. Further-
more, ép depends on the stored data pattern along the selected word line:
when a ccll on the selected word line that stores a high voltage (“17) is read.
8p on the cell’s data line {DL4) depends on the number of cells along the
same word line that are storing a low voltage ("07). Thus, it is maximized
in the casc in which all of the remaining m — 1 cells store “07, as explained
below. The dw (L) coupled to each non-selected word line on the left array in
the figure through Chy, is given by

&w(L) o~ (?1’1 — UA GE)WVDD- (49)

Hence, the voltage coupled to DL; from n/2 — 1 non-selected word lines is
expressed as

AV(DLy) =~ (n/2 = )BChywdw(L), (4.10)

where A and B are constants. Note that §w{L) and AV(DL,) are negative,
because mm — 1 data lines simultaneously discharge from Vpp —vg to 0V, On
the other hand, 8w (&) on the right array is at 0V because all of the data
lines DIy~DL,, stay at Vpp — vg/2 (the reference level with a dummy cell),
causing

AV(DL,) =0.
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4.3 Data-Line Noise Reduction 233

Thus, the differential noise voltage, dp(0), developed on a pair of data lines
(DLl, DLl), is

6p(0) = AV(DL;) — AV(DL,) ~ AB(mn/2)CwVop (m,n>>1). (4.11)

Obviously, the differential voltage works as a noise because its polarity is
opposite to the polarity of the signal.

For the folded data line in Fig. 4.34b [4.1], the differential noise, ép (F'), is
lowered because of cancellation at two crossing points, where a word line and
a pair of data lines intersect. For the same data pattern on the selected word
line as on the open data line, dw and 8¢ are coupled through Chyy and Cow,
respectively. Here, Clyy is the WL-DL capacitance at the crossing point
where a cell is connected, while Cpw is the crossing-point wiring capacitance,
as shown in Fig. 4.22. éw and 4y are given by

dw =~ (m — 1)A Chhw Vbp, (4.12)

oy =~ (m —1)A CpwVbp, (4.13)
assuming that CpLy and A are the same as on the open data line. Hence,
the voltages coupled to the pair of data lines (DL;, DL, ), and the differential
voltage, dp(F), are expressed as follows:

AV(DL,) ~ (n/2 — 1) BChwow + (n/2) BCowdyy,

AV (DL;) =~ (n/2 — 1)BCpwdw + (n/2) BChy 6w,

ép(F) = AV(DL,) — AV(DL,) (4.14)
~ AB(mn/2)(Cpw — Chw)*Vop.

Thus,

8 (F)/6p(0) = (ACbw/Chw)?, (4.15)

ACpw = Chw — Cpow-

It is obvious that the noise of the folded data line is over one-tenth lower than
that of the open data line if ACpw/Chw = 1/5, as explained before. More-

over, the folded data-line arrangement, combined with half-Vpp precharge,
almost eliminates the noise due to extremely small dw and &5y, expressed as

(5w =~ (m — 1)AACDWVDD/2, (4.16)
&N ~ —(m - 1)AACDwVDD/2, (4.17)
if the simultaneous and differential drive for both the NMOS and the PMOS

amplifier, explained previously, is adopted. The open data line never realizes
this reduction.

Loss of Stored Data [4.1]. A positive dw makes an NMOSFET of the 1-T
cell weakly turn on, causing loss of information in non-selected cells. This
loss is more prominent with a lower Vr, because the subthreshold current is
increased, as explained in Chap. 8. A half-Vpp data-line precharge leads to
a positive dyw because of a charging-up operation from Vpp/2 to Vpp. Note
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that Vpp data-line precharge is quite safe, because it always makes all of
the non-selected word lines negatively biased, so that the non-selected cell
FETs are more deeply cut off. Figure 4.35a shows a dw waveform for half-
Vpp precharge for an open data line. The simultaneous, differential drive
of the NMOS and PMOS amplifiers is employed. If all cells except the cell
connected to the DL line along the selected word line store a high voltage,
a positive dw (equal to half of dw, as expressed by (4.9)) is coupled to each
non-selected word line as a result of successive activations of the cell and
the amplifier. Here, consider a non-selected cell, that stores a high voltage
on DL,. Unfortunately, the stored charge of the cell escapes to DL if dw
still remains positive after DL, is completely discharged. On the other hand,
for the folded data line shown in Fig. 4.35b, the voltage coupled to non-
selected word lines is quite small, as expressed by (4.16) and (4.17), thus
ensuring cell-retention characteristics. Note that the dw waveform depends
on the time constant of the non-selected word line, and on the difference in
activation time between the NMOS and PMOS amplifiers. A preceding drive
by a PMOS amplifier or a shorter time constant might be hazardous, due to
a larger positive dw.

Word Pulse Deformation. As a result of coupling from negative-going
data-line waveforms to the selected word line, even a word pulse is deformed
to a large extent, as shown in Fig. 4.33. This degradation makes it impossible
to store a full Vpp in a cell, even with a boosted word-line voltage. This is
because the floating word-line voltage, which is usually boosted from Vpp
by using a charge pump, discharges down to Vpp due to the above coupling.
The poor driving capability of the pumping circuit is responsible for this
discharging. The degree of degradation depends on the data-line arrangement,
the data-line precharging scheme, and the data pattern along the word line, as
shown in Fig. 4.36 [4.1]. For the open data line, the Vpp precharge causes no
degradation if all of the cells store a high voltage, because all of the data lines
that intersect the word line are quiet. If they store a low voltage, however, the
degradation is maximized. Note that even if the degradation occurs to the
extent that the voltage drops below Vpp, it quickly recovers to Vpp which
is supplied by the word driver. Even half-Vpp precharge, combined with the
complete differential drive of the data lines, results in degradation, despite
a halved swing. For the folded data line, Vpp precharge causes almost the
same degradation as on the open data line. Half-Vpp precharge, however,
greatly reduces degradation due to its excellent cancellation capability, as
discussed previously. Thus, this scheme has been widely used in commercial
chips. Even for half-Vpp precharge and the folded data line, if the difference
in activation times between the two amplifiers is so excessive as to be larger
than the word-line time constant, it may cause additional degradation due
to the different noise-generation mechanism involved in non-selected word
lines. Negative-going data-line waveforms, caused by the preceding operation
of the NMOS amplifier, couple negative voltages (dw or d{) to non-selected
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word lines, as shown in Fig. 4.37 [4.1]. Each negative voltage may weakly
turn on the driver-FET that is currently off, the gate of which is at 0V,
especially for a low-Vr FET. The resulting accumulated current, (n — 1)i,
can degrade the boosted waveform. Here, to achieve a full write operation of
the cell (i.e. to store a full Vpp) despite the degradation, word bootstrapping
after amplification would be effective. However, it would lengthen the cycle
time, because of a quite slow rise-time pulse on the poly-Si word line.
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4.3.5 Data-Line Interference Noise

The interference noise increases with increasing density because of the raised
value of Cpp. There are two kinds of noise, §; and d [4.22]: §, is generated
by intereference between small signals on the data lines before amplification;
while 2, whose source is ¢, is generated during amplification.

Interference Noise Before Amplification (d1). A signal voltage (—vs)
developed on the data line (DL, ) couples a noise (d1) through Cpp to the ad-
jacent data line (DL; ), which is at a floating half-Vpp, as shown in Fig. 4.38.
Here, if the signal on DL is also —vg, as shown in (a), the same noise (—d7)
is coupled to DL;. Hence, the differential voltage between DL; and DL; is
—vg + 241, which reduces the effective signal by 24;. If the signal on DL is
+uvg, as in (b), however, the noise (+J;) couples to DLj, so that it cancels
the noise from DL;. Thus, the interference noise depends on data patterns on
the adjacent data lines, causing the worst pattern to minimize the effective

signal. The ratio, d;/vg, is obtained from Fig. 4.39 [4.23] as

d1/vs = Cpp/(Cop + C1) = 1/{2 + (Cpo/Cop)}, (4.18)
DL1 T s DL1 T Tos .
—Us+251 | #CDD cell ~Vs ) ::CDD cell
TR or, -
~51 +31
4 =Cop 4 : Coo
Vs | - +Us |
DL2 + ,_|j DL2 ._Ij
i : Coo l : Cop
_ &1 ! . 31
DLz : DL2

(a) (b)

Fig. 4.38. Data-line interference noise, d; [4.22]. (a) Same-polarity signals on DL
and DLy (worst data pattern); (b) opposite-polarity signals on DL; and DLg (best
data pattern)

:Cop Cop} —— Cop
Dz |1k DLz ik DL+ -{t-| DL

-_ —_
' ’
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C1<—‘1 —* Ci

Fig. 4.39. A model for the analysis of interference noise [4.1]. Cpg, data line to
ground capacitance; C1, the effective capacitance seen from the Cpp electrode to
the left or the right

249



238 4. High Signal-to-Noise Ratio DRAM Design and Technology

because if the memory array extends to infinity,
C1 =Cpo+1/(1/Cpp +1/C1);
- CL= (1/2)0})0(1 +X) ~ Cpo + CDD7
X = 1/1+4(Cpp/Cpo) ~ 1 + 2(Cpp/Cpo).

Thus, §; increases with higher density, which entails an increased Cpp.

Interference Noise During Amplification (d2). The read signals on the
data lines are simultaneously amplified by discharging the common sources
of the NMOS amplifiers shown in Fig. 4.40 from their precharge voltage (Vp)
to 0V. In this process, the difference in activation time between amplifiers,
if any, would generate large noises [4.22]. One source of the difference is the
above ;. When an activation pulse ($y) is applied to the common source to
amplify the signals in the worst case data pattern shown in the figure, the
adjacent amplifier SA, starts to amplify earlier than amplifier SA;. This is
because the Q2 gate voltage is higher, by J;, than the ()1 gate voltage. As
a result, a rapidly discharging voltage on DL; easily couples a large noise
(62) through Cpp to DL, because the DL, signal is still a small and floating
voltage which is subject to coupling. A larger difference in activation time
(i.e. larger 61) generates a larger noise.

The noise (J2) is calculated by using the previous analysis on the amplifier.
The voltage change (AVp) on DL, developed for the difference in activation
time (to — t1) shown in Fig. 4.41 [4.22] is expressed, via (4.4) as

AVp = {BK?/(6Cp)}(t2 — tr)?,
o0 o (CDD/CD)AVD = (CDD/CD){ﬁK2/(6CD)}(t2 — t1)3,

assuming that the additional activation delay due to d- is negligible. Since
(51 ~ K(tz - tl),

—Vs
SA1
DL+ DL 1
data lines <
-8
DL1 DL 1
: — Cmo
Cop = 77T
-
: SA2
DL2 DL2 Q:z
) —Vs —Vs
adjacent
data lines
DLz DL _
z Q2
(a) (b)

Fig. 4.40. The data-line interference noise, d2, triggered by 41 [4.22]. (a) When
reading; (b) when amplifying
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Fig. 4.41. The 02 generation mechanism [4.22]. Vp, precharge voltage

82 = (Cpp/Cp){B/(6Cp K)}6;. (4.19)

Thus, 42 increases rapidly with an increasing §; and Cpp. Actually, the
d2 generation mechanism is more complicated. In half-Vpp precharge,
02 depends on the signal polarity and the drive sequence of the NMOS and
PMOS amplifiers [4.44]. Other sources of 3, which make the activation time
differ, are an extraordinarily small signal on the specific data line, caused by
a large cell-leakage current and a-particle irradiation [4.45], and an exceptio-
nally large Vr for the specific amplifier.

Noise Reduction. The above noises are cancelled or reduced by a trans-
position (twist) of a pair of data lines or by a shielded data-line structure.
Figure 4.42a shows a transposition at the center of data lines (DL;, DL;). The
transposition couples the same noise (—§) from an adjacent data line (DL;)
to each of a pair of data lines (DL, DL,;), thus enabling its cancellation
by the differential amplifier. However, the noise (—4}) coupled from DL,
to DLs is never cancelled, although it is halved by the transposition. It is
cancelled by an alternate transposition [4.22, 4.23] shown in Fig. 4.42b. This

DL1 ¢ %{
DL1¢ =74
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¥ e DL~ &=
=5 = = =3
7 DLG_'Wl — y: 7
-0 &
7 DLz ¢ 7 A 7 .
(a) (b)

Fig. 4.42. Data-line transpositions [4.22]. (a) The principle; (b) alternate trans-
position
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4.3 Data-Line Noise Reduction 241

and Clyy . The total Cpw and Cfy, component along a data line is as large as
32—54% of Cp, and thus quite a large differential noise may couple to a pair
of data lines, especially for an open data line, as shown in Fig. 4.34 where
a Vsg bounce (AVgg) is assumed. For an open data line, a AVsg difference,
ds, between the left and right subarrays can exist. This is justified by the
fact that the long Vgg line that runs along pairs of data lines with a certain
impedance, despite the Al wiring, develops a different voltage between two
Vss-lines of the subarrays. The resultant differential noise of the open data
line equals dg(nChyw/2)/{Cp + (nChy /2)}, which is as large as 23mV for
ds = 100mV, n = 128, Cp = 300fF, and Cl; = 1.41fF. Thus, a more
careful Vg line layout becomes necessary as the physical array size increases.
The folded data line, however, locally cancels the noises coupled to a pair of
data lines, independently of AVgg.

4.3.7 Variation in the Reference Voltage

It is essential for the data-line reference voltage to be accurate against va-
riations of voltage, temperature, and the fabrication process. Its inaccurate
setting effectively causes a noise. The dummy cell, which is a kind of reference-
voltage generator, plays an important role in generating an accurate reference
voltage. In addition, the cell can cancel the word-line drive noise and equalize
the electrical characteristics of a pair of data lines.

Figure 4.44 shows typical dummy-cell circuits that have been the propo-
sed. Some of the original proposals are slightly modified for ease of unders-
tanding. Circuit (a) [4.25] is for half-Vpp precharge and the open data line.
After storing a half-Vpp in the dummy cell and turning off the equalizer FET,
the word and dummy word pulses are applied simultaneously. The circuit
achieves reduction of word-line drive noise, accurate setting of the reference
voltage, and a well-balanced capacitance between a pair of data lines during
amplification. However, an additional timing storing a half-Vpp in the dummy
cell requires a complicated circuit design and a longer cycle time. Circuit (b)
is for Vpp precharge and an open data line. To obtain a reference level on the
data line (DL), there are two combinations. One is V/ = 0 and ¢’ = Cg/2.
The other is V' = Vpp/2 and C’ = Cs. Both cancel the word-line drive noise.
The latter even equalizes the data-line capacitances. For the former, however,
there can be different capacitance-variation ratios, caused by different sizes
between the cell and dummy-cell capacitors for a given variation in the fa-
brication process. They eventually create reference-voltage variations on the
data line (DL). The latter also suffers from reference-voltage variations caused
by a characteristic mismatch between Vpp and a half-Vpp from an on-chip
generator. Circuit (c) is also for Vpp precharge and an open data line [4.47).
The dummy cell is just one coupling capacitor, of Cs/2. The dummy word
line is discharged to 0V just before cell activation, which differs from the
word line in terms of polarity and activation time. Thus, word-line drive
noise is never cancelled, but it is the sum of the noises at two crossing points
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(i.e. cell and word line, and dummy cell and dummy word line). It also suffers
from the drawbacks of reference-voltage variation and a residual capacitive
imbalance due to Cs/2 between the data lines. Circuit (d) is an application
of circuit (b) to the folded data line. Circuit (e) is for Vpp precharge and
a folded data line [4.48]. The dummy-cell capacitance (Cg) shared with two
data lines generates a reference level, with a resulting doubled Cp. However,
a differential switching noise is generated just before amplification, when two
data lines are isolated from the dummy cell. Moreover, the dummy-cell control
slows the access time. Circuit (f) is for half-Vpp and a folded data line [4.49,
4.50] without a dummy cell, which has been widely used in modern DRAMs.
A half-Vpp itself is utilized as a reference level. The drawbacks are residual
word-line drive noise and a data-line capacitive imbalance due to Cs, as
discussed before, despite the simple circuit design, the reduction in area due
to the elimination of the dummy cell, and an excellent setting capability for
the reference level. Circuit (g) is for quasi-half-Vpp precharge and the folded
data line [4.51]. For the precharge period, either of a pair of data lines is fixed
at Vpp or 0V, depending on the data of the previous cycle, which differs from
the conventional precharging scheme. Just after precharging, both data lines
and two dummy-cell nodes are equalized to a floating half-Vpp by activating
the equalizer (E). The subsequent activation of the word line (WL) with
the turning on of one dummy word line (DW,) enables equalization of the
data-line capacitances during amplification. In addition, it would cancel the
word-line drive noise with the help of simultaneous discharging of the other
dummy word line (DW5) if the pulse swings of WL and DW, were the same.
Actually, however,Vpp is applied to the dummy word lines, causing residual
word-line drive noise. This is because the floating voltage of the dummy
word line, boosted by a capacitive coupling, eventually degrades to Vpp for
the maximum precharge period of 10—20 us in the catalog specification. The
process of equalization and dummy word-line activation prior to word-line
activation slow the access time. Circuit (h) is for half-Vpp and folded data
line [4.52]. The data-line capacitive imbalance during amplification is reduced
to some extent despite inaccurate reference-voltage setting due to variation in
the fabrication process, incomplete cancellation of the word-line drive noise
due to the cell FET, and the need for four dummy word lines.

4.3.8 Other Noises

The voltage bump of the chip may degrade the signal voltage. For example,
for the folded data line combined with Vpp data-line precharge and Vpp
word-line activation, a low to high Vpp bump after the write operation posed
a serious problem in the 16 Kb and 64 Kb generations, where the Vpp cell
electrode had been popular. A voltage bump (AVp) during the precharge
period after write causes a bump (AVg = aAVp, where a is a constant) in
the cell-electrode voltage (Vg), as shown in Fig. 4.45 [4.1]. Thus, the storage-
node (N) voltages of non-selected cells are raised by about AVg. However, the
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node (Nd) voltage of a dummy cell is always fixed at 0 V by an Nd precharge
circuit. The difference in the voltage change between the cell node and the
dummy-cell node reduces the signal voltage developed on the data line, as
explained below.

When a cell that is storing 0V is read, the signal voltage, vs (“0”), is the
difference between the voltage changes on a pair of data lines, Av(DL) and
Av(DL). Thus,

vg(“0”) = Av(DL) — Av(DL)
o~ (Cs/CD)(VD2 — VT - AVE) - (Cé/CD)(VDg - VT)

The signal voltage, vg(“1”), when a cell that is storing Vpy — Vr is read, is
also expressed as

vg(“1”) = Av(DL) — Av(DL)
~ (Cg/Cp)(Vb2 — V1) — (Cs/Cp) (Vb — V).

Figure 4.46 shows the relationship between the signals and coefficient a for
AVp =1V [4.1]. For a = 0 the S/N ratio is determined by vs(“1”) because
v5(“0”) > vs(“1”). The condition a = 0 is realized by applying 0V to the
electrode, or by applying a dc voltage [4.53), raised by an on-chip generator so
as to be always constant against any Vpp variation, to the electrode. For a = 1
— that is, for the application of Vpp to the electrode (i.e. the cell-electrode
Vbp) — the voltage margin for vg(“0”) is worse because vg(“0”) < vg(“1”).
For a = 0.5 — that is, for a half-Vpp electrode — both voltage margins are
equalized.

A half-Vpp electrode combined with half-Vpp data-line precharge [4.54,
4.55] provides excellent signal characteristics that are immune to any Vpp
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bump, if half-Vp’s for the data line and electrode are supplied from a com-
mon voltage generator, and the word-line voltage is fully bootstrapped. The
resultant data-line precharged voltage, which always equals the electrode vol-
tage despite a Vpp bump, avoids signal component degradation, with a fixed
difference between the signal voltage and the reference voltage. Even in this
case, however, the poor driving capability of an on-chip half-Vpp generator
and its heavy capacitive load (i.e. an extremely large cell-electrode capaci-
tance of the array) may cause two different reference voltages. One is the
voltage supplied from a half-Vpp generator. This occurs when the precharge
period, together with the turning on of the precharge circuit, is long enough
for the generator to be able to manage the heavy load voltage. In this case
the reference voltage of the data line and the electrode voltage are same,
even when Vpp occurs during the precharge period. The other is the voltage
obtained by equalizing two amplified voltages (i.e. Vpp and 0V) on a pair of
data lines every cycle. This occurs when the cycle time is fast enough for the
generator to be unable to manage the load voltage. In this case, the reference
voltage can differ from the electrode voltage when the bump occurs. Thus,
two different reference voltages could be developed by a Vpp bump, causing
a signal-voltage reduction. The electrode voltage is bumped not only by a Vpp
bump, but also by various capacitive couplings from other conductors, such
as data lines and the substrate during amplification. In principle, the quiet
array offered by half-Vpp precharge and the folded data-line arrangement
eliminates these coupling noises.

Incomplete equalization of a pair of data lines would be another noise
source. A sufficiently short equalization time results in residual differential
noise, which depends on the write or rewrite data of the previous cycle.
Although it is not directly related to the cell S/N ratio, a large number of
coupling capacitances between data lines and a pair of I/O lines degrades the
stable operation of the main differential amplifier on the I/O lines. A large
voltage swing on each data line during amplification couples a voltage on
either of the I/O lines through the capacitance. The accumulated voltage
works as a noise for the main amplifier. This noise depends on the layout,
and is cancelled by transposition of a pair of I/O lines.

4.4 Summary

The high S/N ratio design and technology of the 1-T cell can be summarized
as follows. The need for the sophisticated technologies described above stems
from the drawbacks of the 1-T cell (i.e. no gain and the existence of a p-n
junction), as previously discusssed. The cell S/N ratio will be worsened in the
multigigabit era, when the signal voltage will decrease toward 100mV even
with a high-¢ dielectric film, as shown in Fig. 4.3, while the total (extrinsic
and intrinsic) sense-amplifier offset voltage will increase toward 100 mV. Since
there are other signal-voltage degradation components, such as the leakage
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current, and other noise components, as discussed so far, S/N design will
become tougher in the future. In any event, the key technologies are the
development of a large-signal-charge technology — such as high-permittivity
and thin dielectric materials for the cell capacitor — the reduction of the sense-
amplifier offset voltages through process, device, and circuit innovations,
and the realization of a quiet array, that is offered by the folded data-line
arrangement combined with half-Vpp precharge.
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5. On-Chip Voltage Generators

5.1 Introduction

On-chip voltage generation [5.1-5.8] is becoming increasingly important for
memory LSI design, as well as for other LSI designs. This importance is
being accelerated by a recent trend toward lower-voltage operation. In the
past, generators have been widely used in commercial memory chips such as
DRAMs and Flash memories, as explained in Chap. 1. For example, DRAM
chips have needed various kinds of power-supply voltages, which have been
generated internally by using a single external supply-voltage (Vpp), as shown
in Fig. 5.1. A negative voltage (Vgg) is a substrate bias voltage supplied to an
NMOS memory-cell array to ensure stable memory-cell operation. A boosted
dc voltage (Vpy or Vpp) is for word bootstrapping, to eliminate the drop
in the cell V. A half-Vpp (or VpL) achieves a half-Vpp (or Vpr) data-line
precharge for power reduction, and a half-Vpp (or Vpr,) cell-capacitor plate for
high S/N ratio design, as explained in Chaps. 3 and 4. Modern commercial
DRAMs of 16 Mb and beyond even incorporate an on-chip voltage down-
converter, which lowers Vpp to Vpr, by using an internal reference voltage
(VREF), to simultaneously achieve high reliability of small devices and power-
supply standardization. Flash memories have also used an extremely boosted
word-line voltage, and even a negative voltage, to relaxing a stress voltage to
a memory-cell FET, as explained in Chap. 1. Schematic circuits for generating
these internal voltages are shown in Fig. 5.2. The negative voltage (Vap) and
the boosted voltage (Vpp) are both generated by using a charge-pumping
circuit that consists of a capacitor and diodes working as rectifiers. Charges
are injected into the almost capacitive load by pumping the capacitor. The
lowered voltage (Vpr) is usually generated by using a differential amplifier
(op amp), which works as a comparator, and a PMOSFET. Vpy, is set to be
almost equal to an internally generated reference voltage (Vagr). In principle,
a half-Vpp is generated by a voltage division of Vpp. For these generators,
the load-current delivering capability, output-voltage stability, voltage-setting
accuracy, and low power consumption are major design concerns.

In all of the low-voltage CMOS LSI designs of the future, various inter-
nal voltages will be indispensable to reduce the subthreshold current that
exponentially increases with a decreasing Vr, as discussed in Chap. 8. In
fact, for low-voltage logic-oriented CMOS LSIs dynamic Vg controls [5.9,
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5.77, 5.78] through the use of internal voltages have been studied intensively.
They control V1 dynamically by changing the Vgg of the floating substrate.
However, possible problems are expected, since logic LSIs have never used
a floating substrate. Thus, the past experiences of DRAM designers who have
managed the problems involved in the use of a floating substrate would be
instructive to logic LSI designers. In any case, in the future, on-chip voltage
generation will be essential not only for memory designers, but also for logic
designers.

This chapter describes on-chip voltage generators. First, Vgg generators
for DRAMs with a floating substrate are discussed. The power-on character-
istics, coupling noise, substrate-current generation, substrate (or well) struc-
ture, and circuit configuration are the main topics for discussion. Second,
voltage up-converters (i.e. Vpu generators) are described from the viewpoint
of circuit configuration. Third, voltage down-converters (i.e. Vp1, generators)
are explained in terms of their basic design concept, loop stability, reference-
voltage stability, burn-in test capability, and voltage trimming. Fourth, half-
Vbp generators are briefly discussed. Finally, one of the most advanced on-
chip generators is explained, as a summary.

262



5.2 The Substrate-Bias Voltage (Vgg) Generator 251

5.2 The Substrate-Bias Voltage (Vzp) Generator

5.2.1 The Roles of the Vzp generator

The application of a substrate bias (Vgg) to DRAM chips has changed, de-
pending on the circuit and device technology. Until the 5 um NMOS DRAM
generation, a Vg of —5V was externally supplied to a p-type substrate.
After that, to achieve single-Vpp DRAMs, the Vgg has been internally sup-
plied by an on-chip Vg generator. Meanwhile, there have been advances
in the substrate structure and the application of Vg in accordance with
a technology transition from NMOS to CMOS. In the NMOS DRAM era up
to the 256 Kb generation, both the memory array and the peripheral circuit
were integrated on to one substrate of a chip, and Vgp was supplied from
the edge of the chip to the substrate through bonding pads or an on-chip
VBB generator. Therefore, each substrate of the NMOSFETSs in the whole
chip was common and was just the same as that of the chip. Even in the
succeeding CMOS DRAM era, the memory array has been kept the same
(i.e. an NMOS memory array biased at a negative Vpp). As for the peripheral
circuit, however, the back-biasing scheme has changed. Up to around 16 Mb
generation, the NMOSFETSs were back-biased at the same Vgp as that for
the NMOSFETSs in the memory array, while the PMOSFETSs had no back-
biasing (see Fig. 5.11). This was a result of utilizing a double-well structure.
Since around the 64 Mb generation, however, each NMOSFET or PMOSFET
has had its own substrate, without substrate biasing, by utilizing a triple-well
structure. Here, the different biasing schemes between the memory array and
the peripheral circuit derives from their different features, as discussed below.

The following is a summary of the main reasons why the Vpg generator
is needed.

Realization of Stable Memory-Cell Operation. The application of Vg
to the NMOS memory array ensures stable memory-cell operation with the
highest density, as follows.

Prevention of Memory-Cell FET from being Forward-Biased. To realize
a high density, a memory array must consist of single-channel MOSFET's
(NMOS or PMOS), although the use of NMOSFETSs has been popular. In
addition, the substrates of the NMOSFETSs must be common and connected
to Vg at the edge of the memory array. This can create a voltage difference
between the substrate and the source of an NMOSFET in the memory array.
In particular, the difference becomes largest when substrate bounces occur,
as a result of charging and discharging a huge number of data lines. Since
the voltage difference is just the substrate-bias voltage of the NMOSFET,
the NMOS characteristics would be dynamically degraded. This degradation
can be explained by using Fig. 5.3 [5.10]. Figure 5.3 shows Vr versus Vpp
for an NMOSFET in a CMOS structure as a parameter of the substrate
(i.e. well) doping concentration (V). Obviously, the change in Vr caused by
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a given Vg bounce increases with a shallower Vpp setting, and it is enhanced
with an increasing N. If the substrate voltage is set to be the same as the
source voltage (i.e. Vgp = 0), Vr is very sensitive to the Vg bounce. Even
a small Vg noise would make the NMOSFET forward-biased, and cause
a considerable decrease in V7, so that stored charges in a memory cell easily
escape to the data line. This tendency can be also explained by the following
expression, which is obtained by differentiating (2.6) with respect to Vgp:

AVr/AVes = (K/2)/+/|Ves| +2¥. (5.1)

Thus, the substrate must be deeply negatively biased for the NMOS memory
array, so that the change in Vi (AVr) caused by the Vpp noise (AVss)
becomes smaller. This requirement must be maintained for the memory array
in a CMOS DRAM chip.

The need to apply Vs to the memory array has been experimentally
proven with a 256 Kb CMOS DRAM (5.27] shown in Fig. 5.4, although the
chip incorporated PMOS memory cells storing Vpp or 0 V. No Vg generator
was used. To realize a latch-up immune structure, an n-well layer and an
epitaxial layer are formed on a low-resistane, high-impurity p-substrate. Vgg
(0V) and Vpp (5V) are applied to the p-substrate and the n-well, respe-
ctively. Thus, the sources of all PMOSFETSs in the memory array and the
peripheral circuit are at Vpp, while those of all NMOSFETs are at 0V.
A parasitic transistor (Q1) is never turned on, because the base is fixed
well at 0V throughout the chip, due to the low-resistane p-substrate. The
n-well surrounding the memory array can act as a barrier to protect the
memory cells against minority carriers injected into the p-epitaxial substrate.
In this scheme, however, local Vpp fluctuations tend to be created in the
large-sized and resistive n-well layer, while amplification and precharging are
performed with a large voltage swing of Vpp. Consequently, if negative-going
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pulses are coupled to the n-well through a large number of p—n junctions
at data lines. the PMOSFET in a memory cell may be forward-biased, so
that V1 is instantaneously small and charges stored in the cell escape to the
data line. Moreover, the p—n junctions formed by the n-well and the p~-
Vpp-terminals at the rim of memory array are also forward-biased, injecting
minority carriers (i.e. holes) so as to attack the cells, as cxplained later. It
has been reported [5.27] that to solve the problems the forward bias mmst be
suppressed to less than .1V, This requires careful attention to layout, such
as n-well strapping with low-resistivity metal wiring throughout the n-well
layer. Eventually, the biasing scheme was changed to boosting of the n-well
voltage over Vpp using a well bias generator [5.28].

Other Advenfages. The application of Vpn has other advantages, of less lea-
kage current in the cell and improved MOSFIET characteristics. Vg raises
the threshold voltages of parasitic MOSFETSs in the memory array. Thus, the
Impurity concentration of the channel stopper can be reduced, so that the
peripheral component of the p—n junction leakage current of the cell storage
node is reduced. Moreover, Lhe resulting improved narrow-channel effect and
small substrate-bias offect of the cell FET suppresses not only the increase
in ¥V In a region with a narrower channel, but also variation in V. This
eventually lowers the necessary word-line voltage. Furthermore, Vap rednces
p—n junction capacitance, thus reducing the data-line capacitance of the 1-T
cell. It has been reported [5.8] that for an open data-line arrangement, in
which the data line is composed of a diffused layer, signal voltage on the duta
ling was increased by 8% by changing Vg from 0V to —2.25V.

Realization of Stable Peripheral-Circuit Operations. Application of
Vo to the peripheral circuit of DRAMSs 1y also effective for ils stable opera-
tion, especially for NMOS DRAMs.

Prevention of NMOSFETs from being Forward-Biased. In NMOS DRAMs,
the source-to-substrate voltage of each NMOSFET can ftuctuate locally due
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to the internal noises, especially the Vpp noise coming from the memory
array. As a result, an NMOSFET can be forward biased, because the sub-
strate is common to all MOSFETSs, causing a large variation in Vi, as in
the memory array. The application of Vpp avoids this forward biasing. In
addition, a deeper Vpp biasing of the I/O circuit accepts a larger undershoot
of the input signal coming from the package input pin, because the p—n
junctions in a gate-protection diode or a diffused resistor are more deeply
back-biased. Note that if the undershoot of an input pulse exceeds the sum
of |Veg| + V (i.e. forward drop of the p—n diode), the Vgp-level is degraded,
because the diode forward current is rather larger than the Vpp generator
current. On the other hand, in CMOS DRAMSs the peripheral circuit does
not necessarily need application of Vpp. This is because the conventional
CMOS circuit allows the source of each MOSFET to be fixed, at Vpp for
PMOSFETsS and at Vgg (0 V) for NMOSFETSs. Moreover, it has traditionally
enabled a tight connection between the source and the well at each MOSFET,
so as not to create a source-well voltage difference, thus ensuring a fixed
Vg of 0V throughout the chip. The undershoot issue is also solved as long
as a well-fixed ground level is ensured by careful layout. Forward biasing
must be avoided, even for a recent low-voltage CMOS design [5.11], in which
a local Vgp was applied to specific wells in the peripheral CMOS circuit to
suppress the subthreshold current, with a resulting increased Vi, as discussed
in Chap. 8.

Minority-Carrier Reduction. If electrons (minority carriers) are injected from
a certain point of the peripheral circuit into the p-type substrate, they diffuse
far away and reach memory cells, because the diffusion length of electrons in
typical silicon substrates is greater than 100pum [5.20]. Then, the electrons
are trapped by the potential well of a memory cell that is storing a high
voltage, causing loss of information or a shortened data-retention time. Even
if a small amount of electrons are trapped at one event, repetitive trapping
makes the stored voltage low enough for information to be lost.

There are many sources of electron injection, as shown in Fig. 5.5. The ap-
plication of Vpp is effective in eliminate these sources, and preventing electron

/O pads Vpg generator. periphery memory cell
MOS C ‘ Voo
VBB Vi Vas V( Voo) gv— VD 2 /

Fig. 5.5. Sources of minority-carrier injection [5.1]
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injection. One of the major sources is the forward-biased p—n junction. The
forward bias is brought about by pulse undershoots at 17O pads, as discussed
previously, and by a diode (D in Fig. 5.6) in the Vg generator. Internal
spike noises caused by high-speed pulses may forward biag p—u junctions
throughout the chip. The solutions, which are similar to those for CMOS
latch-up, are: a deep Vg application to the substrate; the use of a low-
impurity epitaxial layer stacked on a high-impurity substrate; a memory array
surrounded by a well to isolate it from the peripheral circuit, as in Fig. 5.4;
and a Vpp-applied n'* guard ring surromnding the Vap generator, to trap
minority carriers from the generator. In addition, a Vgp gencrator placed as
far ag 500 um [5.1, 5.8] — which is sufficiently longer than the diffusion length
of electrons  from the memory array prevents minority carriers from reaching
any memory cell. Replacing the output NMOSFETSs of the Vag generator
with PMOSFETs cuts minority-carrier gencration [5.25], as discussed later.
Moreover, MOS capacitors in the peripheral circuit can be sources of minority
carriers. An inversion layer formed at the bootstrap capacitor or the bypass
capacitor might generate minorily carriers, although the detailed mechanism
remains unknown. The application of Vpp reduces the number of minority
carriers, and replacement of the inversion layer with a p* layer stops minority
carrier generation [5.7, 5.16]. Flectrons gencrated by itmpact ionization at the
NMOS drain are also injecied into the substrate [5.26]. Enough separation of
the sources (i.e. peripheral ¢ircuit) from the memory array, or the reduction of

Q 2y
Br.l.é? I
Ves
- p-sub. n* DL"-I
c, a L
A B 8 2Ty SUB Vag
L]

QSC, [requency N ey o ol
Coit e—= — € sup T Is8
R o
‘b s b
ring oscillator charge pump circuit load
Voo
A 0

VDD
0 A_IVT‘N [\—\ YT
B ‘ VAT V_‘ l/—
_VSDJrvT‘ ______ “¥opt¥n

sue

VYotV Vo

Fig. 5.6. A typical Vpp gencrator and its operating principle {5.1]
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Igg, is the solution. Some of electrons generated by a-particle irradiation can
attack the memory-cell storage node. The solutions are explained in Chap. 4.

Although an on-chip Vgp generator is strongly needed, a deep understan-
ding of both the generation scheme and the load characteristics is required
for a successful design. The inherently small current-driving capability of the
generator tends to make the Vg level unstable, and the floating Vg load
becomes a source of instabilities. In the following sections the relevant issues
are discussed, mainly citing a typical example of a DRAM chip comprising
an NMOS DRAM cell array and a peripheral circuit integrated on a p-type
substrate.

5.2.2 Basic Operation and Design Issues

Figure 5.6 shows a typical Vgp generator [5.5, 5.12, 5.13]. It comprises a ring
oscillator with an odd number of inverter stages (from five to nine), and
a charge-pump-related circuit that is composed of a MOS capacitor (C;)
and MOSFETs (Q;, Q2) working as rectifiers. A positive-going Vpp pulse at
node A pulls up node B to Vpp because C; > Cs. Then, node B discharges
until @; is turned off and its final voltage is Vi (i.e. the Vi of Q). During
the discharging process, ()2 diode remains cut off because of the back-biased
diode connection. Next, a negative-going pulse at node A pulls down node B
to a negative voltage, —Vpp + V1, turning ¢); off and Q5 on. Thus, node B
is charged up to —Vro (V12 is the V1 of Q2) by injecting the same amount of
charge (electrons) as the charge involved at node B, C1(Vpp — V11 — V12), to
'‘the substrate (SUB), giving the substrate a negative voltage. Although the
resultant substrate-bias voltage is quite small because of the huge value of the
substrate capacitance (Csyp > C1), repetitive pumping causes the substrate
to be gradually discharged. However, this discharging stops when Vpp reaches
the level, —Vpp + V11 + Vg, and @) cut off. Here, careful attention should be
paid so as not to turn on the parasitic devices in the generator: a diode (D)
formed between node B (diffused layers at the ¢ drain and )2 source) and
the substrate, and an npn bipolar transistor formed at (J;. Note that to cut
off the diode (D) Vry must be smaller than the built-in potential (= 0.6V,
the voltage drop of the pn diode) of the diode junction. In spite of this, the
n* layer of the diode, which is weakly forward biased by Vs, injects minority
carriers (electrons) into the substrate. A small Vo also prevents the parasitic
bipolar transistor from being turned on. The setting of a larger channel length
for ()1 is also effective in avoiding activation of the bipolar transistor.

In actual practice, the Vpp level is settled by the charge (electron) pum-
ping current (Icp) of the Vpp generator and the substrate current (Ipg)
flowing from NMOSFETSs in the internal core circuits to the substrate. Igg
is the hole component of the impact ionization current in the vicinity of the
drain of the NMOSFETS, as explained later, which is subject to shallowing of
VBB. Figure 5.7 shows the relationship between Icp and Vgg as a parameter
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Fig. 5.7. Icp versus Vg [5.12]

of Vpp [5.12]. The Vg generator is for a 64 Kb NMOS DRAM, using a chan-
nel length of 3um, a gate-oxide thickness of 40 nm, and a p-type substrate
resistance of 2—4Q - cm. The frequency (f) of a nine-stage ring oscillator is
4.2MHz at 5V and 25°C. The capacitances, C; and Csyg, are 10pF and
1300 pF, respectively. The pumping current, Icp, which is proportional to
C1Vppf, increases with Vpp, but decreases with increasing |Vgg| because of
a decrease in the effective gate voltage of J5. Beyond a certain value of Vgg,
Q- is cut off.

Figure 5.8 shows the relationship between Igg and Vpp as a parameter of
the memory cycle time (¢.) for 64 Kb NMOS DRAMSs [5.8, 5.12]. Obviously,
Inp increases exponentially with an increasing Vpp, while it is almost inver-
sely proportional to t.. When a Vap generator is incorporated in a chip, the
actual Vpp is the one at which Icp = Igg. Thus, the relationship between Vg
and Vpp can be expected to be as follows. When Vpp is still small, and thus
Igp is small enough to accept a small Icp, Vg becomes deeper with Vpp, as
shown in the regions of Icp ~ 0 in Fig. 5.7. However, when Vpp is increased,
Ipp starts to exceed Icp at a certain Vpp, since Igp increases exponentially
with Vpp while Icp increases proportionally with Vpp. This implies that at
this value of Vpp the number of holes injected into the substrate exceeds
the number of electrons pumped into the substrate by the Vgp generator.
As a result, Vpp starts to drop to a shallower level. An excessively shallow
VB results in a low Vr, especially for NMOSFETs with a large substrate-
bias effect coeflicient (K). Thus, the source-drain current (Ipg) of MOSFETSs
in the major internal circuits starts to increase, causing an increase in Ipp
since Igp is proportional to Ipg. The increased Igg drives the initial Vgg
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Fig. 5.8. Igp versus Vpp for NMOS 64 Kb chips

to a further shallow value. As a result of the positive feedback, Vgp rapidly
becomes positive, but is eventually clamped to 0.6V, which is the built-in
potential of a p—n junction diode, such as diode D’ in Fig. 5.6. For a smaller
value of t. (i.e. a faster cycle time) Vpp starts to drop at a lower Vpp, since
Igg is inversely proportional to t.. A larger Igp shifts the Vgg drop point
to a higher Vpp, despite the increase in the power dissipation of the Vpp
generator. This expectation has been experimentally verified, as shown in
Fig. 5.9 [5.7, 5.10, 5.12].

In the on-chip Vgp approach there are several possible problems: a large
rush current or CMOS latch-up; the incapability of burn-in test at a suf-
ficiently high stress voltage due to the degraded Vg level; unstable chip
operation caused by a large Vgg bounce during amplification of the cell-
signal voltage; the shortening of the cell data-retention time, due to minority
carrier injection from the Vpp generator; and an increase in chip stand-by
power due to the addition of the Vgp generator. In the following sections, the
Vgg-relevant problems and solutions are discussed in detail.

5.2.3 Power-On Characteristics

A large rush current would be developed during power-on. This is because
the substrate is biased to a positive voltage by capacitive coupling between
the power-supply node and substrate. This positive bias would make the Vp
of the NMOSFET negative and thus increase the Ipg of the NMOSFET,
causing a rush current in the chip. Even for CMOS design, the capacitive
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Fig. 5.9. Vgg versus Vpp for DRAM chips incorporating a Vg generator

coupling during power-on may cause CMOS latch-up, if the substrate is at
a floating Vgg. In the following, power-on characteristics will be explained.

The substrate starts to be discharged from an initial floating voltage of 0 V
toward a final deep Vg by charge-pumping of the Vgg generator. However,
it takes quite a long time to reach a final Vgg. In addition to a heavy Csyg,
a small number of charges pumped to the substrate per ring-oscillator cycle,
which stems from a low Vpp during power-on and the resultant low pumping
frequency, are responsible for the slow discharging. Moreover, during Vgg
discharge the positive-going Vpp couples a positive voltage to the substrate,
which is still at a shallow Vgg, through the Vpp node—substrate capacitance.
As a result, on the way to a final value Vgg is instantaneously raised to
a positive value, causing an unexpectedly large surge current.

Figure 5.10 shows the well-known substrate structure of an NMOS
DRAM. The current flowing from the Vpp node to the substrate during
power-on is expressed as

_ CpsCsuB AVpp
Cps + Csup At

I (5.2)
where Cpg is the total capacitance formed between the substrate and other
conductors such as the memory-cell plate (electrode) and data lines. During
this period, Vg is increasing toward the voltage, CpsVpp/(Cps+Csug), that
could be coupled to the substrate through Cpg. However, the p—n junctions
clamp Vgg to 0.6 V, which is the built-in potential of a p—n junction. There-
fore, a parasitic npn bipolar transistor is forward biased with a base current of
I;. Thus, as a result of current amplification, a large collector—emitter current
(I5) flows. I3 increases as the amplitude of the Vpp waveform is increased and
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the rise time is shortened. If the V1 of the NMOSFET is sufficiently negative
during the period of positive Vgg, it keeps on latching the Vgg to the clamped
positive level [5.10] even after Vpp reaches the final Vpp value of power-on.
This is because the source-drain current (I3) caused by the negative Vr is
too large to be managed by the Vgp generator. If Vr is not so negative, or is
still positive, even at Vgg = +0.6 'V, I3 is quite small or zero. Thus, after the
transient currents ([1, I3) relevant to the capacitive coupling have decayed
sufficiently, Vgp starts to fall to a negative value. In any case, the currents
(I1, Iz, I3) simultaneously generated by the above mechanisms are observed
as the power-on surge current. A considerable surge current may prevent
the power supply of the system from turning on if it exceeds the current-
delivering capacity of the supply. It has been reported [5.1, 5.6] that the
surge current of the Vpp capacitor plate of the folded data-line arrangement
can be reduced to one-third by the Vsg plate. Note that during power-off
VBB changes to a more negative value due to capacitive coupling, and then
discharges to ground with a long time constant. During this period, the Vg
generator remains off, and there are fewer problems, if any, because of the
ever-decreasing value of Vpp.

In the case of a double-well CMOS structure, a positive Vpp is subject
to CMOS latch-up. Figure 5.11 illustrates the cross-section of a double-well
CMOS 4Mb DRAM [5.14]. NMOSFETSs and stacked-capacitor memory cells
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Fig. 5.11. A cross-section of a double-well CMOS 4Mb DRAM chip {a) and the
equivalent circnit in relation to latch-up (b) {5.34]

are embedded in a p-well biased at Vg = —2.0V, which ig generated by an
on-chip generator. A half-Vjyp, also generated by another on-chip generator,
is appliced to both capacitor plates and data lines throngh precharge circuits.
The n-well for PMOSFETs is at Vpp, and thus Vag is 0V. Despite the
built-in structure of npn and pnp parasitic bipolar transistors (@1, @2). Q1
is cut off in normal operation because the €)1 base i1s deeply back-biased
at Vpg = —2.6V. During power-on, however, CMOS latch-up could occur
due to the forward biasing of the base-emitter of ¢} by a positive Vyg,
which is caused by coupling capacitances between the n-well and the substrate
(Cw ), the capacitor-plate and the substrate (Cp), and the data line and the
substrate (O, ). The variation in Vg (AVag) due to variation in Vpp (AVnp)
during power-on is given by:

Cw +{Cp +CL)/2

AVpn. 5.3
Cw + Cp + CL + Ch P ( )

AVpp =

Thus, AV = 0.72AVnp is obtained by using the parameters in the fgure.
This imnplies that latch-up starts casily, because Vpp is soon clamped to
around 0.6V at a AVpp as swall as 0.8V, on the way to the maximum
AVpp (= Vpp = 5V). The carrent (I;) flowing from the Vpp node to the
Vnr wode after clamping is given by
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Cp+CL\ Wi
r+00) Voo »

I1=<Cw+ 9 INE

Only a part of I; becomes the Q)1 base current (/g), and thus the collector
current (= hg I, where hg is the current gain) flows across the well-resistor
(Rw). The voltage drop at Rw could turn Q2 on, causing the latch-up.
Therefore, the latch-up susceptibility is proportional to

Cp + CL) AVpp

9 At X hfe X RW (5.5)

(CW +

To improve latch-up immunity, each term in the equation must be as small
as possible, although AVpp/At must be larger in terms of ease of use. The
following are device and circuit techniques to meet this requirement.

Figure 5.12 shows latch-up characteristics [5.14] as a parameter of an
n-well phosphorous dose. Obviously, a shorter Vpp rise time causes latch-up
more easily and a larger dose improves the immunity with a reduced Rw.
Here, if Vg can be enforced to be clamped to less than 0.6 V, latch-up never
occurs because the npn transistor is always cut off. The clamping is achieved
by an additional low-Vp MOSFET, as shown in Fig. 5.13 [5.15]. In normal
operation at a negative Vgp, the MOSFET is cut off because the drain voltage
and the gate—source voltage are 0V, causing no detrimental effects to the Vgp
generator. If Vg is raised to a positive value, the MOSFET is turned on,
because the gate-source voltage is positive, so that Vg is clamped to its V.
At Vgg = +0.5V the drain current is as large as 2mA, but the p—n junction
is still off. Note that the MOSFET must be large enough to sink a large Igp.
In addition, quite large Vr variations caused by physical and temperature
variations of the MOSFET eventually make the difference between Vr and
the built-in potential small, and the efficient clamp is lost.
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Fig. 5.12. The latch-up immunity of a CMOS 4 Mb DRAM as a function of n-well
concentration [5.14]
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Fig. 5.13. Clamping of the substrate voltage by a MOSFET [5.15]. (a) Cross-
section; (b) current versus Vg

Figure 5.14 shows a circuit for clamping Vgg to ground [5.14]. The circuit
gives a well-fixed Vg, which is free from the above-described Vi variations,
with a large difference from the built-in potential. The Vg generator consists
of a conventional Vg generator and a power-on reset-signal generator. The
reset-signal generator for pumping Cs, which is similar to the Vg generator,
is composed of a seven-stage ring oscillator, a charge-pumping capacitor (Cs),
and MOS diodes. During power-on the reset-signal generator starts to pump
node Ny earlier than the Vgp generator, because C3 < Csyg. While node
N, and thus the reset-signal POR,; are still at a low level, Qs is cut off.
However, the rising Vpp turns on ()4, allowing the substrate to be clamped
to 0V (i.e. Vgg-clamping). When the Ny voltage exceeds the logic threshold
of the next inverter, POR; goes up to a high level. Thus, @3 is turned on,
and node N1 is discharged to the substrate voltage (Vgg) of 0V, so that Q4
is turned off. After that, the substrate starts to be discharged by the Vpp
generator, as usual. The succeeding discharge is fast, because Vpp has been
high enough at this time. Here, the reset-signal generator tracks the rise time
of Vpp well, allowing the suppression of latch-up: when Vpp rises slowly, the
resulting low frequency of the ring oscillator makes the Vgp-clamping period
long, avoiding latch-up caused by the early release of Vgg-clamping. The Vpp-
clamping suppresses the Vgg noise coupled during power-on through the n-
well to substrate capacitance (Cyw in Fig. 5.11). However, it would not be valid
for other Vg noises from the memory-cell capacitor plate and the data lines,
because Vpp may be indirectly applied to them through a kind of delay cir-
cuit, which differs from C'w-coupling. In fact, Vpp is applied to them through
an on-chip half-Vpp generator, with a delay after the application of Vpp. In
this case, although the Vgp noise through Cyw is successfully suppressed and
Vpg starts to fall to a negative value, the subsequent other noises positively
coupled to the substrate through Cp and Cy, in Fig. 5.11 prevent Vg from
falling to the value. Therefore, the Vpp/2 generator must rise up completely
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Fig. 5.14. Control circuits for Vgg (a) and a half-Vpp (b) [5.14]

to its final voltage while the substrate is clamped at 0 V. Figure 5.14b shows
a Vpp/2 generator to meet this requirement. PORg-generation preceding
POR,-generation is always ensured, because C3 for POR; is smaller than
that for POR;. Figure 5.15 shows experimental waveforms of a CMOS 4 Mb
DRAM using the above circuits [5.14]. No latch-up was observed for all of the
doses shown in Fig. 5.12, despite wide ranges of variation of Vpp, of 4-7V,
and rise-time variations of 10—500 s.

5.2.4 Characteristics in the High-Vpp Region

The voltage margin in the high-Vpp region must be guaranteed in order
to perform the burn-in test with a high stress voltage. Since the test is an
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acceleration test, all of the voltages including Vg must be sufficiently deeper
during the test. However, a positive Vgp is generated at high Vpp, as seen
in Fig. 5.9. Thus, to meet this requirement, a deep understanding of the
behavior of the Vgg generator and of the MOSFETs in the high-Vpp region

is essential.

Figure 5.16 shows the Vg characteristics of a CMOS 4 Mb DRAM {5.10],
whose chip cross-section is similar to that shown in Fig. 5.11. They are similar
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to the power-on characteristics described before. When Vpp is increased from
a nominal value of 5V, Vg starts to be shallow at a certain Vpp (i.e. Vpp1)
due to the mechanism described earlier. The resulting reduced Vr increases
the source—drain current (Ipp) of each NMOSFET, and thus Igg. In turn, the
increased Igg makes Vgg shallower. Finally, such positive feedback results in
a positive Vg of 0.6 V, as explained previously. If V7 is negative at Vgg > 0,
the feedback is accelerated and Vpp stays at 0.6 V although Vpp is increased
beyond Vpp;. On the other hand, when Vpp is decreased from a high value,
Vgg remains at 0.6 V even below Vpp,, although the decrease in Vpp reduces
Igp. When Vpp reaches Vppa, at which Igg = Icp (i.e. the pumping current
of the Vgp generator), Vgp starts to return to a negative value. Thus, Vgp
has hysteresis characteristics for Vpp. These characteristics are avoided by
device design, as shown in Fig. 5.17. A low p-well concentration of below
(2 — 3) x 10 cm~3 is appropriate for the NMOSFETSs that are the same
FETs as those shown in Fig. 5.3. This is because the substrate bias effect
coefficient (K) is less and Vr is still positive even at Vgg > 0.

5.2.5 The VBB Bump

Even during normal operation after power-on, voltage changes at nodes in
a chip cause voltage bumps (AVgp’s) to the substrate through the node—
substrate p—n junction capacitances. This is because the output impedance
of the Vgp generator is so high that the substrate is substantially regarded as
a floating body. The major nodes that contribute to a large AVgp are the data
lines and outputs of decoders, because of a huge number of nodes and a quite
large capacitance at each node. For example, in an NMOS DRAM using the
Voo data-line precharge scheme, the simultaneous charging or discharging
of many data lines with an amplitude of Vpp couples a large AVpp. All
of the nodes of the decoders, except for the selected one, which have been
precharged to Vpp, are also simultaneously discharged and cause a large
AVpgp. Figure 5.18 shows AVgg components calculated for NMOS 64 Kb
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5.2 The Substrate-Bias Voltage (Vgp) Generator 269

When the cell is subsequently read, the signal voltage of the cell is degraded by
AV . Here, a AVpp as large as 1V at Vpp = 5V was experimentally obtained
with a 64 Kb chip using the cell, although this is smaller than the calculated
value shown in Fig. 5.18. Thus, the resultant AV is as large as 0.32V, since
the ratio of the junction capacitance (Cj) to the total cell capacitance is large
(~ 32%) in Hi-C capacitor. Thus, a cell voltage margin of a low level loses
by 13%, for an original margin of 2.5V.

The large Vg bump involved in the Vpp data-line precharging scheme
would result in unstable operation of the whole chip if the resulting Vgg were
to become positive, as discussed previously. For example, it would be hazar-
dous if high-speed column modes, each of which generated a large substrate
current (Igp), were to be applied after Vgp dropped by AVgg (i.e. a negative
Vap-bump) due to data-line discharging. If successive column modes continue
for the maximum duration as given in the catalog specifications (i.e. 16 us)
with the fastest cycle time (for example, less than 50ns) and the resulting
Ipp almost exceeds Igp, Igp makes Vpp gradually shallower, causing the
shallowest Vgp at the ends of the modes. The succeeding data-line precharge
creates a positive Vg bump, so that a positive Vpp is eventually developed
as a result of adding the bump and the shallowest Vpg.

To reduce the Vpg bump, a smoothing (bypass) capacitor built in the
substrate [5.16] has been proposed. However, a more effective solution is the
use of a combination of a half-Vpp data-line precharge, a folded Al-data-
line arrangement, and CMOS technology. In principle, a half-Vpp data-line
precharge cancels the bump, as discussed in Chap. 4. The use of an Al data
line suppresses AVpp with minimization of the diffused area of the data line.
The CMOS circuit allows only one of the decoders to be discharged, and thus
minimizes AVpp, as explained in Chap. 3.

5.2.6 Substrate-Current Generation

One of the most effective solutions to cope with the problems related to
the on-chip Vgp generator is to reduce the substrate current (Igg) of the
whole chip. Igg is generated only when the source—drain current flows in
proportion to the FET size (i.e. the channel width). Thus, the peripheral
circuit is the major source of Igg, because it is composed of large MOSFETs
that operate during the memory cycle. On the other hand, iterative circuit
blocks relevant to the memory array, such as decoders and word drivers, are
the minor sources, especially in CMOS design, although their total channel
width is huge. This is because only a small number of MOSFETSs, which are
smaller in size than those in the peripheral circuit, operate selectively. Thus,
reduction of the Igg of each MOSFET in the peripheral circuit is crucial. Note
that this reduction is also essential to ensure the reliability of MOSFETS, as
discussed later. In this section, Igg characteristics and Igp reductions [5.1,
5.17-5.19] are discussed.
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Igg Characteristics. As the MOSFET is scaled down for a fixed Vpp,
the electric field near the drain strengthens. Consequently, electrons flowing
from the source to the drain obtain a high energy from the high electric
field (so-called “hot electrons”), and generate electron—hole pairs as a result
of impact ionization at the drain, as shown in Fig. 5.21. Some electrons
from these pairs flow into the drain. The others are injected into the gate
insulator as the gate current (Ig) and are trapped there, causing a gradual
change in V1 and a decrease in the transconductance of the MOSFET. On
the other hand, some holes of the pairs flow into the substrate, resulting in
the substrate current (Igg). The Igg of an NMOSFET is three orders larger
than that of a PMOSFET, because of a large impact ionization coefficient
and a higher electric field due to a sharper impurity profile near the drain.
Thus, the degradation of NMOSFET device parameters is more prominent.
The maximum Igg, IBBmax, Which is usually developed at Vgs = Vpg/2, is
expressed as follows:

IBBmax 0.8 eXP(—’Y/VDS)7 (57)

where «y is a constant. The life time (7g¢) of an NMOSFET, which is defined
as the time when Vr degrades by 100mV due to hot electrons, is given by

THC X (IBBmax/W)—n/(f . tSUB), n=25-3.0, (5.8)

where W is the channel width, tsyp is the pulse width of the Igg pulse
with an amplitude of Igpmax, and f is the pulse frequency. Obviously, the
most efficient way to reduce Igg is to lower Vpg (i.e. Vpp), because Ippmax
reduces exponentially with a reducing Vpg. A one-order reduction of Iggmax
extends the life of the MOSFET by three orders. Even for a given Vpp, Ing
can be reduced considerably by the following improvements in the MOSFET
structure and circuit.

The Stress-Released Drain Structure. Figure 5.22 shows the well-
known LDD (Lightly Doped Drain—-Source) NMOSFET [5.20]. A low-concen-
tration n(n~) layer relaxes the electric field at the drain. As a result, the
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Fig. 5.21. The mechanism of hot-carrier injection [5.1]
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Vaag — Vr to 0V, Thus, the initial drain—source voltages of (); and ) at the
discharging are Vog — Vr and Vpp — (Vg — V), respectively. Obviously, the
total Igg of ), and (- is minimized when the lowest drain—source voltage is
simultaneously applied to both FETs. It is realized by Vog = Vpp/2 + V1,
which is obtained by equalizing both of the initial drain—source voltages. This
application of Vg reduces Igg by three orders, as shown in Fig. 5.23b. Here,
the use of a longer channel length for ) instead of (), insertion is not so
effective. For example, the change from 1 um to 2 um reduces Igg only to one-
third. This is because the strength of the electric field that contributes to Igp
is mainly determined by the drain junction depth and potential profile and
the gate-oxide thickness, rather than the channel length. In the conventional
CMOS inverter, the Igg generated during discharging the output is larger
than that generated during charging up of the output, because of the larger
Igg value of the NMOSFET. Igg increases with an increase in the output
capacitance.

Although the major source of the chip Igp is the peripheral circuit, the
Isg of MOSFETSs relevant to the memory array must be reduced. It has
been reported that half-Vpp data-line precharge has an advantageous Igg
reduction capability, with a halved drain-source voltage [5.21]. Not only does
it reduce the Igg of the I-T cell FET to three orders less than that of the Vpp
data-line precharge, but also the Igg of the sense-amplifier MOSFETs. Ho-
wever, attention should be paid to equalizing the MOSFETS [5.24] on a pair
of data lines. This is because the source—drain voltage, which is Vpp in the
initial stage of precharging, is so high that hot electrons are generated and the
resulting degradations in Vp and transconductance increase the imbalances
of a pair of data lines.

5.2.7 Triple-Well Structures

To solve the problem of Igg overloading in the on-chip Vgp generator, triple-
well structures are useful. These structures enable the separation of two sub-
strates, one belonging to the memory array and the other for the peripheral
circuit, so that different Vgp’s are applicable. For example, if the substrate
of the peripheral circuit can be well fixed to 0V throughout the chip while
that of the memory array is biased at Vgg, the problem is almost solved.
Figure 5.24 shows a triple-well structure proposed for a 16 Mb DRAM [5.29].
A negative Vgp is applied only to the NMOS memory-cell array and relevant
circuits that are embedded in a p-well on n-type substrate, while no back bias
is applied to NMOSFETSs and PMOSFETS in the peripheral circuit. In order
to operate a core circuit at Vit (i.e. Vpr) reduced by an on-chip voltage
down-converter, a p-well is added to the conventional double-well structure
(Fig. 5.11). Here, the converter and data-output buffers in the n-well operate
directly at Vpp. In this scheme, simultaneous applications of Vpp to both the
n-substrate and the n-well solve the power-on issue. However, the influence
of the Vpp bump, which is never suppressed by the Vgp generator, from the
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Fig. 5.24. The triple-well structure and biasing scheme [5.29]

whole n-substrate to the p-well of the memory array during power-on, remains
unknown. Another triple-well structure (see Fig. 8.28) proposed for a 256 Mb
DRAM [5.11] might be a strong candidate for future substrate structures.

5.2.8 Low-Power Vgg Generators

A low-power Vpp generator is strongly needed to keep chip stand-by power
low. The reduction of minority-carrier injection and low-voltage operation
are also important design issues. Various low-power techniques have been
proposed based on the circuit shown in Fig. 5.6. One example is the use of
mode switching, from a high-power mode in the active period to low-power
mode in the stand-by period. In the active period the generator must provide
a Icp large enough to compensate for the large Igp of the peripheral circuit,
while in the stand-by period it needs only a small Iop to compensate for the
small Igp caused by refresh-only operations with an extremely slow cycle.
Another example is the use of a level monitor, which detects the degradation
of the Vg output level so that the Vgp generator is switched to a high-Tcp
mode to recover the level.

Figure 5.25 shows a Vgp generator that features two sets of charge-pump
circuits [5.30]: a slow cycle ring oscillator (1) for supplying a small current
during the retention and stand-by modes, and a fast cycle ring oscillator (2)
for supplying a sufficiently larger current during the active cycle or when
the level monitor detects that the Vgg level is high. Thus, it minimizes the
retention current by shutting down the fast cycle circuit. Here, the CMOS
inverters (IV, and IV,) are waveform shapers, and inverter IV3 is a buffer
to drive a heavy capacitance (Cy). To suppress the current flowing into the
substrate, ()3 must be small (i.e. small W/L).
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Fig. 5.25. A Vpp generator with mode switching and a level monitor [5.30]
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Fig. 5.26. A Vg generator with pump-frequency control and output PMOS diodes
[5.31]

Figure 5.26 shows another alternative which stops the oscillation of the
VBB generator while the DRAM chip is not in an active cycle [5.31]. In normal
mode the ring oscillator provides a sufficient Icp at a high frequency, while
in battery back-up mode it oscillates intermittently only during the burst
requests of the refresh operation. A negative Vpp is realized by extracting
holes from the p-substrate by PMOSFETSs at the output stage. The use of
PMOSFETS there avoids minority-carrier (electrons) injection from the diode
in the generator to the NMOS memory cells.

Figure 5.27 shows another Vpp generator [5.25] in which charges are al-
ternately pumped twice a cycle by using PMOSFETSs (Q2, Q4). In addition,
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Fig. 5.28. A hybrid pumping Vgg generator [5.32]. (a) Circuit; (b) timing

the raised gate voltages of the cross-coupled @); and @3 eliminate their Vp
loss, offering a deeper Vgg of —Vpp + Vr(Q2, Q4). The Vr drop is still an
obstacle to obtaining a deep Vpg.

Figure 5.28 shows a Vpp generator that is suitable for low-Vpp opera-
tion [5.32]. All FETs except @1 are PMOSFETs. When clock ¢ decreases to
0V, the N; voltage also goes down to a negative voltage of —Vpp+|Vrp| (Vrp
is the Vi of Q3), and thus Qs is turned on, so that the Ny voltage is clamped to
0V, and Q; is cut off. When @ increases to Vpp, the N; voltage is clamped to
|Vrp| and thus Qs is cut off. At the same time, the N5 voltage instantaneously
drops to —Vpp due to capacitive coupling. Then, Ny and the substrate con-
tinue to be charged up and discharged, respectively, until both voltages are
equilibrated, allowing the charge at N2 to be pumped to the substrate. As
a result, one clock cycle deepens Vgg by §. Here, the pumping is performed wi-
thout drop in Vit at Q1, because the )1 gate voltage is sufficiently higher than
the N, and substrate voltages during the equilibration process. By repetitive
clock applications, the substrate is gradually discharged and the pumping
ceases when Vpp reaches as low as —Vpp. Thus, perfect conversion of the
power-supply voltage is established. In fact, a Vgg of —1.44V at Vpp =15V
has been obtained experimentally.
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5.3 The Voltage Up-Converter

5.3.1 The Roles of the Voltage Up-Converter

The voltage up-converter has been widely used to eliminate the Vp drop
in DRAM circuits and for programming Flash memory cells, as explained
in Chap. 1. The requirements for the converter, however, are different for
the two memories. The raised voltage (Vpu) necessary for DRAM is rather
lower than that required for Flash memory. Instead, the cycle time (¢cy.)
of the Vpy pulse for DRAM is rather shorter: In modern memory design,
with Vpp = 3.3V or 5V, Vpy for the DRAM circuit ranges from 4V to
8V with a boost ratio (VDH/VDD) of 1.3 — 1.5, while VDH for the Flash
memory is 12—-20V with a boost ratio of 2.4 — 6.0. The cycle time is about
100 ns for DRAM, while it is 1 us at most even for the Vp-verify operation of
the Flash memory. Thus, the Vpy generator for DRAM must provide more
charge to compensate for the charge loss at the load every cycle, if the same
load capacitance and conversion efficiency of the Vpy generator are assumed.
In addition to the existing memories, future CMOS LSIs will need a Vpy
generator to control Vr, as discussed in Chap. 8. In the following section,
Vb generation focused on DRAM applications is described.

In the past, three kinds of circuits in a DRAM chip have needed a raised
voltage. They are the memory cell, the data-line isolation circuit, and the
data-output buffer, as shown in Fig. 5.29.

e The Memory Cell. To perform a full write and full read operation while
eliminating a drop in Vr at the memory cell, the word voltage must be
raised to Vpu (so-called word bootstrapping).

I Vou DL
WL (> VDD+ VT) LI LT

_VDH VDH
1SO1 ~
VDD DL |s,o.2\‘0
( I 1 1

Fig. 5.29. Circuits using the boosted voltage (Vpg). (a) Memory cell; (b) data-line
isolation circuit; (¢) data-output buffer
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e The Data-Line Isolation Circuit. In the shared I/0O and CMOS amplifier
(see Fig. 3.60) a raised voltage (Vpy) must be applied to the gate (ISOI
or ISO2) of the data-line isolation MOSFETS, so that a data-input voltage
from the common I/0O line or an amplified cell-signal voltage is completely
transferred to the cell without a drop in V.

e The Data-Output Buffer. In a conventional floating substrate, the data-
output buffers have used only NMOSFETS [5.63] to avoid a possible CMOS
latch-up caused by an inherently large spike current at the I/Os. Conse-
quently, the gate voltage of the NMOS must be raised to cope with a drop in
Vi that degrades the speed, especially at a lower Vpp. Note that triple-well
structures that enable a grounded substrate permit the use of PMOSFETSs
without using Vpg.

The memory cell necessitates the highest Vpy of the three, which stems
from the special requirements of the memory cell. The narrow channel of the
cell FET, the narrowest within a chip, not only increases Vi and the substrate
bias effect coefficient (K'), but also the variation in Vi caused by variations
in the fabrication process. As a result, for example, the maximum cell Vr is
as large as 1.5V whereas the Vr of standard FETSs in the peripheral circuit is
0.5£0.2V, neglecting the K effect. What makes the matter worse is the fact
that the necessary Vi of the memory cell gradually increases with increasing
memory capacity, which comes from the requirement of the ever-increasing
refresh time ((REFmax), as seen in Fig. 4.17. Vpy must satisfy the following
equation:

Vb 2> Vpp + V5
Vou/Vop 2 1+ (Vr/Vpp). (5.9)

Thus, the boost ratio (Vpu/Vbp) is increased as Vpp is lowered under the
ever-increasing Vi of the memory cell, although the ratio has been about 1.5
in conventional designs for Vpp = 5 or 3.3 V. The relationship between the
necessary word voltage (Viy) and the boost ratio, and the data-line voltage
(Vbp), is shown in Fig. 5.30 where it is assumed that Vi = Vpg and that
Vo is fixed. Here, it will be shown below that a fixed boost ratio would be
hazardous in terms of device reliability: the worst S/N ratio of a memory cell
is established at the minimum data-line voltage (Vpmin ), thus calling for Viy >
Vbmin + V1. If the line of Viy = 1.5Vpp with a fixed boost ratio of 1.5, which is
for actual designs, is drawn at the Vpyi, value shown in the figure, the value
of Vi at the maximum data-line voltage (Vbmax) would be so high that device
reliability could not be ensured due to a high stress voltage. Moreover, the
excessive Viy — which would be higher than the device breakdown voltage
(BV) at the burn-in voltage (Vpg) — would destroy devices. Thus, a boost
ratio that is variable in accordance with Vpp is needed, as seen in the ideal
case in the figure.
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Fig. 5.30. The necessary word voltage and boost ratio [5.1]. Vpn, nominal data-
line voltage; Vpmin and Vppax, minimum and maximum data-line voltages with
a voltage tolerance (usually Vpn + 10%)

5.3.2 Design Approaches and Issues

Circuit Approaches. There are two approaches for generating the Vpy
pulse. One is to boost by AVs with a capacitor (Cg) after outputting a Vpp
pulse, as shown in Fig. 5.31a. The other is to use a raised quasi-static power-
supply voltage (Vpu) from an on-chip Vpy generator, as shown in Fig. 5.31b.
The latter has the advantages of high speed and less Vpg-level variation:
it eliminates the timing margin (mp;), which must be larger than the rise

Ce " Vo)
Vob VoH
Voo Vo
: I\L ;
Tp1
(a) (b)

Fig. 5.31. The generation of boosted pulses using a boost capacitor (a) and a raised
power-supply voltage (b) {5.1]
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Fig. 5.32. Boosted pulse generation through AND logic [5.1]. (a) AND logic with
a boosted pulse after traveling on a long line; (b) AND logic with a boosted power-
supply voltage

time of the Vpp pulse. Note that the rise time is quite large for a heavy
load capacitance, as in the word line. It also eliminates the line delay (mp3)
for AND logic of the Vpy pulse traveling on a wiring line and a high-speed
pulse (®,), as shown in Fig. 5.32. This case is for word-line driving by using
a decoder output pulse @,. Furthermore, it could generate a stable Vpy of
Vbp + V, which enables a variable boost ratio, by using a level detector, as
discussed later. On the other hand, Cg boosting suffers not only the drawback
of slow speed, but also has a fixed boost ratio that might destroy devices, as
discussed before. C'g boosting makes it difficult to achieve a variable boost
ratio, although this is partly realized by changing the number of pumping
circuits according to Vpp [5.59], and by combining double boosting in a low-
Vbp region with single boosting in a high-Vpp region, as discussed in Chap. 3
(see Fig. 3.51). It also suffers from large Cp/Co variations, and thus Vpgy-
level variations, due to variations in the fabrication process. Thus, the Vpu
generator approach is preferable.

Design Issues of the On-Chip Vpy Generator. In this section, the
design issues of the Vpy generator are discussed, after the concept of Vpy
generation has been explained. To design the generator, both the character-
istics of the generator circuit itself and its load must be clarified, because
they eventually determine the Vpy level.

The Generator Circuit. Figure 5.33a shows a generator composed of a basic
capacitive voltage doubler and the load. The doubler consists of a pumping
capacitor (Cp) and four switches (S} — Sy). The load capacitor Cy, is much
larger than the pumping capacitor Cp. Two non-overlapping clocks ¢; and &,
drive the switches. During the turning on of @, Vpp is applied to capacitor
Cp. During the turning on of @,, capacitor Cp is charged and then discharged,
so that a charge transport of (2Vpp — Vpu)Cp takes place between Cp and
C1,. When the output voltage Vpy is equal to 2Vpp, the charge pump is in

291



280 5. On-Chip Voltage Generators

b b2
2Vpp — | AV = (2Vpp—Vpu)Cp/(CL+Cp)
Vbp Vg: f; Von
r“‘""‘} Np voltage
¢2 Sa ¢1 S1 ¢2 e g ¢|_ 0 l |
} i / Vo / T
S _
¢1 Sz cP NP ¢ CLl i AC ‘kd’L
: I R
Vpy -generator static load dynamic load
(a)
Vou Av=i- At/q
Vo
t
] At t
(b)
Von L Avy=av, L
Vo Jl N V %V2=a(vo Avy)
¢ t  a=ac/(c+a0)
0 t
()
VpbH ¢|_¢|_ ¢|_
) _Lt—t_'———\__‘_
0 1
(d)

Fig. 5.33. Vpy degradation of the circuit (a) for various operational modes. It
is assumed that there is no supply current from the generator. (b) is due to only
the p—n junction current of the static load, (¢) is due to only the refresh-operation
current, of the dynamic load, and (d) is due to only the random-access operational
current of the dynamic load

equilibrium, and does not transport any charge. This is the case for no sink
current (i.e. load current).

The Load Characteristics. Actually, two kinds of sink current exist at a DRAM
load that consists of a static load and a dynamic load. One is a small dc
current of 1-100 nA that is always flowing at the back-biased p—n junctions
in the static load. The other consists of large spike currents that flow only
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when the dynamic load is activated. The spike current flows sequentially
during every 16 s cycle time for refresh operations of the stand-by mode, or
flows at random during active periods. Here, the load currents for a 0.5 um
16 Mb DRAM [5.1] are estimated as follows. The word line and the data-line
isolation circuit, which operate at Vpp, consume 80 pC and 110—320 pC every
cycle, respectively, thus consuming average currents of 0.7 mA and 1—-3mA at
a cycle time of 110 ns. As for the data-output buffers of x4 bits configuration,
the charge and current are 60pC and 1.3mA at a page-mode cycle time
of 45ns. Thus, the total load current is 3—5mA, although wider data-bit
configurations and higher-speed burst modes further increase the current.
During the stand-by mode, in which the data-output buffers are inactive
and the chip operates at a slow refresh cycle of 16 us, the total current is
reduced to 15—30 LA, because it is inversely proportional to the cycle time.
The currents degrade the Vpy level, as shown in the figure, assuming that
there is no supply current from the generator.

The Combined Characteristics. When the generator is connected to the ac-
tual DRAM load, the output voltage Vpy settles at a certain voltage at which
the supply current of the generator and the load current (I1,) are equalized. If
Iy, is a dc current, Vpy is calculated for the voltage doubler [5.72] in Fig. 5.34
as follows. In the voltage-doubling process, four phases can be distinguished.
The first phase, T, is when the &, switches are turned on. The second phase,
T, is when they stay turning on. The third phase, T, is when the &, switches
are turned on. The fourth phase, T5 is when they stay turned on. During 77,
the charge on Cj, decreases by [1,77. During 75, the charge on Cf, decreases
by I T»CL/(Cp + C1). In the stationary condition, during The, the charge
on C1, thus increases by the sum of the above-decreased charges, which is
expressed as

Cr,
AQCL Toe) = I (i To = |- 5.10
@G Too) L(1+ 20P+CL> (5.10)
Vv VDD+ VN
v 2Vpp [rrosmmr ey e
= \"—\ N
92 /s, ¢1; s, % Vou Vo =/ average Vpy

Voo
Ji ST A

0 i

X *—x

(a) (b) Tie T1 Tae To

U

Fig. 5.34. A voltage doubler (a) and node voltages (b) [5.72]. V, voltage difference
between Cp electrodes

293



282 5. On-Chip Voltage Generators

On the other hand, during 75, the charge on Cp decreases by the amount of
charge that Cr, has delivered to the load. The decreased charge is thus given
as

CL
AQCr, To)=I, | T1 + T ————). 5.11
Q(Cp, T2e) L(1+ 2CP+CL> (5.11)

During T5, the charge on Cp decreases by I.T5Cp/(Cp + CL). Hence, the
total decrease in charge on Cp equals I, (71 + T3). This charge is delivered
to capacitor Cp during T1.. As can be seen in the figure, the average output
voltage Vpy is given by

AQ(CPu T2e) _ 1 AQ(CL, T2e)

Vou = 2Vpp — o 5 o
Cy, 1 1
=2Vop—6L (Ty + 1T ——— N
DD L( 1t 2Cp+cL> (cp+2cL)
>~ ZVDD — ILTc/CP, (512)

if Cp « Cp and T =T + Ts.
The ripple on the voltage Vpy is obtained as

_ AQ(CL,Te) I Cy ) o ITc

eripple = CL - 5’[’: (Tl + T2 CP I CL - CL .

Note that the ripple must be suppressed to be as small as possible, because
a large ripple may cause a high stress voltage in devices.

To obtain a well-regulated Vpy with a small level degradation and ripple,
a small I, and a large C, are preferable. A fast pumping cycle and a large
Cp are also essential, although they increase the power of the generator. For
the dynamic load of DRAMs, however, Vpy regulation is more complicated.
A small load current in the refresh operation makes regulation easy with the
low power caused by slow cycle pumping. However, a large random-access
current may result not only in a high power level in the converter, but also
fatal degradation of the Vpy level. The Vpy level monitor scheme, which is
discussed later, is an effective way to compensate for the level degradation.
For example, as soon as a large load-current mode starts to operate, the
Vpu level gradually decays toward the next equilibrated level. The level
monitor detects a desired level on the way to the equilibrated level, and
makes a further Vpy degradation stop, with more pumping current. The
scheme eventually causes another ripple, which is different from the above.
It is also desirable to have this compensated for within one active cycle by
using a chip-enable clock (see Figs. 5.41 and 5.42).

(5.13)

Design Issues. The key issues of the generator can thus be summarized as
a high but variable boost-ratio design, and the concurrent achievement of low
power and high supply current, while keeping a well-regulated output voltage
against dynamic load operation and variations in the fabrication process.
Over-voltage protection is also indispensable.
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5.3.3 High Boost-Ratio Converters

Figure 5.35 shows a conventional charge-pumping circuit [5.73]. The clock &,
works as switches So and Sz, controlled by clocks @; and @, in Fig. 5.34; while
a precharge NMOS Mp works as switch S;. A transfer NMOS M; acts as the
series switch S4. In this circuit configuration, however, the Vi drops at Mp
and M; and the substrate-bias effect of M; reduce Vpy, causing degradation
of the boost ratio Vpu/Vpp, especially at low voltages. A feedback charge-
pumping circuit [5.38], shown in Fig. 5.36, solves this problem. By utilizing
a feedback MOSFET, node N; is precharged at Vpp, instead of Vpp — Vp,
while Py is “high”. Thus, node N is boosted to 2Vpp when P15 goes up, a full
Vbp is stored at node Ny while P, is “low”, and node N» is boosted to 2Vpp
when P; goes “high”. This feedback technique can eliminate a voltage loss due
to the threshold voltage of the NMOSFETSs. Figure 5.37 shows the whole Vpg
gnerator. The major components of the converter are a main charge-pumping
circuit, as shown in Fig. 5.36, a transmission gate M, and a control pulse
generator for the transmission gate. The control pulse generator consists of
a 3Vpp driver to drive the gate of the transmission gate, a 3Vpp booster to
generate a voltage of 3Vpp and to feed it to the 3Vpp driver, and a 2Vpp
booster, which generates a gate control signal for the 3Vpp driver. A timing
diagram for the drive pulse is shown in Fig. 5.37b. Node N3 is boosted from
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Fig. 5.36. A feedback charge-pump circuit [5.38]. (a) Circuit; (b) boost ratio
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Fig. 5.37. A Vpy generator with a feedback charge-pump circuit [5.38, 5.73].
(a) Schematic of circuit; (b) timing diagram

Vbp to 2Vpp at t;. Before t;, node Ng stays at Vpp, since both the node Ny
and node Nj voltages are 2Vpp. When P, goes “high” and Pog goes “low” at
to, node Ny is boosted from 2Vpp to 3Vpp and node Nj is pulled down from
2Vpp to Vpp. Then, node Ng goes from Vpp to 3Vpp, the transmission gate
M; is turned on, and 2Vpp is obtained at the output of the Vpy converter.
In actual, the boost ratio is degraded by parasitic capacitances at the nodes.
However, an almost constant boost ratio as large as 1.8 was obtained at
Vbp = 0.5—2V for a Vpy generator with feedback, while a decrease in the
boost ratio was observed when Vpp was less than 1.5V for a conventional
generator without feedback [5.38], as shown in Fig. 5.36b. One drawback
is that the transfer NMOSFET M; needs a highly boosted gate voltage to
eliminate the drop in Vr.

Figure 5.38 shows another voltage doubler [5.74], using PMOS transfer
gates. Although a boosted gate voltage is not needed, reverse biasing of the
junctions must be ensured, with the n-well (i.e. substrate of the PMOSFET)
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Fig. 5.38. A voltage doubler, using a dual PMOS series switch and n-well switching
(5.74]
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Fig. 5.39. A charge transfer pumping circuit [5.73, 5.75]. (a) Schematic of circuit;
(b) timing diagram

voltage always higher than the source voltage. This is done by two sets of
cross-coupled PMOSFETs. M3 and My are the transfer gates to alternately
pump the load. M; and My quickly give the highest voltage to either of the
n-wells of M3 and My, to ensure the reverse bias of the junctions.

Figure 5.39 shows a charge transfer pumping circuit [5.73, 5.75]. The
circuit would operate as a pair of conventional pumps if the transfer MOSFET
M; was eliminated. In this circuit, one pumping node (for example, N;) is
finally at Vpy, while the other pumping node (N3) is at Vpp after applications
of clocks P; and P, followed by clock P3 or clock Py, if each of clocks Pg
and P4 has a high enough level. When clock Py is activated, both nodes are
equalized at (Vb + Vbp)/2 by M1. They are boosted to (Vpu + 3Vpp)/2 or
dropped to (Vba — Vbp)/2 by the succeeding clocks P; and Ps. The boosted
voltage contributes to the charge pumping to the load by activating P3 or
P4. If we suppose that Cp; and Cpy both equal C, the delivered current Ipy
to the load is C(3Vpp — Vpu)/tc (where ¢, is the pumping cycle time). This
is large enough compared with 2C(Vpp — Vpr)/t. of a pair of conventional
pumps. In fact, experiments have revealed that it generates more than twice
as much Ipg compared with the conventional pump at Vou/Vop = 2.5/1.5V,
and even at Vpu/Vpp > 2.0 it can still generate a charge.

5.3.4 Low-Power, High Supply Current Converters

Practical generators based on the above-described generator design have been
proposed for commercial DRAMs using a Vpp of either 5V or 3.3 V. Their
common concept, which is similar to that of the Vpp generator, is the use
of a level monitor, feedback techniques to obtain a well-regulated Vpy, and
switching of the supply-current of the generator. An over-voltage protection
circuit is also commonly used.
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286 5. On-Chip Voltage Generators

Figure 5.40 shows a Vpp generator for increasing the voltage from 5V
to 7V [5.57], featuring two sets of converters. To maintain the Vpy level
with a low power during the stand-by period, only low-frequency pumping is
carried out by a ring oscillator (OSC). When the chip is activated by enabling
an external clock (RAS), the resultant internal clocks (¢;, @2, and ®pg)
activate another pumping circuit. Thus, charges are injected into the load
every active cycle. A voltage clamper, which is omitted in the figure, protects
the devices from over-voltage by connecting node G4 to a constant voltage
such as Vp, through series-connected diodes. The current consumption of the
converter is 3mA at the 60 ns cycle time of a 5V 1 Mb BiCMOS DRAM.

Figure 5.41 shows a Vpy generator with a level monitor [5.65] to detect
the Vpy level. When the level is low, a ring oscillator starts to operate so that
a pumping capacitor Cp is driven and thus Vpy is raised. When Vpy reaches
a certain level, the level monitor turns the ring oscillator off, so that charge
injection to the Vpy load stops. A more detailed explanation is as follows.
The whole circuit is activated by an ENABLE signal, which is a slow-cycle
pulse, such as a refresh control pulse of 16 us cycle time during the stand-by
period, or a random pulse generated synchronously with activation of a chip-
enable signal. Here, it is assumed that the Vi of the level-detecting MOSFET
Qum is the same as that of the memory-cell FET. First, operation during
the stand-by period is explained, with the inputting of a slow-cycle refresh-
control (ENABLE) pulse. This input makes the Qu gate high, because node
a rises to a high level. When refreshing the cells, a word-line activation lowers
Vbu. As long as the resulting Vpy is higher than Vpp + Vp, however, Qum
continues to be switched on, allowing @J; and @ to form a current mirror.
Thus, node b is held at a high level if the transconductance of Q5 is sufficiently
larger than that of Qg or Qg, and the detecting speed (i.e. the time until Q5
detects a high level at node a) is fast enough. Thus, the ring-oscillator enable

[«— 1cycle —

RAS Y / o

LN T | 7l

¢, 92 Vou G3 Gy m

Fig. 5.40. A Vpy generator consisting of two sets of generators [5.57]
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Fig. 5.41. A Vpy generator with a level monitor [5.63]

signal (OSCEN) is kept at a low level, turning the oscillator off. If Vpy is
lower than Vpp + Vr, however, node b is discharged by Qo and @Qf because
@2 is off, which allows the oscillator to start to oscillate with a high-level
OSCEN. The resultant low OSC makes not only nodes ¢, d, and e high,
but also nodes f and g change from Vpp and Vpy to 0V and Vpp — Vr,
respectively. Even when ENABLE is turned off, the input NOR gate allows
node a and OSCEN to maintain the same levels, allowing the oscillator to
continue oscillating and the Qu gate to be at Vpy. Thus, the level monitor
is ready for Vpyu level detection. The succeeding high OSC eventually makes
node f change from 0V to Vpp. Since (4 is on while @5 is off at this moment,
the voltage change by Vpp that is developed across Cp injects charges into
the Vpy load, so that Vpy is raised slightly. Subsequent repetitive OSC pulses
gradually increases Vpy, until it reaches Vpp + V. As soon as Vpy exceeds
Voo + Vr, Qu is turned on, so that the oscillation stops and thus Vpy stays
at Vpp + Vr. Thus, Vpy is maintained at the same value by application of
the refresh-control pulses. Even when the chip is accessed at random, Vpy
degradation is compensated for in the same manner by application of an
ENABLE pulse generated synchronously with a chip-enable pulse. Here, the
insertion of the NMOSFETs (for example, Q)f) with their gates biased to Vpp
is to protect the relevant MOSFETSs from the high stress voltage of Vpy, as
discussed -previously (see Fig. 5.23). The separation of ()¢ and Qg not only
reduces the stress voltage of g, but also allows @, whose channel length is
sufficiently large, to almost determine the effective trapsconductance of the
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5.3 The Voltage Up-Converter 289

series-connected Qg and Q. Thus, the transconductance is less sensitive to
variations in the fabrication process, and the capacitance of node a is reduced.

Figure 5.42 shows another Vpy generator [5.64]. It features the use of
two kinds of charge-pumping circuits, a main pump and an active kicker,
to provide charges for a purely capacitive output load. The main pump
compensates for a small charge loss due to the leakage current of the load.
It is driven by a ring oscillator, which is activated when Vpy is lower than
the level determined by the level monitor. The active kicker operates syn-
chronously with the load-circuit operations, such as ISO driving (Fig. 5.28),
word-line driving, and output buffer driving. This circuit compensates for
a large charge loss due to the load circuit operations. Slow-cycle operation
of the main pump and extremely slow-cycle operation of the active kicker in
data-retention mode provide a minimized retention current.

The Vpu operation of data-output (Deyt) buffers is becoming more diffi-
cult. The ever-increasing need for wider data-bit I/O and higher-speed burst
(column) modes are responsible for this difficulty. Figure 5.43 shows a Dyt
buffer scheme [5.65] in which a level-compensation circuit (LCC) is attached
to each Dy, buffer. When a high (H) data that consumes Vpy charge is
inputted after Vpy has been degraded, Vpy is compensated by the charge-
pumping. For Vpp = 3.3V, a 25ns cycle time, and x16 data-bits I/O, this
Vbu generator consumes 8 mA for all “H”s, 4mA for eight “H”s and 0 mA
for all “L”s, enabling reduction of the average current.

Voo
Fr-o-====s=sss=s=s=s=====" A
> 0Dyt (15)
L e H level monitor
. signal Ce
___________________ LM
H H _ Vbn
T LCC : level compensation
E . circuit (LCC)
! ¥ : Vo
t | Dy buffer ———0Dg; (0) T Voo
bcmrcceree e == o 4
Vo H data levetl shifter —I
| VDH supply o
L vl " d Dout
evel monitor
LM L data Dgyut buffer

(@) (b)
Fig. 5.43. The operation of a Doyt buffer at Vpy [5.65]
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5.4 The Voltage Down-Converter

5.4.1 The Roles of the Voltage Down-Converter

An on-chip voltage down-converter has been widely used in commercial
DRAMs since the 16 Mb generation, through continuing research [5.33-5.36].
The converter is a key to realizing power-supply standardization and low cost
in general-purpose DRAMs, and high speed and the battery operation of LSIs.
Here is a summary of the main reasons why the converter is needed [5.1].

Realization of Power-Supply Standardization. The standard supply
voltage of a DRAM is dictated by the system supply, which is not scaled fast
enough to keep up with advances in CMOS device technology. Therefore,
a voltage down-converter that can bridge the supply gap between the system
and internal core-circuit devices needs to be integrated on the chip [5.35].
This converter can adjust the converted voltage in accordance with the lowe-
ring of the breakdown voltage of the ever more miniaturized devices, while
keeping the external power-supply voltage (Vpp) the same for as long as
possible. Power-supply standardization has actually been realized with the
help of a converter since the 16 Mb generation. Thus, quadrupling of memory
capacity every three years has been possible with the same Vpp, despite the
ever-lowering device breakdown voltage. Moreover, successive chip-shrinking
with a fixed memory capacity (Fig. 3.2) has been realized, to reduce the bit
cost with the same Vpp.

Realization of Battery Operations. There has been an increasing num-
ber of papers [5.37-5.39] aimed at battery operation of LSIs. The unregulated
supply voltages from various batteries inevitably require a wide range of
operating voltages to be supplied to LSTs. An on-chip voltage down-converter
can fix the internal operating voltage well, regardless of such external supply
voltages. It also protects the internal core circuit against high voltages, across
a wide range of voltage variation.

Realization of Flexible Designs. The voltage-down converter allows the
output voltage (Vpr, i.e. the internal operating voltage) to be adjusted in
accordance with any variation in the design parameters, such as the supply
voltage (Vpp), the temperature, and the device parameters. This capability
offers the prospect of flexible designs for future LSIs. For example, if Vpy, is
fixed well and is sufficiently lower than Vpp, the chip speed is almost cons-
tant, independent of any Vpp variation. Furthermore, any chip performance
could be obtained, if Vpy, was intentionally adjusted by tracking temperature
and fabrication-process variations. The converter could even compensate for
a speed loss caused by mobility degradation at a high temperature, if Vp1, was
increased with increasing temperature. Similar compensation could be carried
out for the longer channel length and higher Vi that result from volume
production. The converter could even compensate for the leakage current
of a memory cell, which increases at a high temperature due to an increased
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cell-stored voltage [5.40, 5.41]. A universal power-supply scheme [5.42], which
accepts a wide range of external power-supply voltages, is one application of
the voltage down-converter.

The practical voltage down-converters proposed so far can be categorized
as the NMOS-output converter [5.67-5.70] and the PMOS-output converter,
each of which has a feedback loop, as shown in Figs. 5.44 and 5.45. The
NMOS-output converter has fewer stability problems, and does not require
a large output capacitor, due to the inherently low-ohmic output impedance
of the source—follower structure — unlike the PMOS-output converter. Ho-
wever, the maximum driving current of the NMOSFET, developed at the
highest gate voltage, is small. This is because the effective gate—source vol-
tage, expressed as.

VGsmax — Vrn = Vop — VoL — Vo, (5.14)

is small. In particular, it is prominent for a low dropout voltage (i.e. a small
difference between Vpp and Vpy,). Note an increased threshold voltage (Vi)
due to the substrate-bias effect (i.e. body effect). For example, the resultant
Vrn is as large as 1V, which is not suitable for low dropout applications

Voo Vop

VRer

Fig. 5.45. An PMOS-output converter (a) and its equivalent circuit (b)
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292 5. On-Chip Voltage Generators

such as Vpp = 3.3V and Vi1, = 2.5V. On the other hand, the PMOS-output
converter (Fig. 5.45) allows the PMOSFET to turn on more strongly with
a higher gate—source voltage and a smaller threshold voltage, due to the
abscence of any body effect. In this case the maximum effective gate-source
voltage is expressed as

Vasmax — [Vrp| = Voo — Vrer + Von — Ve, (5.15)

because the lowest PMOS gate voltages, i.e. the lowest drain voltages of
paired NMOSFETSs in the saturation condition, must be Vgrgr — Vn. Thus,
lower Vpp and lower dropout applications are acceptable. However, the cir-
cuit needs a compensation circuit for feedback-loop stability, because it is
a negative feedback circuit consisting of a high-gain amplifier and a high-
gain PMOSFET. Moreover, the FET size tends to be large due to the low
transconductance of the PMOSFET.

Several attempts have been made to solve the above problems for both
circuits. Figure 5.46a shows a boosted gate NMOS-output converter [5.69).
Since the gate voltage can exceed Vpp, the converter can have a low dropout
voltage. However, the pump and amplifier circuit need to be designed with
care, so as not to destroy the low-voltage devices. If a voltage doubler is used
as the pump, the devices could undergo a stress as high as 2Vpp. So, longer-
channel devices, device stacking, and other circuit techniques are necessary
to reduce the stress on each device. The same applies to the amplifier, which
typically has stacked devices. In addition, the pump and amplifier consume
a large area and power, which originate from the boosted gate voltage. The
output voltage division shown in Fig. 5.46b increases the voltage swing at
the PMOS gate with a resulting lowered Vrgr. However, this in turn poses
a difficulty, in obtaining a large constant amplifier current, and thus may
cause degraded Vpp, regulation, as discussed later. A buffer circuit inserted
between the amplifier and the PMOSFET [5.46, 5.71] may deliver a large
voltage swing to the PMOS gate, in spite of a small swing at the amplifier

Vboost VDD

& vy B

Vioost>VoD
VReF—| +

_\'—VGS
oS

nr

(a)

Fig. 5.46. An improved NMOS-output converter (a) [5.69] and a PMOS-output
converter (b)
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output. However, the high gain of the buffer tends to make the feedback
loop unstable. Eventually, however, the PMOS-output converter has become
widely used in commercial DRAMs through the solution of the stability
problems. Phase compensation using an on-chip capacitor and resistor is the
key to stabilization, as discussed later.

5.4.2 The Negative-Feedback Converter and Design Issues

In the past, a negative-feedback voltage down-converter [5.33] utilizing the
Vr of a MOSFET as a reference has been proposed. Eventually, however,
the negative-feedback circuit consisting of a PMOSFET and a comparator
(differential amplifier) [5.40, 5.43, 5.46] shown in Fig. 5.47 has become stan-
dard for commercial DRAM designs. The current-mirror differential amplifier
compares the output voltage (Vpr,) with the reference voltage (Vrgr). The
resulting output signal controls the gate of PMOSFET(Q), so that Vpy, is

comparator

Vop
Ql%];
VRer
VoS

current-mirror differential amplifier

V REer

J(\Ei IETEVDD
Vrer — Vs
Is
6 VREF=3.3V //,
&
= R\
2 L Veer=3av "° —{ Voo
S ol Vs
! { | | . |
0 ; . s

Vop (V)
Fig. 5.47. A typical voltage down-converter [5.43, 5.44, 5.46]
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stabilized. In other words, when the load current (Ir,) flows to ground, the
V1, starts to drop, since the output FET(Q) works as an impedance. As soon
as the resultant Vpj, becomes lower than Vrgr, @) starts to turn on, so that
it charges up the load. When the resultant Vpj, exceeds Vrgr, however, the
(Q gate voltage is raised, so as to stop the charge up. As a result, the circuit
compensates for the drop in Vpr. A larger drop in Vpy, allows the output to
be charged up more quickly, because the feedback loop responds more quickly
with a larger amplified voltage at the @) gate. A larger size of ) (i.e. a larger
W/ L) also charges up the load more quickly. The output voltage is stabilized
in this manner. The dc characteristics of the converter [5.46] are shown in
the figure.

The converter must offer a well-regulated output voltage that is immune
to any variation of the operating conditions. Vpr, must be regulated well
even under a dynamic load, where the heavy load capacitance is dynami-
cally changed and various current pulses flow as a result of the load (i.e.
internal core-circuit) operation. The voltage regularity of Vpr, is determined
by the circuit characteristics, such as the response time, the current-driving
capability, and the feedback-loop stability of the converter, and by the load
characteristics. Thus, to design the converter, a deep understanding of both
the circuit and the load characteristics is required. Otherwise, Vpi, may result
in oscillation or ringing waveforms.

The Characteristics of the Converter Circuit. The setting accuracy of
the output voltage (Vpr,) is governed by that of the reference voltage (Vger).
For example, Vpr, is almost equal to Vrgr for the circuit shown in Fig. 5.46.
However, if Vggr is quite a high voltage, such as 3—4 V, the accuracy of Vrer
(i.e. VpL) against parameter variations is not satisfactory, as described later.
A high Vrgr also lowers the voltage swing at the PMOS gate, as discussed
previously. Hence, a Vpp-division circuit [5.40, 5.45], shown in Fig. 5.48a, has
also been widely used. In this circuit, a high Vpy, is divided using resistors
(or MOSFETSs), R; and Ra, so that the resultant reduced voltage (Vpr/r)
is compared with a more accurate Vrer of about 1 V. However, the circuit
suffers from the following drawbacks. First, the response time of the feedback
loop is slow, which causes a possible loop instability, discussed later. In add-
ition to the difficulty in obtaining a large amplifier current (I3), a large RC
delay caused by the large input capacitance of the comparator and the high
resistivity of R; and Rj is responsible for the slow response. Unfortunately,
the capacitance is quite large since the comparator must drive the large
MOSFET (Q), and the resistivity also needs to be high enough to reduce the
stand-by current. Second, Vpy, division in a noisy location where large load-
current pulses exist, requires careful design regarding phase compensation to
avoid loop oscillation, which is discussed later, and careful layout to reduce
the noise coupled to the input of the highly sensitive amplifier from its noisy
output. Third, the resistors for Vpr, division need a large layout area to
achieve an extremely high resistivity of M) with a poly-Si layer, whose sheet
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Fig. 5.48. Practical converters for DRAMs [5.1]. (a) A voltage-division converter;
(b) a hybrid converter

resistivity is about 100 £2/0. Multiple uses of the converter — for example, one
for the memory array and another for the peripheral circuit — further increase
the chip area. Figure 5.48b shows a hybrid converter [5.46-5.49] consisting
of two-stage converters; the first stage is a Vpy, division converter, and the
second stage is a conventional converter. The features of the first stage —
less load capacitance and no load-current pulse (in fact, a pure dc circuit) —
enable a simpler circuit and layout design even with maintenance of the high
resistances for R; and R,. In addition, the first stage could be common to
a number of second-stage converters, causing reductions in the chip area and
stand-by current, if multiple use of the converter is necessary.

The Load Characteristics. The DRAM load features a dynamically chan-
ging capacitance and current. For example, in the memory array of a
0.5—0.6 um CMOS 16 Mb chip a spike current as large as 150 mA can flow
during a short period of 20 ns when many data lines, whose total capacitance
is as large as 1300 pF, are simultaneously charged up at cell-signal amplifica-
tion, as shown in Fig. 5.49. This is just a dynamic load, since the current and
the capacitance that the converter can see are as small as almost OpA and
100 pF until charging takes place. Such is the case for the peripheral circuit
with a peak current of 100mA, as a result of the charging up of internal
nodes such as the many address signal lines.
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Fig. 5.49. The transient currents of a CMOS 16 Mb DRAM [5.1]. 0.5—0.6 um
16 Mbit, Vpp =5V, VpL = 3.3V, Vp1,/2 precharge

There are specific circuit-blocks that must operate at the external supply-
voltage (Vpp), while the remaining blocks can operate at the down-converted
supply voltage (Vpy). In addition to the converter itself, the data output
(Dous) buffers must operate at Vpp. The requirement for the buffers comes
from the chip-to-chip interface specification. Even if there is no limitation
from the specification, it is difficult for the Vpr converter to manage the
current overloading when many (1 to 32) buffers quickly drive their heavy
off-chip capacitances (usually 100 pF per buffer). To protect the MOSFETSs
from a higher stress voltage of Vpp, the Vpp-based circuits must use longer-
channel-length MOSFETs or another MOSFET must be inserted (see Qo
in Fig. 5.23). The chip-input buffers on the addresses, data inputs, write
enable, and clocks could be designed with Vpy, or with both Vpy, and Vpp.
The operating voltages of the remaining circuit-blocks depend on the diffe-
rences in degree between Vpp and the breakdown voltage of the MOSFETSs
in the blocks. If there is a large difference, both the peripheral circuit and the
memory array must operate at Vpr, [5.30, 5.43-5.45]. In the actual design,
two kinds of converter are used separately instead of one converter, as in
Fig. 5.50a. This separation provides a quieter Vpr, to the peripheral circuit,
as a result of eliminating interference from the noisy memory array where
larger pulse currents flow. In the case of a small difference, only the memory
array can operate at Vpr, [5.33, 5.50, 5.51], as shown in Fig. 5.50b, to reduce
the memory-array power dissipation that dominates the chip power. Vpp
operation for MOSFETSs in the peripheral circuit can be managed through
slight adjustments of the MOSFET sizes. If the difference is marginal, specific
circuits such as word drivers, which operate at the highest voltage in the
chip, must operate based on Vpj, [5.39, 5.52], as shown in Fig. 5.50c. The
word voltage is created by boosting Vpi,, instead of Vpp, so as to protect
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Fig. 5.50. The application of a Vpj, generator to various blocks in a DRAM
chip [5.1]. VDC, voltage down-converter. (a) To all blocks except the Doyt buffers;
(b) to the memory array only; (c) to the word driver only

the relevant MOSFETSs from an excessive stress voltage caused by boosting
unregulated Vpp.

In addition to the need for well-regulated, stable, low-power, and small-
sized designs, the burn-in test capability is a key to converter design. Other-
wise, a fixed Vpr, from the converter prevents a high enough stress voltage
from being applied to the internal core circuit, even if the external supply
voltage (Vpp) is increased during the burn-in test.

In the following sections, the design of PMOS-output negative-feedback
converters is described in detail. First, an optimum design for the converter
is discussed, followed by the phase compensation for loop stabilization. Then,
reference-voltage generators, burn-in test circuits, and the voltage trimming
technique are explained. Finally, low-power circuits are discussed.

5.4.3 Optimum Design

In this section, the guiding design principles are given, based on the circuit
analysis for the conventional voltage down-converter shown in Fig. 5.51a. The
converter is a negative-feedback amplifier that consists of two-stage ampli-
fiers; a current-mirror differential amplifier for the first stage, and a PMOS-
output transistor (Qg) for the second stage, which also works as an amplifier.
The output voltage — that is, the down-converted voltage (Vpr) — is the
internal supply voltage, and thus the common source voltage of the PMOS-
FETs in the CMOS core circuit. The total current of the core circuit is just
the load current of the converter. Although Vpp, is lower than Vrgr when
the load current starts to flow, it can be quickly suppressed by the negative
feedback. However, once Vpy, is higher than Vrgr, it is no longer suppressed:
it is then held at the Vpr level for a long time, because the increased Qg
gate voltage cuts off Q. The condition of Vpy, being higher than Vgrgr could
be developed when a positive coupling from other wiring to the Vpr, line
occurs. Thus, a small Ig is needed to discharge Vpr, down to Vygr. Here is
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Fig. 5.51. A voltage down-converter connected to the load (a), the large-signal
equivalent circuit (b), and the pulse response (c) [5.53]

an analysis [5.53] to obtain the optimum design parameters of the converter,
assuming the same channel length for all of the MOSFETs and the same
channel width for the paired MOSFETs.

When the load current (Ip,) is at a maximum, the source—drain voltage
(Vbss) of Qg in the saturation region is given by

21
Vbse = Vbp — VoL = Vass — Vrp = W—L; (5.16)
(%2600
W, 21
R (5.17)
L Ds6Po

where Wg, Vrp, and (pg are the channel width, threshold voltage, and con-
ductance of Qg, respectively, and a small Ig(< Ip) is assumed. Here, the
voltages are all expressed using absolute values. On the other hand, when
I, is zero, a small Iy makes Vpi, equal to VRrgr, allowing a half-Ig to flow
through @3 in the saturation region. Hence,
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21
Vbss = Vase = 4| =~ + Ve, (5.18)
B
Ww.
Vbss > Vass — Vrp = \/IS /(fﬁm) ;

W _Wa o Is
L L~ ]gsgﬁPO
Here, the constant current (Ig) is given by using a large signal equivalent
circuit in Fig. 5.51b, as follows. When the load current steps up from 0 to I,
VpL instantaneously falls, so that more current flows through @, although an
equal current of a half-Ig flows into @); and Q.. Instead, the current flowing
through Q)2 and Q4 is reduced so as to also reduce the current of Q3 in the
current-mirror circuit. Eventually, the current difference between Q1 and Q5
discharges the Q)¢ gate. Therefore, when Vpp, falls to the extent that Ig fully
flows through @i, Is discharges the Qg gate. Since Qg is in the saturation
region and the gate-drain capacitance (Cgq) is thus negligible,

(5.19)

dvy
cgiwagzo (5.20)

is obtained, where Vj is the Qs gate voltage. By using the initial Vgge ex-
pressed by (5.18) and (5.20),

VOI . t IS
21 d% = —5— dt, (521)
Vpp—Vrp—4/ —gﬁﬁ 0 gs

121 I
S Vi=-Vop+Vpp — 4| — — t 5.22
0 TP DD e Cor ( )

are given. Moreover, Vpy, is expressed as

dVpL
dt

0L L (g 1) — %(VDD V! V)2 = 0. (5.23)

By substituting (5.22), we can obtain Vpy, as

2 /
1 150 34 l————-———zIBﬁﬁIS - I—Lt + Vo, (5.24)

Vpr =
Pb76CLC T2 Cily Cr,

where V; is the initial value of Vp. The time () when Vpr, falls to the
lowest value is obtained by setting dVpr,/dt = 0, as

Cos [2Is  Cu |2(IL + Ig)
tn = 8 =0 + & —_ 2 5.25
0 Is \ Bs Is Be (5.25)
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300 5. On-Chip Voltage Generators

VbL at this time is derived from substituting (5.25) for (5.24), as follows:

1vV2{ —IL5 — 211 + 3/ Tg (1, + Ig) } Cus
VDL:—\/—{ B L + \/_B-( L+ B)} g +VO- (526)

3 CulsBs

The first term on the right-hand side denotes the output-voltage variation
(AVpL). Assuming that I, > Ig, and that Cgq is two-thirds of the total gate
capacitance, Ig is given as

VoL = AVpL + Vo, (5.27)
4 2 CoxLWe I}JS
AVpL = —=/ ——FF—— —— 5.28
PL 9V B C. Ig’ (5.28)
4 2 CoxLWe I}JS
Sl = ——=4 ) — , 5.29
> 9V B8 CL Alp (5.29)

where Cox is the gate capacitance per unit area. It is obvious that a smaller
I1,, a larger 3¢, and a larger Ig are effective in reducing AVpr..

The sizes of the input NMOSFETS (Q1, Q2) are obtained by using the gain
(Go1) of the amplifier, as follows. The output voltage of the current-mirror
amplifier, when the input voltages are equal (i.e. Vpr, = Vrgr), is Vbop — Vigsa
because Vgsz = Vigse. When Vp, differs from Vrgr, a variation, Go1 (VpL —
VrEr), is added to the above output voltage. Since the resulting voltage is
the Qg gate voltage, the following steady state condition is established:

(Vbp — Vasa) + Go1(Vor — Veer) = Vop — Vass. (5.30)

Hence, by using (5.16) and Vgss = \/1Is/B4 + Vrp,
I — /21
Go1 = VIs/Bi— . L/ﬁﬁ, (5.31)

eVREF
e = (VpoL — Vrer)/VreF,

where ¢ is the setting accuracy of Vpr, for Vrer. As discussed in Chap. 2 the
MOSFET parameters are expressed as follows:

Go1 = T1gm1, (5.32)
1

(Ap + /\N)%IS,

W,
Gm1 = \/Is—j.;lﬁNo, (5.34)

where A, and Ay are channel-length modulation constants for the PMOS-
FETs (Qs, Q4) and the NMOSFETSs (Q1, Q2), respectively. Consequently,
the sizes of Q1 and ()5 are obtained as

Wi _ We _ {G01(/\p+)\N)}2 I

L L 2 Bno

r =

(5.35)

312



5.4 The Voltage Down-Converter 301

Here, both Q)5 and (J7, which must always operate in the saturation region
to give a constant current, have wide voltage margins. Therefore, their sizes
are easily obtained, if their gate voltages are determined so as to achieve the
necessary Is and I (usually in pHA).

Here is an example of converter design [5.53]. MOSFET parameters such
as W6 > QOOOHIII, Wy = W4 > 250 Hm, W1 = Wy > 290},1,111, Is = 1.6mA,
and r; = 8.9 K() were obtained for the design conditions of Vpp =5V, Vpr, =
3V, Vpge =2V, Vrer =3V, I, <100mA, Iz = 2.5uA, AVpL/Vpr < 10%,
(VoL — Veer)/Vrer < 1%, CL = 1nF, L = 1.2um, fpg = 3 x 107°S/V,
Bno = 8x107°S/V, gm1 = 4.9mS, Cox = 2.3fF/um?, Vrp = 0.5V, A\p =
0.1/V, and Ay = 0.04/V. In fact, an actual 0.5um 16 Mb DRAM with
a converter [5.53] that used similar parameters yielded experimental results
of AVDL/VDL = 6% and (VDL - VREF)/VREF = 2%.

5.4.4 Phase Compensation

Stable Conditions. The key to designing the negative feedback amplifier
shown in Fig. 5.52 is to cope with its inherent instabilities, such as ringing
or oscillation. It is well known that an amplifier starts to oscillate if it has
a phase difference between the input (v;) and the output (v,) of over 180°
and a gain of over one [5.1, 5.54]. For example, when only a half-cycle of
a sinewave (v; = V sinwt) is inputted to an amplifier whose gain (G) is one
and whose delay time (7) equals a half of the cycle time (t.) of the input
waveform, the output continues to oscillate as a result of feedback, as shown
in the figure. If G > 1 the amplitude of the output is amplified with time,
while if G < 1 it is attenuated. Thus, the parameter set of G = 1 and a phase
delay of 180° denotes the critical conditions for oscillation. The stabilization

. +~ A |gai
input "O_"gg:gyer output
U, - B vo

Fig. 5.52. Oscillation in a nega-
tive feedback amplifier with G =1
and 7 = tc/2 [5.1]
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302 5. On-Chip Voltage Generators

of such an amplifier is realized by adjusting the circuit parameters so that
the phase at the frequency corresponding to G = 1 is smaller than 180°.
Although an increase in the difference from 180° (i.e. a phase margin) stabi-
lizes the amplifier more, the necessary phase margin must usually be larger
than 45° [5.54]. Increasing the phase margin is called phase compensation.
The stability of an amplifier whose transfer (gain) function, G(jw), is expres-
sed using the complex frequency characterized by jw(= 2xf), is analyzed
by examining both the gain and the phase characteristics of the function.
The gain characteristics are examined on the plane of logw (rad/time) and
20logo |G(jw)| (decibels, dB) while the phase characteristics are examined
on the plane of logw and phase é. Before going into detail, we investigate
here how the gain and phase behave on the planes, citing examples of typical
circuits.

There are some circuits, such as a one-stage amplifier, whose transfer
function is generally expressed as

Go
(1 +j;“’l;)

where wp is the pole and G is the gain at a low frequency. Hence, the gain
and the phase are expressed as follows:

wo(1-12) /[+(2)]

2
20log |G(jw)| = 20log Gy — 10 log |:1 + (wi) } :

®=—tan"! (i> .
wp

Figure 5.53 shows the gain and phase characteristics. When w is increased, the
gain and phase are about 20log Gy and 0° at w <« wp, respectively. However,
they are 20log Gy — 3 (dB) and —45° at w = wp, and 201log Gy + 20logwp —
20logw (dB) and —90° at w > wp. In other words, the gain curve is flat at
w < wp, but it decreases by 3dB at w = wp, and then decreases by 20dB per
decade (dec.) in w, approaching zero (i.e. G = 1). As for the phase, it is 0°
at w = 0. However, it is delayed with increasing w, reaching —45° at w = wp,
and —90° at w = oo. Therefore, the phase margin is 90° at G = 1, which is
larger than 45°, implying that a one-stage amplifier is inherently stable.

There are other circuits, such as phase-compensation circuits, whose
transfer functions are expressed as

G(jw) = Gq (1 +j§z-) :

Gjw) = (5.36)

G(jw)| =
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o \\E

@ ! '

& ° '

8 -90 A 1

e L phase margin = 90°

v
-180° >0
180 {iog)

Fig. 5.53. The gain and phase characteristics of a one-stage amplifier [5.1]

where wy is the zero. The role of wz on the planes is opposite to that of
wp, as analyzed in the same manner as above. The gain increases by 3dB at
w = wg, and increases at a rate of 20 dB/dec. at w = wy. The phase advances
to the positive with an increasing w, reaching +45° at w = wy, and +90° at
w = 00.

There is another type of circuit, such as the converter, whose trans-
fer functions are characterized by two series-connected transfer functions,
G1(jw) - G2(jw). The total transfer function, G(jw), is as follows:

Go1Goz
(Hjm) (ij—m)

Thus, the total gain, |G(jw)l, is the sum of |G (jw)| and |G2(jw)| on the
20 log G—w plane. The total phase, @, is also the sum of #; and ®,. Figure 5.54
shows the gain and phase characteristics. The total gain has two poles, wp;
and wpg, and it decreases at a rate of —20dB/dec. at wpas < w < wpy, and
then at —40dB/dec. at w > wpy. The total phase is —45° at w = wpa, and
—135° at w = wp1, reaching —180° at w = oco. When Fig. 5.54 is compared
with Fig. 5.53, it is obvious that the series connection of the transfer functions
creates a phase delay and reduces the phase margin.

G(jw) = G1(jw) - G2(jw) = (5.37)

The Voltage Down-Converter and Phase Compensation. In this sec-
tion, a voltage down-converter is analyzed with its ac small-signal equivalent
circuit shown in Fig. 5.55a, and then the stable condition is given. Here,
a load resistor Ry, is added, because it affects the total characteristics of the
converter.

When a small signal is inputted, the converter shown in Fig. 5.55a is
expressed as a superposition of a dc-component circuit (i.e. a fixed dc-bias
circuit) without any input signal and a small signal ac-component circuit.
Therefore, ac analysis can be carried out by extracting only the small signal
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. Gy(jo) Gy(jw)
total gain Voo
Gor+ Gee —20dB/dec Vigr [; }
2y Vi
[a1] amp DL
© Gy
~ —40dB/d
c Goz PMOS N 0dB/dec
o
o : —20dB/dec
0dB Wpy N1 N\ i
o
R 2 &4
@ —90 - - SN——
g - & \ phase margin A¢
Q. .
—180 T
> w

Fig. 5.54. The gain and phase characteristics of the voltage down-converter [5.1]

VDL

VDD ——— 2
Cy= Coat Coe= == Col Wi
Q %ﬂ——tﬂ-} Q =
3 4 Qs U,

I
Veer °—| —1} Vo

Tl o) [Ee 9 £ e
7

B s

(a) (b)

Fig. 5.55. A voltage down-converter (a) and its open-loop small-signal equivalent
circuit (b) [5.53]

ac-component circuit shown in Fig. 5.55b. Here, to simplify the analysis of
feedback loop stability, the loop is made open. Through investigating the
whole gain and phase characteristics of the open-loop circuit, we can estimate
the characteristics of the actual closed-loop circuit. In the following, we will
study how to obtain an equivalent circuit, shown in Fig. 5.55b.

Figure 5.56 shows the differential amplifier and its equivalent circuit.
Capital letters are used for dc biasings, while small letters are used for small
signals. The sizes of the paired MOSFETSs (Q3 and Q4, @1 and Q)2) are the
same, and the output resistance and the transconductances of the NMOS and
the PMOS are r, and rp,, and gmpn and gmyp, respectively. All of the MOSFETSs
are in saturation mode, and the r; of Q4 is negligible because of the forward-
biased diode connection. Thus, the current equations at nodes A, B, and C
in Fig. 5.56b are as follows:
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Uz
(u'p)

G Vi TaTp
(Om1u)) <> % 12:1‘; P

()

Fig. 5.56. A differential amplifier (a), its small-signal equivalent circuit (b), and
the simplified equivalent circuit (¢) [5.53]

V1 — U3
gmp¥1 + + gmn(vi - US) =0,
n
V2 Uy — U3
gmpl1 + — — GmnV3 + = 07
Tp Tn
U1 — V3 V2 — U3 V3
- - gmn(vi - US) - + 9mnv3 + - = 0.
Tn T'n TII

Assuming that gmn™n > 1, gmprp > 1, and gyars, > 1, v, is obtained as
follows:
TnTp

T™n +7p

Vg = Gmnvi-
Thus, the amplifier is eventually simplified to the circuit shown in Fig. 5.56c.
Therefore, the whole converter is expressed with the equivalent circuit shown
in Fig. 5.55b, where g2 and 7y are the transconductance and output re-
sistance of the output PMOSFET (Qg), respectively, Cg is the sum of the
gate—source capacitance and the gate—drain capacitance of Qg, R, is the
sum of the wiring resistance of the Vpp, line and the on-resistances of the
PMOSFETSs in the CMOS core circuit, and Cy, is the sum of the wiring
capacitance of the Vpr, line and the capacitances seen through PMOSFETSs
in the core circuit.

The circuit shown in Fig. 5.55b is analyzed with the Laplace transforma-

tion as
!

™
' Vo Vo
m —t =0 5.39
Jm2vo + r2+RL+1/sC’L (5:39)
L L Glw) = —9mTL g 2r2(sCLRL +1)
Vi SOgT‘l +1 SCL(RL + T‘z) +1
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By transforming into the complex-frequency plane (s = jw), we obtain

G(jw) = —gm1T1gmar2 (1 +jw%) /|:<1+jwipl) (1 +jf;—l>] . (5.40)

1 1 1
(5.41)

Wp1 = —— Wp2
P Cg’l'l’

pe CL(Ry, +’I’2)’ Wa = R G’
which has two poles (wp1, wp2) and one zero (w,). In DRAM design w, is much
higher than wp; and wpy because Ry, (several 2) < r; and ro, and Cy, > Cg,
and thus it is located at the frequency where the gain is sufficiently reduced
on the w—gain plane. Therefore, w, has no substantial effect on the gain
and phase characteristics, making (5.40) equal to (5.37). Moreover, the gain
and phase characteristics are similar to those shown in Fig. 5.54, because
wp1 > Wp2, posing a possible oscillation problem caused by a reduced phase
margin. ,

Figure 5.57 shows a simulated Vpyg waveform. The output (Vpy,) starts to
ring when a large load current of 51 mA is applied, although such a ringing
never happens for a small load current of 1mA. The long decay time after
turning off the large current pulse is due to the cutting off of the output
PMOSFET. A constant current as small as 1 mA makes the heavily capacitive
load, which has been raised to over Vrgr as a result of ringing, discharge down
to VREF-

To stabilize the converter, the phase at a total gain of 0 dB must be lower
than 135° (i.e. a phase margin larger than 45°), as explained previously. This
is realized by shifting wy,; to a sufficiently higher frequency (see Fig. 5.54) or
to a frequency that is sufficiently lower than wps for a given wpye. This is also
achieved by shifting wps for a fixed wp1. In any case, the key to stabilization
is a sufficient separation of two poles.

VDD VDD= 4.4V, W = 3000 Hm
Vaee= 3.0V, C = 650pF
Yo Veg = —3V, 0.5 um rule
o} Is (amp) =1.35mA

VREF

7+ ;
6 -
S oL I. 51mA
[}]
g 4T y
B 3 7\ I\DLI\ o~ ——
> o VREF
2 -
1 -
0 1mA A | 1mA| |
0 50 100 150 200 250
Time (ns)

Fig. 5.57. A simulated oscillatory Vpr, waveform without phase compensation [5.1]
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Pole-Zero Compensation. This section describes pole-zero compensation,
which is the most promising for DRAM design. In this compensation, the
phase compensation devices, B¢ and Cg, are added at the output of the cir-
cuit shown in Fig. 5.55. Figure 5.58 shows the small-signal equivalent circuit.
Here, Cg = Cgs — that is, %COXLWG (when Cox is the gate capacitance per
unit area) — because Q¢ is in the saturation state. The current equations at
the nodes, expressed using the Laplace transformation, are as follows:

!

 Gm1v; + :—‘1) +5C), =0, (5.42)

;. Vo 1 1
m — o R — o R — | =0. 5.43
92%"‘7,2""” /( C+SCC>+’U /( L+SCL) 0. ( )

Hence, the gain function is expressed as
Vo .
— =G(jw) (5.44)

1

=—G<1—|—j d )<1+j d )/(1+ji)<1+ji”—>(1+jf—> ,
Wzl Wz2 Wpi Wp2 Wps

where s = jw, and the poles, zeros, and gain are defined as follows:

1
= 5.45
wpl Cg’rlj ( )
1
— 5.46
“p2 CL(RL + r2) + Cc(Rc +12) (5.46)
1
~-—— (Rcg,RL €T
r2(Cc + CL) (Bo, By <r2)
e CrL(Ry+r2) +Co(Ro +r2) Cc+ CL (5.47)
p3 CCcL(RLRc +ro Ry, + T‘ch) - CcCL(RL + Rc), )
1
_ 5.4
Wzl RLCL, ( 8)
1
= 5.49
Wy2 RCCC, ( )

Go = gm1T19m2T2-

Fig. 5.58. A small-signal equivalent circuit with pole-zero compensation devices
R¢ and Cg [5.53]
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Therefore, in pole-zero compensation, three poles (wp1, wp2, wps) and two
zeros (w,1, wy2) are generated. When comparing with (5.40) it is obvious
that wp3 and w,y are newly generated, and wpo shifts to a lower frequency
because of an additional component of Cc(R¢ + r2). Note that w,o plays an
important role, since w1 can be canceled by w,q if

Wg2 = Wp1; (5.50)
- RcCo = Cyry. (5.51)

This implies that a decrease in gain of —20 dB/dec. and a phase delay of over
—45° at w > wp; are canceled by an increase in gain of +20dB/dec. and
a phase advance of over +45° at w > w,s. Under these conditions, stabilizing
conditions for the converter are obtained for two cases of Ry, = 0 and Ry, > 0,
as follows.

Case of Ry, = 0. In this case only two poles (wp2, wps) remain in G(jw)
because w,1 = 00, and thus

Gjw) = —Go/(l +j£;> (1 +jwip3> . (5.52)

This is same as (5.37) because wp3 > wps, if we regard wps as wp in (5.37).
The stabilizing condition, where the gain at w = wpg is smaller than 0dB
and the phase is —135° (Fig. 5.59), is obtained as

. W
|G (jwps)| = Go/\/iw—pz <1 (5.53)
P

gain

0dB

phase

~135°
~180°
(a) (b)

Fig. 5.59. The gain and phase characteristics due to pole-zero compensation for
Ry, =0 (a) and R, > 0 (b)
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Thus, by using the condition expressed by (5.51),

— o, (5.54)

re<cn /(9550 -a). (559
2

Fortunately, the phase is equal to —135°, since wpy and wp3 are sufficiently
far apart (i.e. wps > wpz), as shown in the figure.

Case of Ry, > 0. The gain is expressed as

Gjw) = -Gy (1 +j::1) /(1 Hwipz) <1 +jwipa> . (5.56)

When Ry, is increased from 0, w,; decreases as w,1 — wh; — wy;, as shown

in Fig. 5.59b. Due to the increasing Ry, the gain is more increased, and the
phase is more advanced with the help of w,;, enabling the phase margin to be
increased. When w,; reaches a certain value of w,1 > wp3 > wp2, the phase
is expressed as

® = —tan "’ (—3—) ~tan™! (i> + tan ™! ( ad ) . (5.57)
Wp2 Wp3s Wzl

If we deal with w > wpa, because wpe K wp3, wyi,

$ +90° = — tan™! <i> + tan ™! ( d ) (5.58)

Wp3 Wzl

Hence, by using the well-known formula, tan(tan~!a+tan 'b) = (a+b)/(1—ab),

11 1
tan(® + 90°) = [ —— + LA, (5.59)
Wp3  Wal W Wp3aWz

The right-hand side of the equation — that is, the phase — is a maximum at

W =Wy = \/Wp3Was1. (5.60)

Since the stabilizing condition is @ > —135° at w = wp, and thus tan(® +
90°) > —1, (5.59) is expressed as

dwpswa > (wa — wp3). (5.61)

Thus, by using (5.51), the limitations for w,1, Cc, and Rc are obtained as
follows:
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Y <58, (5.62)
a)p3
1 7‘10
Co>— (8% 5801 ); 5.63
O = 4.8 ( Ry, L) ( )
4.
~ Rc < 8r1Ce (5.64)

- (Tlcg/RL) — 5.80L '

On the other hand, the gain at w = wq is derived as follows:

;G(jw0)|:G,/1+(:°1>2/ \/1+(:’—;>2\/1+(:’—;>2 (5.65)
<o (22)

Note that as long as there are zeros and the phase is less than —135° (i.e.
the phase margin A® > 45°), even a gain of larger than 1 realizes a stable
converter. The condition |G(jw)| < 1 would result in an over-margin, as
follows.

In the case shown in Fig. 5.59a, where the converter is substantially
characterized only by the poles, the phase increases from —135° to —180°
when w is increased in the frequency region beyond wp3. The phase increase
also increases the degree of instability that just starts to occur due to positive
feedback at —180°. Thus, to ensure stability, the gain must be strictly limited
to less than one. In the case shown in Fig. 5.59b, however, where there is the
zero that is influential to performance, a phase margin (A®) larger than 45°
is ensured at any w as long as the minimum A is larger than 45° at w = wy.
Fortunately, the limitation on the gain is not necessarily needed, because the
gain at w = wp, which is Gp(wp2/wy1), is low enough. Therefore, (5.63) and
(5.64) are stable conditions.

The converter must be stable against wide changes of load parameters
(Ry,, CL, I1,) caused by internal DRAM-core operation. Figure 5.60 shows the
relationship between the parameter changes and the phase margin for pole-
zero compensation [5.53]. Here, the phase margin is defined as the margin at
we(= we1) where the gain is one (i.e. 0dB) when the margin is fixed to 45°
at w = wg, as shown by A} in Fig. 5.60b. A®’ is derived from analyzing
(5.56), assumimg Cc = 1.92nF and Rc = 23.4%), which are obtained by
substituting normal values of Ry = 32, Crp = 1nF, Ity = 10mA, C; =
7.2pF,r1 =625k, Ap =0.1/V, and A\, = 0.04 /V in (5.63) and (5.64). The
parameters are all for a 0.5 um 16 Mb DRAM. A¢’ increases with increasing
Ry, or (1, because w,; approaches wps3, as shown in Fig. 5.59b. However, it is
almost a minimum at the normal value of Ity when Ij, is increased. This can
be explained using Fig. 5.60b: wpy increases with I1, because ro = (ApIr)™?,
which makes the gain curve shifted to the upper with a fixed location of wy
that is independent of I, (i.e. a thick dashed line in the figure). Thus, A¢’
(i.e. AD,) at w, (i-e. we2) on the shifted gain curve increases. On the contrary,
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Fig. 5.60. A sensitivity analysis for pole-zero compensation [5.53]. r; = 6.2k,
o = (plL)™, dp = 01/V, Ay = 0.04/V, gm1 = 4.9mS, gme =
[2IL(We/L)Bpo] ', Bpo = 3x107°8/V, We = 3912pm, L = 1.2pm, Cox =
2.3fF/pum?, Is = 2.3mA, Cz = Cgs = 7.2pF. (a) Phase margin versus load
parameters; (b) gain and phase characteristics

when I, is decreased, A9’ continues to decrease until it reaches 45°, and then
it increases. In any case, the phase margin is not sensitive to variations in I,.
There is an important implication here, that the converter is stable against
drastic changes in the load current. Careful attention should be paid to the
reduction of Ry, because AP’ decreases with the reduction. In this case, Cq
and Rc must again be obtained by substituting the minimum Ry, for (5.63)
and (5.64). Thus the converter is stable because a phase margin larger than
45° is always ensured for Ry, larger than the minimum Rj,, which corresponds

to Ry, /Ry = 1 in Fig. 5.60.

Comparisons between Various Compensations. In addition to pole-
zero compensation, two other kinds of compensation (Miller compensation
and dominant-pole compensations) have been proposed for application to
DRAMs, as shown in Table 5.1 [5.53, 5.55]. The dotted curves in the figure
represent the gain and phase curves before compensation, while the solid
curves are after compensation. Our major concerns are not only the stability,
but also the sizes of the compensation devices, because the devices must be
incorporated in a chip.

Miller Compensation. This adds a compensation capacitance (C¢) at the
amplifier output. The necessary C¢ (usually, Cc > Cg) can be reduced by
utilizing the Miller effect of the PMOS output stage. In DRAM design both
Ry, and 1/gpo are small, and thus w,; and w,y are negligible, because they
are located at a w that is sufficiently higher than wy; and wye, although
two poles and two zeros are generated in the gain function. Note that the
pole without compensation, wgl, shifts drastically to a lower frequency, wp1,
due to the Miller effect. This is because the gate capacitance C, is increased
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5.4 The Voltage Down-Converter 315

to gmer2Cc, as seen when comparing wp; in the table with that in (5.41).
Therefore, the phase margin is increased. A small C¢ of 50 pF is enough for
stable operation of a 0.5 um 16 Mb DRAM with Ct, = 500 pF, 0 < Ry, <101,
and Iy, = 100mA [5.55]. It has been reported [5.56] that a Vpy, oscillation
of a 4Mb BiCMOS SRAM using an on-chip voltage down-converter with
Ws = 3000 um and a (i, of thousands of pF was stopped by adding a C¢
as small as 30 pF. The drawback, however, is a poor power-supply rejection
ratio (PSRR) [5.55]. If the power supply (Vpp) has a high-frequency noise
component, as in the case of a Vpp bump with rise and fall times of less than
10 ns, a noise couples to the Vpy, output node through Cys and Cc.

Dominant-Pole Compensation. This adds a compensation capacitance (C¢)
at the output, which generates three poles (wp1, wp2, and wp3) and one zero
(wz1). A small Ry, and a large Cp, (> Cy) allow wp3,w,1 > wp1,wp2, and
wp1 > wpa. Therefore, wp2 shifts from a high frequency (wj;) of 1/[CL(Ry +
r2)], expressed in (5.41), to a low frequency (wpz) of 1/[r2(Cc+CL)], enabling
a wider phase margin. However, the compensation requires a quite large Cc,
which can be expressed as

Gngrl 1
- Cy, rg = .
T V2r . Y

The large gain (about 2000) is responsible for the large C¢. For example,
typical parameters for 0.5 im process technology result in Cc > 100 nF [5.53].
If C¢ is fabricated with a thin (15nm) oxide sandwiched between the n-well
and the poly-Si, it consumes 50mm?, which is almost half of the area of
a 16 Mb chip. Dominant-pole compensation is therefore not suitable for an
on-chip voltage converter.

(5.66)

Pole-Zero Compensation. In this type of compensation, the insertion of w,
and w,2 extends the phase margin, as discussed previously. As for the neces-
sary Cg, it is rather smaller than that for dominant-pole compensation, as
seen in (5.54) for Ry, = 0, where it is proportional to /Gy, instead of Gq for
dominant-pole compensation. When Rj, is increased, C¢ is further reduced,
as seen in (5.63). For example, a Ry, of 3(2 needs a 1.9nF C¢, which is one-
fourth that for Ry, = 0, consuming an area of 1 mm?, which is less than 1% of
the area of a 16 Mb. Although a compensation resistance (R¢) of about 10Q
is needed, a small resistor is realized by adjusting the W/L value of a poly-
Si resistor with a sheet resistivity of about 50 /0. It has been reported
that a 16 Mb DRAM, whose parameters are Ry, = 50, C, = 650pF, and
It, = 100 mA, has realized a sufficient phase margin of 53° through a pole-
zero compensation of Cc = 650 pF and Rc = 7). Moreover, a noise as small
as 50mV appeared at the Vpp, output node even when a peak-to-peak noise
as large as 1.5V was superposed on Vpp. Thus, pole-zero compensation is
the best option for application to DRAMs [5.53].
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316 5. On-Chip Voltage Generators
5.4.5 Reference-Voltage (Generators

In this section, the reference-voltage (Vrgr) generators that govern the
characteristics of the voltage down-converter are discussed. The VRgr gene-
rators for application to DRAMs are categorized as the Vi referenced Vrer
generator, the Vi difference (AVr) Vrer generator, and the band-gap Vrer
(BGR) generator. A low VRgr is for the Vpy, in Fig. 5.48a, while a high VRgr
is for that in Fig. 5.47.

The Vr-Referenced Vygr Generator. Figure 5.61a shows a VRgr gene-
rator that consists of series-connected MOS diodes for obtaining quite a high
VREF, such as 4V [5.44]. If there is no substrate-bias effect, Vrgr is equal
to the product of the number of MOSFETSs and V. Although the generator
is simple, it suffers from drawbacks such as Vrgr setting inaccuracy: the
variation in Vrgr depends strongly on that in Vi, caused by variations in the
fabrication process. The strong dependence on temperature is also serious. If
" Veer is generated by a series connection of six MOSFETSs, the variation in

Vaer 1
Vool Vaer
TP
Q,
Q
! R(400kQ)

aVTP Ry E Vel Ay
Q Qg
—5a, —>Vaer

e ]
i

(©) (d)

Fig. 5.61. Vp-referenced VRgr generators using series-connected MOS diodes [5.44]
(a), a differential amplifier [5.49] (b), automatic adjustment of gate—source biasing
[5.59] (c), and a current mirror [5.40] (d)

Voo

328



5.4 The Voltage Down-Converter 317

VREF is six times larger than the variation in V. For example, a temperature
variation of 100°C causes a variation in Vggr as large as 1.2V for a Vp
temperature coefficient of about —2mV/°C [5.57].

Figure 5.61b shows another Vp-referenced generator [5.49] to obtain a low
Vrer. The circuit configuration is similar to that of the Vpy, circuit shown
in Fig. 5.48, in which VgRgr corresponds to the threshold voltage (|Vrp|) of
PMOS (Q;), while R; corresponds to PMOS (Qs). The temperature depen-
dence of Vrgr can be canceled if poly-Si is used for R. The cancellation is
explained by the following equation:

1
VREF *VTPl (1 + Rgm) . (567)
Here, the poly-Si resistance features no temperature dependence [5.1] if the
sheet resistivity is around 50 /0, while the () transconductance (gr,) and
|Vrp| are both lowered with increasing temperature. Thus, the temperature
dependence is canceled. The whole voltage down-converter implementing the
generator was designed for a 16 Mb DRAM [5.49]. The resulting perfor-
mance is as follows: AVp, /At = 0.9mV/°C, AVp,/AR = 18.6mV/Q/0J,
AVDL/AVTP == 1.5, and AVDL/AVDD = (.07 for VDD =5V and VDL =4V.
The stand-by current of the converter is 35 A, and the layout area of 400 k{2
with 50 £2/0] sheet resistivity is less than 0.1% of 16 Mb chip area of 128 mm?.
The drawback of the generator is a large variation of Vggr caused by varia-
tions in |Vrp| and R.

Figure 5.61c is a generator [5.59] that is suitable for obtaining a low
VREF through automatically adjusting the gate—source bias voltage of PMOS
(Q1). If the parameters of R, @1, and Q3 are set so that the voltage drop
(I2R) is larger than the (); threshold voltage (|Vrp|), the constant current
(I) separates into I; and I, as a result of (); being turned on. Any change
in Vrer is eventually suppressed by the negative feedback of the circuit.
For example, a positive change in Vrgr is detected by (2, enabling the
Q- gate voltage to be reduced and thus I; to be increased. I is increased
instead, and the resulting reduced drop in I, R prevents ()2 from delivering
more current. The generator can reduce the temperature dependence of Vrgr
by utilizing the canceling effect of temperature coefficients of |Vrp| and an
equivalent resistance (Re.q) formed by @2 and @3, as explained previously.
This is because Vrgr is expressed as

R

The Vrer generator provides excellent performance, producing of an almost
constant Vrgr of 1.3V over a wide range of Vpp of 2—6V, AVrgr/AT =
0.2mV/°C, and 2pA at Vpp = 2.5 V. The drawback, however, is large VRgr
variations caused by variations in |Vrp| and Req/R.

Figure 5.61d shows a current-mirror Vrgr generator [5.40, 5.54]. A current
mirror consisting of @3 and Q4 allows the same bias current (I) to flow to

Vrer = [Vrp| (1 + Req) : (5.68)
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318 5. On-Chip Voltage Generators

@1 and R;. If the W/L value of @ is large enough and I is small enough,
the drop IR is given by

27
IRy = Vgs(Q1) = Vrp + \/ 3 ~ Vrp;
I =Vrp/Ry.

Since the same current (I) flows to @5, which is of the same size as Q1, VRer
is expressed as

VrEF = &VTP- (5.69)

Ry

Variations in Vrgr due to variations in resistivity are suppressed by using
the same width of poly-Si for R; and R,. Variation due to variation in
Vr is also suppressed by means of the laser-trimming of both resistors. In
addition, if the data-line polycide and the doped poly-Si of the cell-capacitor
plate are utilized as the materials for Ry and Ry, respectively, Vrgr is less
sensitive to temperature variations because the temperature dependence of
Vrp is canceled by that of Re/R;. In fact, a generator for a 16 Mb DRAM
incorporating such a trimming technique and the above materials has yielded
excellent experimental results [5.40]: Vrgr = 1.935V at Vpp = 5V and 25°C,
AVREF/AT = +0.15 mV/°C, and AVREF/AVDD = +10 mV/V

In summary, the Vp-referenced Vrgr generator suffers from variations in
Vrer caused by variations in Vr, although additional process steps are not
needed.

The Vr-Difference (AVr) Vrer Generator. Figure 5.62a shows a gene-
rator [5.47] that utilizes the difference in Vr (AVr) between two MOSFETs.
VRer is less sensitive to variations in Vpp and temperature because it is
determined only by AVr. In addition, Vrgr is immune to voltage fluctuations
of the p-substrate and Vpp, since the PMOSFETS in the n-well are used,
and their sources are not directly connected to Vpp. In the generator, Vrer
is equal to AVr (= |Vrpy| — |Vrpe|) if two PMOSFETSs (Q;, @Q2) are the
same in size and the same current (I) flows. The temperature dependence is
expressed as follows:

dVReF d | k. Ny
dT dT(' TPl‘ I TP2|) q n N2 ’ (5 70)

where N; and N, are the impurity concentrations of @)y and Q5. To reduce
the temperature dependence a smaller N;/N; (i.e. a smaller AVr) is prefe-
rable, which inevitably causes a small Vygp. For example, Vrgr is as small
as 1.1V for Ny/Ny = 100. Although the temperature dependence of Vrp
depends on the current density [5.60], the difference between Q; and Qs (i.e.
the temperature dependence of Vrrr) is a constant as small as 0.4mV/°C,
independent of the current density, as shown in the figure.
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Fig. 5.62. Vy-difference (AVT) VRgr generators using constant-current sources
[5.47] (a) and a current mirror [5.61] (b)

Figure 5.62b shows a current-mirror Vrgr generator [5.61] that utilizes
a V difference (AV7). It features a direct conversion from a small AV to
a large Vrgr without adding the first-stage converter shown in Figure 5.48b.
The MOSFETSs (Q2—Qs5) generate the constant current (I ), and 7 converts
Ig to Iy. Then, Qs—Qs convert I, to Vrgr, which is a constant voltage
determined only by the size and resistance ratios (W;/W5 and Ry /Rg) and
AV, The details are given in the following. If (), and @5 have the same size
and VT value, a current mirror comprised of ()4 and Q5 allows the current
(Ir) flowing from Q3 to Qs to be the same as that flowing from Q5 to Q4.
Since the saturation current of ()5 is the same as that of ()3,

:62 2:,63

?(VDD — Vi — |Vrea) ?(VR —Va — |Vres))?. (5.71)
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320 5. On-Chip Voltage Generators

Hence, by using |Vrpz| — [Vres| = AVt and B2 = f3s,
Vr = Vpp — AVr;

_Vop-Ww _ AVr

R Rr’

Another current mirror composed of Q1 and Qs converts Iy to Iy, (= Iy -

W1 /Ws, W1 > Ws). Consequently, a voltage across R, IRy, is applied to

the gate-source of Qg, and a saturation current (Ig) flows from Qg, and is
expressed as

_Bs
2

SR (5.72)

Ig (ILRy, — |Vrpe|)* (5.73)

Since Q7 and Qg are in the saturation condition and their currents are the
same,

_ P
T2

If Q¢—Qs are the same in size, and the n-well of each MOSFET, which
is separated from the others, is connected to the source to eliminate the
substrate-bias effect and thus to obtain the same value of Vrp, (5.73) and
(5.74) give the following equation:

Is (Vast — [Vrer])? = %(VGSS — |Virps)?. (5.74)

Vasr = Vass = ILRL. (5.75)

Thus, the same gate—source voltage of I1, Ry, is supplied to Qs—Qs. Hence,
VREF is obtained as

Vrer = 2ILR;, =2 (%) (%) AVr. (5.76)
If R, and Ry are designed with the same width of poly-Si, the ratio Ry,/RRg is
almost independent of Vpp, temperature, and fabrication-process variations.
W1 /W5 and AVp can also be constant against parameter variations. Thus,
a stabilized Vrgr is obtained, exemplified by AVrgr/AT = 0.89mV/°C for
VDD = 3.3V, VREF = 2.4V, AVT = 0.3V, Wl/W5 = 1, RR = 18k() and
Ry, = 72kQ.

In summary, a quite high Vgrgp is available from a small AVy without
a special conversion circuit. However, Vygp-trimming might be still required,
although the variations in Vggr are much smaller than in the Vp-referenced
VrEF generator. An additional process step to produce a Vp-difference is also
needed.

The Band-Gap Vgrgr Generator. Figure 5.63a shows the well-known
band-gap Vrer (BGR) generator [5.45] proposed for application to DRAMS,
favoring the generation of a low Vrgr of 1.2—1.6 V. If Q; and Q> have the
same emitter size, the (Jo-emitter voltage is given as
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Fig. 5.63. Band-gap VreF generators using npn transistors [5.45] (a), a comparator
[6.54] (b), and pnp transistors [5.41] (c)

kT T
Vee(Q1) — VBe(Q2) ~ — In =,
q I,
_ R KT T
. Veer ~ Ver(@3) + R g In L (5.77)

Because of the negative temperature coefficient (—1.6 mV /°C) of Vgg, the
temperature coefficient of Vrgr is zero if Ry/R3 is appropriately chosen for
I > I,. It has been reported [5.57] that the Vp, of a 1 Mb BiCMOS DRAM
incorporating a BGR generator using high-performance bipolar transistors
has revealed a temperature coefficient of —0.39 mV/°C. Another BGR. ge-
nerator using cheap but low-performance bipolar transistors, constructed in
a CMOS structure, has been also proposed for the voltage down-converter
of a 16 Mb DRAM [5.45]. Bipolar transistors are fabricated as follows. After
forming the n-wells, p-regions for the bases of the bipolar transistors and
field-isolation are formed with a high-energy implantation, followed by si-
multaneous formation of n™-regions for emitters and collectors, and for the
drains and sources of the NMOSFETSs. Then, the base connections (p™), and
the drains and sources of the PMOSFETSs are concurrently fabricated. The
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322 5. On-Chip Voltage Generators

resultant bipolar transistor has a current gain (hs ) of 60, and the temperature
coefficient of Vpy, is +1.6mV/°C for Ry/Rs = 17 and the same size of
transistors (Q1-Q3). The drawback is a non-negligible Vpp-dependence of
Vrer due to a high collector resistance [5.47, 5.49).

Figure 5.63b shows another BGR generator [5.54]. Since the differential
input voltage of the amplifier (op amp) must be zero, and resistors R; and
R5 have equal voltages across them, the output voltage V, is

Vour = VBE(1) + 5~ — In == — (5.78)

where Ig; and Igs are the saturation currents of transistors ¢} and @2, which
are proportional to their emitter-base junction areas and temperature. V,;
becomes independent of temperature at Vo = 1.26 V.

Figure 5.63c shows a variation [5.41] of the basic BGR shown in Fig. 5.63b.
The input voltage (V1) of the differential amplifier consisting of Q1—Q4 is the
sum of 3Vgg; and IR;. Here, Vg, is the base—emitter voltage, Vgg, of the
pnp-transistors (D4—Dg) with the same emitter area. The other input voltage
(V) is 3VBEg2 (VBE2 is the Vg of D1—D3 with the same emitter area). If the
emitter area of D4—Dg is chosen to be larger than that of D1—Ds3, Vg is lower
than Vpgs because the same current flows to each pnp transistor, allowing
the emitter voltage of Dg to be lower than that of D3. Thus, the current (I) is
increased by decreasing the output voltage (i.e. the Q1o gate voltage) of the
amplifier, so that V; becomes equal to V5. In this circuit VgRgr, and Vrgps are
given as follows. If Q5—()1; are the same in size and same saturation current
(I) flows,

3kT I
Vi=3Wr1 + IR = —In— +1R,,
q Isy
3kT I
Vy = 3Vagy = P L)
q Iso
By using the condition that V) = V5,
kT . I
IR = — lnﬂ;
q I
Ry 3kKT . I
. VREF2 = VBE(D7) + IR2 = VBE(D7) + 200 In ﬂ; (579)
Ry ¢ Isy
Ry + R3 3KT . I
<. Vaer1 = Vagrz + IR3 = Vag(Dy) + 22" In 2L, (5.80)
Ry q Isy

Therefore, the temperature coeflicients of Vrgr; and Vrgre can be changed
by adjusting the ratios (Rs/R; and R3/R;). The pnp transistors can be
fabricated by utilizing a CMOS device structure in which the p-substrate,
n-well, and p-diffused layer are used for the collector, base, and emitter,
respectively. A negative Vpp can be produced by an on-chip Vg generator
if the current flowing to Vg is small.
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5.4 The Voltage Down-Converter 323

In summary, the band-gap Vrgr generator is the best option with the
smallest variation in Vrgr, providing a wide variety of circuit configurations.

5.4.6 Burn-In Test Circuits

The Burn-In Test Condition. The burn-in test is a kind of reliability
test of LSIs to quickly get rid of potential defects. As a result of accelera-
tion through applying a high stress voltage and high temperature, potential
defects show up quickly. The test must also be applied to DRAM chips that
incorporate an on-chip voltage down-converter, although special care should
be taken so that the converter does not prevent the application of a stress
voltage to the internal circuit during the burn-in test. Figure 5.64 shows
the concept of the burn-in test for DRAMs using an on-chip voltage down-
converter. The DRAM core circuit operates at Vpr,, while the I/O circuit (L)
and voltage converter (VL) operate at Vpp. The voltages during normal ope-
ration (pOiIlt N) are Vpr, = VN, and Vpp = Wy, while Vpp, = Vig = k1 ViN
and Vpp = Vg = koVn during the burn-in test. Here, k; and ks are the
acceleration coefficients of Vpr, and Vpp, respectively. To successfully perform
the burn-in test, the following conditions must be satisfied.

Uniform Acceleration Throughout Chip. Each node voltage during normal
operation must be raised with the same acceleration coefficient. Thus, equa-
tion

Vi VB
in W ! ? (5.81)

must be established. Thus, points N and B are on line a in the figure.

_ VoL
DRAM chip VE10% o,
Voo 1 Vig oo =g
Voo = kiVLn //
VL N N
Li | | Le N 7
. <
Vss AN
7;7 /'/z\w\
o .
e ' :
0 . ' Vop
N Ve
= kaVn
VL : voltage down-converter N : normal operation
Ls : DRAM core B : burn-in test
L2 : I/O circuit

Fig. 5.64. The concept of the burn-in test for DRAMs, using an on-chip voltage
down-converter {5.48]
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Constant Vpr, at Around Normal-Operation Vpp. To obtain stable operation,
VbL must be almost constant even for the maximum variation in Vpp (at least
+10%) that is guaranteed at the normal-operation Vpp. Therefore,

Voo =WVin  (0.9V < Vpp < 1.1VR), (5.82)

Burn-In Voltage Generation. Figure 5.65 illustrates a Vpr, generator [5.48]
that meets the above requirements. Note that since the generator was im-
plemented for the first stage of the series-connected converter shown in
Fig. 5.48b, Vpr, in the figure corresponds to Vj;gp in Fig. 5.48b. The converter
features the switching of a line Vgn via a flat line Vg to a line Vgp at a cer-
tain Vpp (around 6V in the figure). The line Vgn governs normal-operation
characteristics, while the line Vgrp governs the burn-in (i.e. V1,5) character-
istics. When Vpp is low enough, Vpr, = Vpp because ()1 is always turned
on (see Fig. 5.47). When Vpp is higher than 7 Vrgrn, however, the output
VoL is fixed at Vin (3.3V). On the other hand, the Vgp characteristics are
obtained by using two comparators (CP; and CP3), a PMOSFET (Q), and
an NMOSFET (Q3). The reference voltage, Vop — Vrers (VrErB =~ 2V), is
generated based on Vpp. When Vpp is low enough, the resulting high voltage

I2
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VpL &
i & Na
L . %
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VLB -5 oo Sptennne e :
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L S 1
rd ) i
7 »
/ 1
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Sy S |
e o ' :
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0 _ 1 ] Ol S ‘L'l-) 1 1 ﬁ \Vob
VN Vs

(b)
Fig. 5.65. A burn-in test circuit (a) and its characteristics (b) [5.48]
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5.4 The Voltage Down-Converter 325

at the CP3 output makes the CP2 input (Vgg) low. Since another CP5 input
voltage is Vpp as a result of CP; and @); operation, the CP5 output voltage is
high enough to cut Q4 off. When Vpp is higher than Vpp — Vrerg, however,
Vie becomes Vpp—r2Veers. Here, ro = (Ra1+Raz)/ Raz. If the resulting Vagp
voltage is higher than Vpr,, Q2 is turned on while @)1 is turned off. Thus, Vpy,
is in turn determined by Vg, eventually causing the characteristics shown in
Fig. 5.65. Here, the condition to ensure the flatness of Vpy, against variations
in Vpp at Vx = 10% is expressed as

1.1V — Vin < VB — ViB. (5.83)

Thus, by using (5.81), the acceleration coefficient is given as

1.1VN — VLN

kq ko > VN — Vin . (584)
For example, k1 = ko > 1.29 is obtained for Vy = 5V and Vi,n = 3.3 V. Since
the burn-in test is usually performed with an acceleration coefficient that is
much larger than this value, the Vpj, flatness is ensured sufficiently.

Figure 5.66 shows another burn-in test circuit and set of Vpr, character-
istics [5.41]. It features an excellent Vpy, flatness against wide variations in
Vbp at around Vy, and a flexible V-setting to meet users’ requirements. In

Voo Voo

P —— Y
VLB1 ___4::2 _________________________ :'_'_' ________ B1 |
i e
VLN ,33 _________________ < ’N'/ .................. VRN
B Ve
/'/
e\
,/QQ . ! ;
- /»/6\0 ! H
0 ~ 1 ] | L $ ¢6'3| § >\/o0
VN Ve Ve2

(b)

Fig. 5.66. A burn-in test circuit (a) and its characteristics (b) [5.41]
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order to perform the burn-in test more quickly, a high Vg is better, as long
as Vg is higher than Vi and lies on line a. In addition, the flatness of Vpyi,
must be ensured, with a wider Vpp margin at V. Both requirements are
satisfied with the thick solid line in Fig. 5.66, in which Vg is assumed to be
higher than 6.3V when Vy = 5V and Vi,x = 3.3V (i.e. the slope of line
a = VLn/Vn = 2/3). These characteristics are realized by using the circuit
shown in Fig. 5.66a and the Vrgr generator shown in Fig. 5.63c. When Vpp
is low enough, 5 is off, enabling Vgg = 0. Thus, Vpy, is under the control of
a fixed VREFl (1.65 V), so that VLN is fixed to 3.3V at VDD > 2VREF1 (33 V)
because of a voltage-division ratio of 1/2 at Ry;. When Vpp is increased
further to the extent that Vpp/b is higher than Vggpe (1.26 V) — that is,
Vbp > 5VRer2 (6.3V) — Vgp is Vpp/3 as a result of turning (), on. Vgp is
higher than Vggp1, allowing the Vpy, characteristics to be governed by Vggp
at a Vpp higher than 6.3 V. Eventually, Vp;, changes at a rate of (2/3)Vpp,
lying on line a.

Figure 5.67 shows another example of a burn-in test fora 16 MbDRAM [5.40].
In this scheme the reduced voltage, Vpr,, during normal operation is switched
to Vpp during the burn-in test, with Vg = Vpp. The drawback is that during
the burn-in test the appropriate stress voltage for the large devices in the
L, block in Fig. 5.64 may destroy the small devices in the L; block. In
other words, the appropriate stress voltage for the L; block becomes less
of a stress voltage for the Ls block. Thus, the scheme is acceptable only when
the difference between Vi and Vin is small, or the scale of integration of
the L, block is much larger than that of the Ly block, so that the reliability
of the whole chip is determined by that of the L; block. The burn-in test
starts with a burn-in test control signal, ¢, which is generated by a timing
sequence of WE before CAS before RAS, followed by n-time applications of
CAS. @3, which is turned on by the application of @, generates Vpp at the
output. The application of CAS inhibits the start of the burn-in test, with
a similar timing sequence that happens when powered on.

Veer Q, Q|2_°B _ n g 4: g
S I 11 ] I ol
. Rl
— Vo WE —L_—J— 2r
% ¢B 00 2 4 6 8
Voo (V)
(a) (b) ©)

WQy) = 2000 pm
W(Qy) = 5000 um

Fig. 5.67. A burn-in test circuit (a), its timing diagram (b), and its characteristics
(c) [5.40]
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5.4 The Voltage Down-Converter 327
5.4.7 Voltage Trimming

The variation in Vrgr (AVrgr) caused by variations in Vpp, temperature,
and the fabrication process must be reduced as much as possible, because the
dc level of Vpy, is directly affected by AVrgr. To minimize AVrgr, if any,
VREF trimming in accordance with the level of Vpy, is thus important. Laser
trimming is usually used, through the cutting of poly-Si fuses with a laser
beam. Since the fuses are the same as those for redundancy, which has been
widely used in commercial DRAMs, as discussed in Chap. 3, no additional
photo masks and process steps are needed for the AVgrgr trimming. In the
following, trimming techniques for two voltages (Vin and Vi) are explained,
using the Vpy, generator shown in Fig. 5.65 as an example.

Figure 5.68a shows a Vpy, generator with a trimmer [5.48]. The Vgrgr ge-
nerators shown in Fig. 5.68b use the Vy difference (AVr) scheme in Fig. 5.62.
A bias-current circuit composed of a mirror circuit gives both the Vggrn and
Veers generator bias-currents (I and 21), enabling the same current (I) to
flow to Q1 and (2. Here, VREr is equal to twice AVt because of the series
connection of two identical MOSFETSs. The doubled AVt is convenient in
the design of the trimmer. Q4 in the Vygpn generator improves the constant-
current characteristics of Q3 by suppressing the dependence of the current
on the drain-source voltage [5.54]. Here, variations in the fabrication process
change Vregrn and Vrerg, eventually causing Vgn and Vrp variations as
large as £20% for the gate-oxide and dopant variations of +10% [5.47]. Even
if such variations occur, Vany (= 71Vrern) can be adjusted to any level
through the trimming of R;1/Rjo (i.e. 71). The variation of Vgp can also
be adjusted by the trimming of ro. Figure 5.68c shows a decoded trimmer
using fuses [5.48]. The trimmer allows the input voltages (Ven, VEB) to the
comparators (CPy, CP2) to be precisely controlled by trimming of r; and 7,
through programming of fuse-ROMs. One of voltages divided by resistor is
selected by a decoder as a result of the programming of three fuse-ROMs.
When the voltage V; is selected, Vgrn is expressed, by using the condition
VrN = VREFN, as

_ Ry+Ri+---+Rg
" Ry+Ry+---+Ri

VeN VREFN- (5.85)

VRaB is also given by using the condition Vg = Vpp — VREFB, as

Ro+ Ri+--+ Ry
Vop — Ver = Vop — Wi ] 5.86
pD — VRB R0+R1+~-+Ri( bD — VREFB) (5.86)

The circuit enables the minimum number of fuses, which are due to the use
of the decoder: three fuses for normal operation and another three fuses for
the burn-in test. Hence, the number of fuses cut is six at most, enabling
a negligible additional cost for trimming.

A VpL generator with the above trimmers has actually been implemen-
ted on a 16 Mb DRAM [5.48]. The experimental results were as follows:
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Fig. 5.68. Trimming circuits for Vpr, (a) and reference voltages (b), and a decoded
trimmer (c) [5.48]
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Vin=33Vat Vpp =5V, Vg = 5.3V at Vpp =8V, AWy = £9mV at
AVDD(4.5——5.5 V) =1V, A(VDD — VRB) = +50mV at AVDD(7—8 V) =1V,
AViny = £84mV and AVpg = +£70mV at AT(20—-120°C) = 100°C, and
AVin = AVig = £130mV at AVy = +0.3 V. The generator occupied only
0.6% of the chip area of 127 mm?2. Moreover, a 16 Mb DRAM [5.62] with
a generator incorporating a Vrgr generator shown in Fig. 5.61d revealed

that laser-trimming allowed the center value of Vpi, to shift from 4.6V to
4.0V, while reducing AVpy, from 0.7V to 0.2'V.

5.4.8 Low-Power Circuits

A DRAM chip must maintain its low-power advantages, such as a low data-
retention power, even if a Vpy, generator is incorporated. Thus, the generator
must provide a small enough current when the load circuit does not need
a large current. However, the generator must deliver a current that is large
enough to suppress the voltage dip (see AVpy, in Fig. 5.51) during the active
period. The schemes of low-power circuits to meet these requirements are
similar to those of the Vgp generators discussed previously.

A typical example is shown in Fig. 5.69, which is similar to the basic
generator in Fig. 5.47 if the PMOSFETs and NMOSFETSs are exchanged.
The constant-current source composed of )2 and ()3 is controlled by a clock,
& [5.43, 5.57]. For example, the current — that is, Ig in (5.29) — is increased
by turning on ()s synchronously with the charging up of many data lines that
involve a large current. After completing the charging up, @3 is turned off
to save power. ()7 is always turned on with a small current to maintain the
Vb1 level while the Vpy, load current is quite small. The values of the power
dissipation were 15 mW and 2mW in the active mode and the stand-by mode,
respectively.

Figure 5.70 shows a Vpj, generator [5.40] that delivers the current only
when Vpr, is changed due to a load operation. Before activation, the compa-
rator and @, are off because CBR is raised to Vrgr1 + Vrp. Since the Q2
gate voltage is pumped to Vrer1 + Vrep + Vrn, the output voltage Vpi, is

° Voo (5V)

po—[~Q; Q };7

—Eo

Vi (3.5V)

VREF())—‘ —

(3.5V |
I

Fig. 5.69. A current-switching Vpr,
generator [5.44]
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Fig. 5.70. A Vp, generator activated by a load operation [5.40]

TH_I

VrerF1 + Vrp, preventing current flow through R; and Rs. Even when CBR
falls to 0V, @ remains off although the comparator is activated and Vpr,
stays almost at Vrgr1 + Vrp, if (R1 + R2) is high enough and the @, cutoff
condition
VreF1 + Vrp
T

> VREF1
is satisfied. When a change in Vpy, (AVp1,) occurs, however, @; is turned on
so as to suppress AVpy, if AVpy, satisfies

Vrer1 + Vrp — VDL
T

< VREF1-

It has been reported that the generator consumes 4 mA in the active mode
and 20 A in the stand-by mode, with an area penalty of 0.16% for a 16 Mb
DRAM.

Figure 5.71 shows the parallel connection of two generators [5.45]: a low-
power generator for supplying a small current (0.2mA at Vpp = 5V) during
the stand-by mode, and a high-power generator for supplying a large enough
current during the active mode, with @-activation.

Reduction of the Vrgr-generator current is also important, since even the
VRrEF circuit in Fig. 5.62a always consumes 10—100 wA. Note that the stand-
by current of the whole DRAM chip must be confined to less than 10uA,
exclusive of the refresh-relevant current. Figure 5.72 shows a dynamic VRgr
generator [5.61] that realizes a current of less than 1A, in which the static
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Fig. 5.71. The parallel connection of two generators, one for active mode and the
other for stand-by mode [5.45]
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Fig. 5.72. A dynamic Vygp generator [5.61]

current mirror shown in Fig. 5.62b is changed to a dynamic one. It features
dynamic operation, like a sample and hold technique. The current path is
enabled when @, is applied, and the output voltage is sampled on the hold
capacitance Cy while @, is applied. These control pulses are generated from
an on-chip self-refresh circuit. For a ¢, pulse width of 200 ns and a sampling
interval of more than 100 s, the total current is reduced to only 0.5 pA.
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332 5. On-Chip Voltage Generators

5.5 The Half-Vpp Generator

The voltage setting accuracy and transient characteristics for variations in
Vbp and load operations are the keys to designing a half-Vpp generator,
because a half-Vpp power supply is closely related to the cell signal voltage
and its reference voltage of sensing.

Figure 5.73 shows a half-Vpp generator [5.66] consisting of a bias circuit
and push-pull output circuit. If R; and R, are high enough resistances and
the MOSFETSs have the same value of Vr, the voltages at nodes N, N1, and N,
are Vpp/2, (Vbp/2)+ Vr, and (Vpp/2) — V, respectively. Thus, the output is
stabilized at Vpp/2. Since both source—gate voltages of Qng and Qpo are Vr,
they are weakly turned on, allowing a small subthreshold current to flow. The
resultant stand-by current is 50 pA at Vpp = 5V. Any change in the output
voltage is eventually suppressed, because either of the two is strongly turned
on, providing several mA. A switching scheme [5.31] of two generators similar
to the above circuit, one dedicated to Vpp/2 for normal operation and the
other dedicated to (Vpp — V)/2 for battery back-up mode, increased the cell
data-retention time of the back-up mode by 20% by switching the data-line
precharge level from Vpp/2 to (Vpp — Vr)/2. However, this generator has
the following drawbacks when Vpp is lowered. The voltage setting accuracy
gets worse for a fixed variation in Vi, as exemplified by a 0.1V output
fluctuation caused by a +0.1 V independent fluctuation in V1 for PMOS and
NMOSFET. In addition, a high-speed response is more difficult to achieve
for the ever-increasing load capacitance with increasing memory capacity. For
example, for a load (i.e. a cell-capacitor plate) capacitance of a 64 Mb DRAM
as heavy as 115nF, the rise time of the Vpp/2 waveform during power-on
is as long as 160us at Vpp = 1.5V [5.38]. Such a slow response might be
detrimental to normal operation.

Fig. 5.73. A half-Vpp generator [5.66]
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Fig. 5.74. A half-Vpp generator for low-voltage operation [5.38]

The generator [5.38] shown in Fig. 5.74 solves the possible problems men-
tioned above. One feature is the separation of the voltage-division circuit
and the bias circuit, to improve the accuracy by about one order. Only the
difference in Vi between the MOSFET's with the same conduction type (Qn1
and Qn2, or Qp1 and @Qps), which is usually small, is related to the accuracy.
Another feature is the addition of a push-pull current-mirror amplifier and
a tri-state output driver to speed up operation. The amplifier outputs Vpp /2
at steady state, because the gate voltages of Qn2 and Qps are Vpp /2 + Vr
and Vpp/2— Vi, respectively. When the load voltage falls from Vpp /2 during
a load operation, the charging current A7 flows as a result of more forward
biasing of Qn2. Thus, the mirrored current i charges up the (n3 gate to
Vbp. The resulting large current I charges up the Vpp/2 load, so that the
load recovers to the original Vpp/2. On the contrary, when the load voltage
increases, the lower part of the amplifier suppresses the load-voltage variation
in the same manner. The tri-state driver enhances the driving capability. This
generator has achieved a 30-fold speed increase at Vpp = 1.5V, compared
with that in Fig. 5.73.

5.6 Examples of Advanced On-Chip Voltage Generators

This section describes consistently the most advanced on-chip voltage gene-
rators [5.76] applicable to low-voltage gigascale DRAMSs. They generate con-
currently a negative quiescent word-line voltage (the so-called NWL scheme,
described in Chap. 4) and a boosted active word-line voltage. To obtain well-
regulated voltages, they fully utilize the circuit features of the on-chip voltage
generators explained so far.
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Fig. 5.79. Reference voltage requirements [5.76]
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Fig. 5.80. A reference-voltage generator [5.76]

offset voltage gencrator ensures highly accurate output voltages and I/V
conversion resistors with a small layout area. The circuit operates as follows.
The V/I converter converts the band-gap voltage Vpg into the refercnce
current I, which is expressed as Vae/R. The mirror current { in resistor Ry
Aows from Vyg to Vip. Therefore, VN is expressed as follows:

Vex = —{Rn/R)Vea- (5.87)

In a similar way, the mirror current [ in Rp Hows from Vpp to Vop. Thus,
Vip is expressed as follows:

Vap = {Rp/R)VBa + Vop. (5.88)

Because the resistance ratio is independent of temperature and process va-
riations, Vgn and Vpp remain constant despite those variations. Since a re-
sistance is not needed to create the voltage between Vpp and Vgg in this
configuration, precise offset voltages above ¥pp and below Vig are created
with a small layout area. In addition, since Vpp increases with respect to
Vop. and Vpp is constant with regard to Vgg, the drain—source voltages of
the current mirror FETs, M, and Ms, are held almost constant, to eliminate
the error in the output voltages caused by the drain conductance.
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The whole generator measures 420 um x 506 um, with a 0.3 um DRAM
process. The experimental data are as follows. The current consumption is
7UA at Vpp = 3.5V, the output voltage error is less than —100mV for Vrp
and less than +50mV for the Vgyn from 1.3V to 3.5V of the Vpp without
trimming, and the temperature dependency is less than 500 ppm/°C.
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6. High-Performance Subsystem Memories

6.1 Introduction

In the past, the high-speed SRAM cache and the DRAM main memory have
contributed to enhancing the performance of hierarchical memory systems
(Fig. 6.1) in personal computers (PCs), workstations, servers, and so on.
Recently, however, to bridge the ever-increasing speed gap between micropro-
cessor units (MPUs) and main memories, high-speed DRAMs [6.1-6.5] such
as the synchronous DRAM (SDRAM) and the Rambus DRAM have become
increasingly important. These DRAMs incorporate memory subsystem tech-
nologies that memory-system designers have used to enhance not only access
and cycle times, but also throughput. Here, throughput is defined as the
product of bus width and frequency. The resulting high throughput of the
DRAM chips has been indispensable even for PC graphics, image processing,

Processor
L1
Cache
Processor "
Bus Cache
Memory .
Controller Main Memory
System Bus
Video ——> CRT Hard Disk
Processor | Controller
Graphics | Hard Disk
Memory | i Memory

? ]
.................. Fl

Graphics Subsyste

Fig. 6.1. The graphics memory in a personal computer [6.6]
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and other multimedia applications [6.6-6.8]. In particular, high throughput
is a key to high-performance graphics systems, as shown in Fig. 6.1. There
are two missions for a graphics memory. One is to output data to display
devices such as the cathode-ray tube (CRT). The other is to transfer drawing
data to and from the video processor. Display performance has achieved
200 Mbyte/s, but the perception of the human eye is limited in terms of
resolution and after-image, and therefore the high-performance requirement
is getting saturated. The need for high-drawing performance, however, is in-
creasing incessantly. Graphics expression was originally text-based, and then
the two-dimensional (2-D) still picture, but now it has reached natural and
moving pictures, and is progressing toward three-dimensional (3-D) moving
pictures, that need a greater improvement in performance. Graphics memo-
ries have been designed using DRAM technology. In the past, the dominant
form of graphic memory was video RAM (VRAM), which has independent
display and drawing terminals (i.e. a dual port), as shown in Fig. 6.2. For
example, while outputting serial data from one port to a low-performance
display, the other port can be used for high-speed random-access drawing.
However, the performance of the serial port is so poor that VRAM cannot
deal with high-speed block data processing, which is essential for modern
audio/video equipment. This problem is solved by high-performance single-
port RAMs such as SDRAM, in which the single port is used for both display
and drawing. Recently, even video data is being stored in the main memory
for 3-D graphics applications of low-end personal computers, in which the
graphics memory is eliminated. In this case, high-performance DRAMs are
strongly needed, since both the MPU and the video processor frequently
access the same main memory. Games machines that deal with 3-D graphics
also need high-performance DRAMs.

Meanwhile, custom memories have been also crucial. In particular, em-
bedded DRAMs are emerging architectures that boost the performance of
standard DRAMs. Fortunately, recent developments {6.9, 6.10] imply that
state-of-the-art DRAM miniaturization technology has at last progressed to
the point at which embedded DRAMs are becoming attractive in terms of
cost. The elimination of the large buffer and bonding pad area for many 1/0Os,
and the reduction of I/O noise and power, also favor embedded DRAMs. At
present, the question of which approach is better in terms of cost/performance

VRAM
random serial
Video | port RAM port
= » DRAM SAM
rocessor | (drawing) ( array) } (display)
|
(data transfer)

Fig. 6.2. The concept of video RAM (VRAM) [6.8]. SAM, serial access memory
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and availability is a major concern: standard DRAMs combined with high-
density packaging technology or embedded DRAMs.

This chapter describes high-performance subsystem memories, especially
for a hierarchical memory system. First, improvements of memory-subsystem
performance in a memory hierarchy consisting of a cache SRAM and a DRAM
main memory, and memory-chip performance that plays a critical role in these
improvements, are discussed. A comparison of performance between DRAMSs
and SRAMs is also included here. Second, memory-subsystem technologies
that are essential for high-speed DRAM chips are explained. Third, trends in
high-speed DRAMs that use the above technologies are reviewed, and then
an SDRAM and a Rambus DRAM are described in detail. Finally, embedded
memories are explained, with an emphasis on the DRAM.

6.2 Hierarchical Memory Systems

6.2.1 Memory Hierarchy

To realize a substantially unlimited amount of fast memory at a low cost,
the memory of a processor is implemented as a memory hierarchy. A memory
hierarchy consists of multiple levels of memory with different speeds and size.
The upper level (i.e. the one closer to the processor) is smaller and faster than
the lower level. The upper level is a subset of any lower level: all data at one
level is also found at the level below, all data at that lower level is found at
the one below it, and so on, until we reach the bottom of the hierarchy. The
minimum unit of information that can be either present or not present in the
two-level hierarchy is called a block. If the data requested by the processor
appears in some block in the upper level, this is called a “hit”. Hit time is the
time to access the upper level of the memory hierarchy, which includes the
time needed to determine whether the access is a hit or a miss. If the data is
not found in the upper level, the request is called a miss. The lower level in
the hierarchy is then accessed to retrieve the block containing the requested
data. The miss penalty is the time to replace a block in the upper level with
the corresponding block from the lower level, plus the time to deliver this
block to the processor. Because the upper level is smaller, and is built using
a faster memory, the hit time is much smaller than the time to access the
next level in the hierarchy, which is the major component of the miss penalty.
System performance trends to improve with increases in the memory size (i.e.
the capacity) of the upper level and the block size because of the increased hit
rate. In addition, it improves with a reducing miss penalty, which is closely
related to memory-system organization and memory-chip performance.
Figure 6.3 shows a typical example composed of SRAM caches, DRAM
main memory, and hard disk memory. By adding another level of cache
between the original cache (i.e. the first-level cache — the L1 cache) and
the main memory, the L1 cache can be made small enough to match the
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Hierarchy Memory Part Speed Size Cost/bit
Processor
Level 1 On-chip SRAM | fastest smallest highest
Cache
Level 2
Cache SRAM
Main Memory DRAM
y
Hard Disk . .
Memory Magnetic slowest biggest lowest

Fig. 6.3. A memory hierarchy of a processor [6.2,6.3]

clock cycle of the fast MPU, while the second-level cache (the L2 cache) can
be made large enough to capture many accesses that would go to the main
memory, thereby lessening the effective miss penalty. A processor in search
of data or instructions looks first in the L1 cache, which is closest to the
processor. If the information is not found there, the request is passed on to
the L2 cache. Naturally, while awaiting the needed information, the processor
is not fully utilized. Both the performance and the throughput (bandwidth)
are improved by the integration of SRAM on to the processor assembly, as
an on-chip L1 cache. Traditionally, SRAM cells that are integrated into the
processor chip are larger than in stand-alone commodity SRAM cells, and
may also have performance-enhancing features such as dual-port capability.
‘They are fabricated with the same process as is used for the processor logic
and usually have the highest performance possible. An L1 cache is faster
than the L2 off-chip caches which tend to be SRAM as well, though these
often rely on specialized SRAM processes that minimize cell area. The relative
sizes and performance of memory units are conditioned primarily by economic
considerations, with roughly equal costs allocated to the different cache levels
of memory. This equipartition of costs to the memory subsystem components
leads to an L1 that is smaller than an L2 and so on, ensuring the best possible
performance for a given overall system cost.

Figure 6.4 shows a block diagram [6.11] of a typical personal computer
system using the Pentium microprocessor, in which the block size of the on-
chip L1 cache is 32 bytes (i.e. 256 bits). This block must be replaced by data
from the off-chip L2 cache through a 64-bit CPU data bus, when a miss hit in
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Fig. 6.4. A block diagram of a typical personal computer system, using the Pentium
microprocessor [6.11]

the on-chip cache occurs. Thus, the replacement cannot be accomplished at
one time, but needs four cycle times. This implies that the replacement time
depends not only on the first access time of the SRAM, but also on the cycle
time of the subsequent four cycles. Thus, the cycle time (in other words, the
throughput), as well as the access time, is an important factor affecting the
performance of cache memories. Such is the case between two adjacent levels
of L2 cache and DRAM main memory.

As processor performance has increased, the wait time in idle cycles or
memory stall cycles has also risen to an unacceptably high level. This latency
is aggravated by the fact that the main memory (DRAM) performance,
coupled with off-chip access times, has not kept pace with improvements in
processor performance, giving rise to the so-called memory-processor per-
formance gap (Fig. 6.5). Thus, in addition to the fast access time, high
throughput is becoming increasingly important, as exemplified by demands
on DRAMs from personal computers shown in Fig. 6.6 [6.4, 6.17).
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6.2 Hierarchical Memory Systems 345

and Pentium generations, respectively. Engineering workstations (EWS) and
even graphics systems need a 128-bit width. Note that a peak throughput
as large as 1 Gbyte/s is attainable with a 133 MHz 64-bit bus. Actually, the
peak throughput of the bus is not realized because of degradations of the
throughput of memory, and the use of the bus by memory. In a memory
hierarchy, these degradations are closely related to the cache miss rate and
the cache miss penalty, as will be explained with a two-level memory hierarchy
composed of a SRAM cache and DRAM main memory.

Reducing Cache Misses. The simplest way to reduce the miss rate is to
increase the block size as follows. Since programs access a relatively small
portion of their address space at any instant of time, if an item is referenced,
other items whose addresses are close by will tend to be referenced soon. To
take advantage of this spatial locality, a cache must have a block size larger
than one word. Thus, when a miss occurs we can fetch multiple words that are
adjacent and carry a high probability of being needed shortly. Obviously, the
miss rate falls when the block size is increased. An excessive increase, however,
increases the miss penalty as follows. The miss penalty is determined by the
time required to fetch the block from the next lower level of the hierarchy and
load it into the cache. The time to fetch the block has two components: the
latency to the first word, and the total transfer time of the remaining words
of the block, as suggested in Fig. 6.4. Clearly, the transfer time increases as
the block size grows, and thus the miss penalty also grows.

Reducing the Cache Miss Penalty. The cache miss penalty is closely
related to memory organization, bus utility, and memory-chip performance.

Memory Organization [6.2,6.3]. In the case of the DRAM main memory, it
is difficult to reduce the latency to fetch the first word from memory due
to the inherently slow access time of the DRAM. Instead, the miss penalty
can be reduced if the throughput from the memory to the cache is increased.
The primary method of achieving higher memory throughput is to increase
the physical or logical width of the memory system. Let us compare the
miss penalty for various memory organizations, shown in Fig. 6.7. Here, it
is assumed that a hypothetical system with a cache block of four words and
four bytes per word needs one clock cycle to send the address to the memory,
ten clock cycles for the access time per word, and one clock cycle to send
a word of data.

Figure 6.7a shows one-word-wide memory organization, in which all com-
ponents are one word wide and all accesses are made sequentially. The data-
I1/0 configuration of each memory chip is assumed to be 2 Mwords x 32 bits.
The miss penalty of the memory would be 1+4 x 10+4 x 1 = 45 clock cycles.
Thus, the number of bytes transferred per clock cycle for a single miss would
be 4x4/45 = 0.35. Figure 6.7b shows the organization widening the bit width
of the memory and buses between the MPU and the memory. This allows
parallel access to four words of the block. The miss penalty and the number
of bytes would be 1 +1 x 10 +1 x 1 = 12 clockcycles and 16 x 1/12 = 1.33,
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bank O bank 1 bank 2 bank 3
0 1 2 3
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Fig. 6.8. A four-bank interleaved memory [6.3]. Word addresses from 0 to 15 are
sequentially mapped from bank 0 to bank 3 so that four words in a block (for
example, word addresses 0-3) are read sequentially

respectively. The miss penalty drops from 45 clock cycles to 12 clock cycles
despite the drawbacks of increased cost due to the wider bus and additional
buffers at the memory. Figure 6.7c shows the organization widening the bit
width of the memory, but not the interconnection bus. Instead of making the
entire path between the memory and cache wider, the memory chips can be
organized in banks to read or write multiple words at a time, rather than
a single word. Each bank could be one word wide, so that the width of the
bus and the cache need not change, but sending addresses to several banks
permits them all to be read simultaneously. This scheme, which is called
interleaving, retains the advantage of incurring the full memory latency only
once. For example, with four banks, the time to get a four-word block would
consist of one cycle to transmit the address to the banks, ten cycles for all four
banks to access memory, and four cycles to send the four words back to the
cache. This yields a miss penalty of 1 +1 x 10 +4 x 1 = 15 clock cycles. This
is an effective throughput per miss of just over 1byte per clock, or about
three times the throughput for the one-word-wide memory and bus. The
mapping of addresses to banks affects the behavior of the memory system.
The example shown in Fig. 6.8 assumes that the addresses of the four banks
are interleaved at the word level. A cache read miss is an ideal match to word-
interleaved memory, as the words in a block are read sequentially. Banks are
also valuable on writes. Each bank can write independently, quadrupling the
write throughput. Interleaved memory banks need the wide-bit-data-I/O chip
configuration as the memory capacity of the chip increases. Otherwise, the
minimum number of memory chips necessary for the main memory and the
add-on memory capacity is increased, which is not suitable for small systems.
For example, for a 1 b I/O configuration the number is as large as 128, while
for a 32 b I/O configuration it is reduced to four. The more detailed scheme
of multibank interleaving will be explained later.

The column modes (the nibble, page, and static column modes, described
in Chap. 3) of traditional DRAM designs are beneficial for memory system
designs. The advantage of such modes is that they use the circuitry that
is already on the DRAMs, adding little cost to the system while achie-
ving an almost fourfold improvement in throughput, as will be explained.
For example, the nibble mode was designed to take advantage of the same
program behavior as interleaved memory. The chip reads 4 bits at a time
internally, supplying 4 bits externally in the time of four column cycles. If
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the nibble mode cycle is fast enough to be equal to the bus clock cycle, the
interleaved memory organization in Fig. 6.7 could be realized with a high
speed of nibble mode. Wide memory organization is not needed. Moreover,
the minimum number of 64 Mb chips is one for a 32 b I/O configuration,
while it is 32 for a 1 b I/O configuration, offering flexible system design to
designers. The new breed of DRAMSs such as DDR and Rambus DRAMs
(which will be discussed later) further improve the throughput, although the
cost penalty caused by the additional chip area is controversial.

Bus Utility. If the bus could transfer the data from memory at the maximum
bus frequency, the peak throughput of the bus would be available. This is true
as long as the throughput of the memory can be maximized by interleaving
or high-speed column modes so as to keep up with the peak bus throughput,
and an infinite length of burst data is transferred. In actual practice, however,
it is not realized due to a degraded utility of the bus. The following irregular
accessing is responsible for the degradation.

Despite increased utility, an excessive length of burst column data or an
excessively large block size might allow unnecessary data to be transferred to
the cache in vain. On the other hand, when MPU urgently requests data, it
must wait until a string of data has been completely transferred. Thus, the
burst length must be appropriate in order to permit frequent interruptions by
row-address accesses. Furthermore, when the memory capacity of the cache is
increased, the probability of row-address accesses is increased. This is because
the cache is more likely to store the neighboring data and thus the randomness
of access to the DRAM is increased. These row-address accesses degrade the
bus utility because the following dead cycles are involved.

When DRAM is accessed by an address set of a row and column on
a cache miss, a word line (a so-called page) is activated, and all the resulting
cell data along the word line are amplified and latched on the data lines.
These successive operations, from row-address activation to data latching,
are simply called the opening of a page. Note that system designers map the
address so that multiple words of a cache block can always be found on the
same page. Therefore, when the column address corresponding to the first
word of the block is selected, the corresponding latched data are outputted
after latency, followed by the data resulting from successive selections of
the remaining column addresses. However, when another cache miss with
a different row address occurs, we cannot utilize the data previously latched
on the data lines. Hence, we must turn off the selected word-line pulse and
then precharge the data lines to prepare the next row access, which takes
a long time, as discussed later. Thus, alternate accessing of different pages
(i.e. word lines) in the same bank (i.e. the same memory array) interrupts the
sequence of high-speed column modes. Here is a typical example of bus utility.
64-bit bus MPUs such as the Pentium complete a 32-byte data transfer with
two clock cycles (i.e. with four bursts), if a double data rate (DDR) DRAM,
which needs two clock cycles for each page opening, read latency (i.e. column-
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Fig. 6.9. A schematic of memory chip architecture. Quly blocks iu the critical path
are conceptually illustrated. RS, row select; C8, column select

address activation to data output), and precharging operation, is used. Since
the clock cycles for opening the page and precharging, all of which are related
to row-address accessing, are dead cycles for data transfer, the data bus utility
is only 25%. Dead cycles are also needed when mode transitions, such as the
read-lo-wrile operation and the sclection of a different DRAM chip, occur.

6.2.3 Memory-Chip Performance

Memory-chip performance, which is represented by access and cycle times,
has the greatest influence on the cache miss penalty. The performance is
almost determined by & memory array that consists of large-RC delay com-
pouents, by the current-driving capabilities of the circuits that are relevant to
the memory array, and by the voltage swings and fiming sequences necessary
for memory-cell operations (Figs. 6.9 and 6.10, and Table 6.1}. Here, the
peripheral circuits such as the chip I/0 and logic circuits are fast enough, as
in logic chips.

The size of a memory array is usually large, and thus the word and data
lines are heavily capacitive. Note that, for high-end embedded SRAMs, the
area of the memory ccll array is 50% or so of the total chip area. For stand-
alone SRAMSs, it may be G0—70% or so. Standard {commodity) DRAMSs
usually have array utilizations of 55—70%, while high-performance DRAM
and protocol-intensive DRAMs such ag Rambus are likely to have lower array
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Table 6.1. Materials and voltage swings of major signal lines

DRAM SRAM
Heavily Material Voltage swing Material Voltage swing
capacitive lines read write read write
Row address line (a;) Metal Vb Vbn  Metal VbD Vbp
Word line (WL) Poly-Si Vbu Vbu Poly-Si  Vpp Vbp
Polycide Polycide
Data line (DL) Polycide wvsig, VDD/2 Vop  Polycide  wgig Vbb
Column address line (a;) Metal Vbp Vbp  Metal Vbp Vbp
Column select line (YL) Metal Vbp Vbop  Metal Vbbb Vbp
I/0O line Metal Av(> vsig) VDp  Metal Vsig Vbp

utilization. In addition, the lines are resistive, because they are formed using
refractory metals such as poly-Si, which realize a high-density memory cell
with the capabilities of self-aligned processing and fine patterning despite the
resistive materials. Thus, a memory array inevitably suffers from large RC
line delays. To reduce the line delays, the multidivision of a memory array
with full usage of multilevel metal wiring and small-signal transmissions on
the lines is useful, as explained later and in Chap. 3.

Row and column decoders/drivers, sense amplifiers, and precharge cir-
cuits also suffer from slow speeds caused by poor current-driving capabilities,
because they must be small enough to be laid out within the tight pitches
of the word and data lines. In particular, the DRAM sense amplifier on each
data line is relatively slow because of the small input voltage of a cell signal
of 100—200mV that needs a long time for amplification.

In general, DRAM is slower than SRAM when the same physical size of
memory array is assumed. The no-gain destructive read-out characteristics of
the DRAM cell are responsible for the slow speed. Thus, SRAMs are suitable
for cache applications, while DRAMs are used for main memory applications.

DRAM Speed.

DRAM Cell with no Gain. The absence of gain imposes the following strict
timing sequence on DRAM operation. First, a small signal voltage is develo-
ped on the floating data line, which is susceptible to noise due to word-line
activation. Next, the signal is amplified up to a sufficiently high voltage by
a sense amplifier. Then, the amplified signal is outputted to the I/O line
by activating a column selection line (YL). If the*sequence is out of order,
the sensing is unsuccessful due to a shortage of sensing signal voltage. For
example, if the word line is activated while keeping YL turned on, the load
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capacitance of the memory cell, which is the sum of the data-line and I/O-line
capacitances, is increased, and thus the cell signal becomes so small that the
sense amplifier cannot amplify the signal correctly. The fact that the cell has
no gain is responsible for the small signal. If YL is activated before the signal
voltage on the data line is amplified sufficiently, the signal voltage transmitted
to the I/O line is so small that the main amplifier on the I/O line fails to
discriminate the cell information correctly. This is due to the heavy I/O-line
capacitance, compared with the data-line capacitance. This timing sequence,
which is needed in the conventional design, is a major reason why the row
access time of a DRAM is inherently slow. However, if the direct sensing (see
Fig. 3.63) is applied to the DRAM, despite an area penalty, a small cell signal
can be quickly transmitted to the I/O line without waiting for amplification
by the sense amplifier, thus realizing a faster row access time.
The Destructive Read-Out of the DRAM Cell. The row cycle time of the
DRAM is also slow due to the destructive read-out characteristics of the
DRAM cell, which necessitate an additional rewrite operation with a large
voltage swing of Vpp, as exemplified by the R-R cycle in Fig. 6.10, that
stands for a read followed by another read. In this case, the word pulse could
be turned off just after the data-line voltages were fully amplified to Vpp
and 0V for a full rewrite operation, enabling the fastest possible cycle time.
However, the cycle time, becomes longer in the case of the W-R cycle in
Fig.6.10, which is for a write followed by a read. In particular, our concern
is about when data that differs from the cell stored data will be written,
because this is the slowest condition. Here, the write data voltage must be
inputted from.the I/O line to the data line later than the YL activation for
the read operation. Otherwise, an earlier YL activation and thus an earlier
large data-voltage application to the data line, could couple noise to the
adjacent data lines on which signal voltages are still small, causing unstable
operations. Obviously, it is difficult for the data-input buffer (IB) to quickly
replace an old data voltage latched at the sense amplifier with a new data of
the opposite polarity data voltage on the large-RC data line, even with the
help of the sense amplifier. In any event, after the data lines have reached
Vop or 0V, the word pulse can be turned off, and then a large differential
voltage of Vpp is equalized to a half-Vpp by a precharged circuit (PR). The
equalizing (or precharging) time is also long, because the precharge circuit
must continue to be driven until the differential voltage becomes negligible
compared with the signal voltage (vsig) of the next read operation. Note that,
in practice, the word pulse width of the read operation is the same as that
of the write operation.

The row cycle time of a DRAM is always slower than the row access time.
The row access time (Fig. 6.9), trac, is expressed by

trac ~ t; + Tr + T, (6.1)

where ¢, is the delay time from the row address buffer (AB) input to the
row (WL) driver output, Ty is the delay time from the word driver output
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to latching of the cell read signal to each data line, and 7 is the delay time
from column (YL) activation to data output (Do) through the data output
buffer (OB). The minimum row W-R cycle time (tgrc) is obtained as

tre ~ t. + 1R + top + teq s (62)

where ¢, is the data-replacing time described above, and . is the equalizing
time of a pair of data lines. Here, T¢; is fast enough, compared with t,, +teq.
This is because a main amplifier on the I/O line and the succeeding logic
circuits in the output buffer can be laid out with large sizes so as to provide
large drive currents, and their loads are less capacitive and resistive. Thus,
the relationship of trac < trc is satisfied.

The column speeds are fast enough compared with the row speeds because
large-delay components relevant to the memory array, such as the word line,
the data line and the memory cell, are eliminated in this path. Thus, once
all the read data of the memory cells along the selected word line are latched
at the corresponding data lines, they can be randomly read out to the I/O
lines, and then to the data output, at a fast access and cycle time by random
selection of column addresses. The high-speed features of column selection
can be explained as follows. The column access time (tcac) and the column
cycle time (tcc) are expressed by

toac >t +1c , (6.3)

toc > te+To + 1ty , (6.4)

where t. is the delay time from the column address buffer input to YL
activation, and t;, is the equalization time of the I/O line.
The ratios of the row speeds to the column speeds are expressed by

trAC 14+=z

~]4+ —, 6.5
tcac 1+ (tc/Tc) (6.5)
tro @ + (tea/Tc) (6.6)
tCC N 1+ (tc + teq)/TC ’

assuming that ¢, ~ i, teq ™ tgq ~ to, and T /T = 1 + . For example, if
z =1 and T¢ = t; = teq, as in a traditional page-made design, the following
expressions are derived:

trac/tcac >~ 2, (6.7)

tRC/tCC ~1.7. (68)

Many column modes that utilize this high-speed feature have contributed
to improvements to system performance, as discussed in Chap. 3 and in the
following section.
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SRAM Speed. Due to the possession of a gain, the SRAM cell allows its
small signal voltage to be directly transmitted to the main amplifier on the
I/0 line without imposing any restriction on YL activation timing. Moreover,
the non-destructive read-out characteristics of SRAM cell allow write data to
be inputted to the selected data line at the earliest timing, eliminating the
rewrite operation that is necessary for DRAM. Even so, the resultant high-
voltage swing on the selected data line does not destroy small read voltages on
the adjacent data lines, despite capacitive coupling, since the small voltages
are static ones and thus are immune to various noises, unlike the floating ones
of the DRAM. Thus, the necessary word pulse can be shortened, enabling fast
row access and cycle times. If the sum of the data-replacing time involved in
a write operation and the equalizing time on the data lines is equal to the
sum of the column delay (7¢) and the equalizing time on the I/O lines, as
in usual SRAM designs, the row access time is equal to the row cycle time.
The column speeds are faster than the row speed, as in the DRAM. If multi-
stage pipelining is used, even the cycle time faster than the access time is
achievable [6.11].

6.3 Memory-Subsystem Technologies

It is obvious that wide-bit I/O chip configurations combined with parallel ope-
ration of multidivided arrays increases the throughput. Moreover, to improve
the traditional DRAM performance discussed in Chap. 3 modern DRAMs
incorporate memory-subsystem technologies such as multibank interleaving,
synchronous operation with a latch function, pipeline/prefetch operations,
high-speed clocking schemes, and terminated interfaces combined with high-
density packaging. These technologies are supported by command operations,
on-chip mode registers, and packet protocols.

6.3.1 Wide-Bit I/0 Chip Configurations

These configurations [6.4, 6.17] offer high throughput as well as ease of use,
which is realized by reducing the chip count needed by the system and by
adding flexible add-on memory capability. Despite the possibility of at least
256 b organization, compared to the 32 b organizatjon for current experimen-
tal 1Gb chips [6.4, 6.17], the number of I/O pins is eventually restricted by
the following drawbacks: the chip power increases rapidly with an increase in
the pin count, because the number of simultaneously charged and discharged
DLs (i.e. m in the logical array) increases. The chip area also increases due
to an increase in the I/O relevant circuits. The details are given in Chap. 7.

6.3.2 Parallel Operation of Multidivided Arrays:

The concept of the multidivided array [6.4, 6.17], a combination of multidivi-
ded data lines (DLs) and multidivided word lines (WLs), shown in Fig. 6.11,
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successively read, the resulting Nyp-bit data are outputted on the memory
bus of each bank, and stored in each register so as to be able to wait for the
next accessing. As a result of multiplexing of data from each bank, Nyg-
bit data are available every system-clock cycle ¢s. on the system bus. Since
it continues for the memory cycle time (fmc) of bank, the throughput is
increased from Nyp/tmc to NmpN/tmc, with an N-fold increase. However,
this approach causes an increase in the minimum add-on memory capacity,
which is expressed as M Ny N/j, where M and j are the memory capacity
of the chip and the I/O pin count of chip, respectively. Moreover, it enables
an increase in the number of bus lines and relevant devices with NygNV,
preventing flexible design, miniaturization, and a low cost for the whole sys-
tem. Increasing j is beneficial to increasing the throughput for a fixed add-on
memory capacity, or to reducing the minimum add-on memory capacity for
a fixed throughput. However, an excessively large j causes increased power
dissipation, chip area, and package size, as discussed in Chap. 7. It would
also degrade the chip speed, with increased noise at the I/O pins.

The multibank interleaving that memory-system designers have taken for
granted can be implemented on one chip, if the multidivided array structure
is utilized. This is because the subarray shown in Fig. 6.11 can be regarded
as a bank, if each subarray equips its own peripheral circuit and each address
buffer of the bank, and thus it can latch the input address signal so that
different banks can be successively selected at the minimum system clock
cycle. When a certain bank is selected, the corresponding address signals
are latched at the address buffers of the bank, so that address input lines
are ready for the next addressing for a different bank. While the memory
operation of the succeeding circuits in the bank proceeds with the latched
address signals, the different bank is selected with the different addresses.
Thus, the MPU can successively access different banks without having to
wait by the memory cycle of the bank. Moreover, while a bank is accessed,
other banks could perform precharge or refresh operations, enabling these
inherent DRAM operations to be hidden.

6.3.4 Synchronous Operation

In this scheme, all of the input/output signals of chip are latched at the
I/O interface circuits of the chip, synchronously with the system clock. This
scheme not only allows chip designers to incorporate various high-speed fun-
ctions, but it also allows system designers to improve the system speed, with
an easier timing on the board.

Figures 6.14 and 6.15 show the concepts behind asynchronous- and
synchronous operation [6.8], assuming a non-divided data line. Synchronous
operation has been used for modern DRAMs, such as the synchronous DRAM
(SDRAM), The double-data-rate (DDR) DRAM, and the Rambus DRAM,
while asynchronous operation has been used for traditional DRAMs, such
as the page mode, nibble mode, static column mode, and extended-data-out
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Fig. 6.14. The asynchronous operation of a DRAM chip [6.8]. AB, address bulffers;
OB, data-outpnt buffer; X, row; Y, column

(EDO) DRAMSs. In synchronous operation, a row address strobe signal RS1
is generated from the chip-select signal CS at the rising edge of the system
clock CLK, so that row addresses are strobed and the corresponding word
line {for cxample, WL1} is activated. The resulling cell signals on m data
lines are amplified in the usnal manncer. On the other hand, a colunn ad-
dress strobe signal CS1 is generated by the next CLK, so that the column
addresses are strobed and the amplified signal on the corresponding data
line (for example, DL;) is outputted on the common 1/0 bus line. Then, the
data output Do is available from the chip synchronously with the succeeding
CLK. The synchronous opcration widens the timing margins between the
internal control signals. Easicr timing designs due to the use of simple latch
circuits that work synchronously with the system clock are responsible to the
wider margins. On the other hand, in asynchronous operation the internal
timing designs are complicated, because they are closely related fo many so-
phisticated set-up/hold timing specifications between external input/cutput
signals. Moreover, the latch function achieves high throughput with the re-
sultant pipeline operation (discussed later) and multibank interleaving. The
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6.3 Memory-Subsystem Technologies 363

column decoder. This operating mode is called the burst mode. In practice,
m-bit data are divided into a number of units, each of which consists of a few
bits and is independently operable. Thus, any bit within any unit can be
accessed, followed by the sequential data of the remaining bits of the unit.
The throughput of the burst mode is higher than that of the page mode or
the nibble mode discussed in Chap. 3. This is because the page mode, for
example, needs not only timing margins between the external clock CAS and
addresses (as shown in Fig. 6.14), but also I/O-line precharging. Note that
the maximum number of data bits available with one burst mode (i.e. one
word-line selection) is m. When a different word line is successively selected,
the next burst mode is interrupted by data-line precharging.

Pipeline and/or parallel operations, combined with synchronous operation
using the external system clock, offer a faster column cycle. For example,
a prefetch scheme doubles the throughput, if two bits from memory array are
simultaneously fetched to the data output buffer, and are outputted through
a high-speed, parallel-to-serial operation at the buffer.

6.3.6 High-Speed Clocking Schemes

The high throughput of modern DRAMs is supported by high-speed clocking
schemes such as command operations, on-chip mode registers, and packet
protocols. Command operations allow all of the operating modes to be desi-
gnated by combinations of two logic levels of command signals, whose pulse
widths are almost equal to that of the system clock, as will be explained
with an SDRAM. The resulting simplified timing design enables the high
speed. On-chip mode registers defines how the DRAM chip operates. For
instance, they define column latency and burst length, as explained later.
This information is programmed into the registers by users, so that the chip
operates based on this information. Packet protocols feature a request packet
of addresses, data, and controls transmitted on the system bus, as will be
discussed below for a Rambus DRAM.

6.3.7 Terminated I/O Interfaces

Small-swing impedance-matched (terminated) interfaces provide high-speed
performance with the reduction of the high switching I/O power, especially
in the high-speed region, of the TTL or LVTTL interfaces. Rambus, SSTL
(Stub Series Terminated Logic), and HSTL (High-Speed Transceiver Logic)
interfaces are good examples. Protocol architectures such as Rambus and
SyncLink, which have an extremely high clocking scheme supported by high-
density packaging, partly solve the problems caused by the simply widened
bus architecture. The interfaces will be explained in more detail below.
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6.4 High-Performance Standard DRAMs

6.4.1 Trends in Chip Development

DRAM chips are now capable of 1.6 Gbyte/s operation [6.15, 6.16] due to
the memory-subsystem technologies discussed previously. Synchronous ope-
ration with a latch function solves the slow-speed problem of a large memory
array. A latch function at the row address buffers controlled by the external
clock shortens the row access/cycle times with multibank interleaving, in
which the next row selection for another independent bank (i.e. a subar-
ray) can be accepted while processing of the selected bank is in progress.
The successive operation of different banks even enables consecutive burst
read/write operations with mixed data, while hiding row operations, when
high-speed column selections are combined. A huge number of read data
latched at many sense amplifiers on data lines can be quickly processed by
using the following column selection schemes (Fig. 6.19). A two-stage pipeline
applied to the EDO (Extended Data-Out) DRAM [6.17], despite asynchro-
nous operation, extends the data-valid window while reducing the CAS cycle
time (tgpc) to a time as short as the array delay (¢p) by eliminating the
data-output delay. The data-output latch (DLT) controlled by the timing
generator (TG) isolates the output buffer (OB) from the array after CAS
returns as high (Fig. 6.19a). Hence, the address latch (ALT) can accept the
next column selection and the address transition detector (ATD) can begin
the column operation after stopping the 1/O precharge, while the latched
data continue to be output. A wave pipeline applied to the SDRAM (Syn-
chronous DRAM) [6.18, 6.19] further improves the speed, enabling a clock
cycle time (tck) shorter than ¢p, which includes the transition time of long
lines such as the column address line (AY), the column select line (YS), and
I/0O line (Fig. 6.19b). The address counter (AC) captures the start address
at a read command and generates successive column addresses every cycle
according to the burst length (BL) designated in the mode register. To ensure
a wide range of operable tck, the first-in-first-out register (FIFO) controls
the column latency (CL). Furthermore, a two-bit prefetch, as in the DDR
(Double Data-Rate) SDRAM [6.15, 6.20, 6.21], halves the data cycle time
with parallel-to-serial data conversion at a multiplexer (MUX), by aligning
data at both edges of the clock (Fig. 6.19¢). To eliminate the clock-data
delay (i.e. toc = 0), the data-out timing is defined by a clock recovery
circuit, such as a DLL (Delay-Locked Loop). Also, the data strobe (DQS)
output with the same timing as the data output helps the controller capture
data in a small valid window. The power consumption can be lowered by
inactivating the clock recovery circuit in the stand-by mode, although a few
lock cycles are needed at the transition between the active and stand-by
modes [6.19].

The SLDRAM (Synchronous-Link DRAM) [6.22, 6.24] and the D-RDRAM
(Direct Rambus DRAM) [6.16, 6.25] operate at extremely high clock frequen-
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as shown in Fig. 6.20. The chip interface uses push-pull output drivers (OB)
and differential input buffers (IB) with a 1.25V reference voltage. While the
SLDRAM uses the SSTL-type bus, the D-RDRAM uses a Rambus channel
which features a stubless bus and a single termination at the opposite end of
the memory controller (CTL). The channel necessitates an open-drain output
buffer for the DRAM and high-density packaging.

Table 6.2 compares the various high-throughput DRAMs.

6.4.2 Synchronous DRAM

Synchronous DRAM (SDRAM) has been widely accepted by many system
designers. In this section there is a brief explanation about a commercial
SDRAM with 1 Mword x 16 bit x four-bank organization {6.27], in which four
banks can operate simultaneously and independently. The chip is accommo-
dated in a 400 mil (1mil = 0.001inch) 54-pin plastic TSOP (Thin Small-
Outline Package). The pin arrangement and pin functions, and the block
diagram and characteristics of the chip, are shown in Figs. 6.21 and 6.22,
and Table 6.3, respectively.

54-pin TSOP Pin name Function
Voo [] 10 54 [ ] Vgg .
bao [ 2 s3[] Doss AQ to A13 Address input
VppQ [ 3 52 ] vgeQ — Row address AO to A11
oar []4 511 Dot — Column address A0 to A7
paz [ 5 50 [_] pQ13
VesQ [| 6 49 [ vy — Bank select address A12/A13 (BS)
pas []7 48| ] DQ12 DQO to DQ15 Data-input/output
pa4 [ 8 47 1 pat1 — -
VppQ [ 9 46 [ ] veQ CS Chip select
bas [ 10 451 pato RAS Row address strobe command
pase [ 11 441 Dq9
vesQ [ 12 43 1 vpp0 CAS Column address strobe command
paz [] 13 42| ] DQ8 p— .
Voo [] 14 #1 ] Ves WE Write enable
paMmL [] 15 40 ]NC DQMU/DQML Input/output mask
WE[]16 39 ] DOMU :
cAS [] 17 38[ ] CLk CLK Clock input
RAS [ 18 37 [ ] cke CKE Clock enable
TS| 19 36 I NC : -
A13 [] 20 35 ] ATt Voo Power for internal circuit
A2 ]2 34 ] A9 Ve Ground for internal circuit
A0 [ |22 33[] A8 I
ro [ 23 32[ ] A7 Voo Power for DQ circuit
A1 [ 24 31 ]Ae VeQ Ground for DQ circuit
A2 []25 30| ] A5 .
A3 [ 26 20 [ ] A4 NC No connection
Vop [] 27 28| ] vgs

(Top view)

Fig. 6.21. The pin arrangement and pin functions of a 64 Mb SDRAM [6.27]
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A0to A13

¥ 3

Alto A13

Column address Column address Row address
counter buffer buffer

h Refresh
counter

Row decodsr

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

Memory array

Bark 3

4096 row
X 256 column
X 16 bit

[ [ "y
[ [ oy
[ [ Vo
[ i L
[ " oy
[ [ [
L L [
[ [ v
- o [
h
- o ® . @ ' ) »
2 Memory array N a Memory array E ' 3 Memary array : ! a
5|9 i l8|Q rilsle vilele
= = = gt =
HE PR DB . i
gl Bank 0 Pl gl e Bank 1 relel s Bank 2 rolel s
£ [ " h
K 4096 row I 4096 row Pil2) S 4096 row AR
Q [ L (6] Q T Q @ toa Q D
2 X 256 column . 2 X 256 column Vo 2 X 256 column . 2
3t xien = A xiebi i & X 16 bit i A1
s Vo L
! ' 1 1 L
" [ Vo

Input Cutput
bufter bufter

Control logic &
timing generator

DQO to DQ1S

CLK

Fig. 6.22. The block diagram of a 64 Mb SDRAM [6.27]

o[ | [ R

Command MRS >< ACTV X
Mode Bank

Register Set  Active

Fig. 6.23. The mode-register set cycle [6.27]

Pin Functions.

e CLK: CLK is the master clock input to this pin. The other input signals

are referred at the CLK rising edge.

e CS: When CS is Low, the command input cycle becomes valid. When CS
is High, all inputs are ignored. However, internal operations (bank active,

burst operations, etc.) are held.
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Table 6.3. The characteristics of a 64 Mb SDRAM [6.27]
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Parameter Symbol  Specification Unit Test condition?®
min. max.

Ambient temperature Ty 0 70 °C

Power supply voltage Voo/VopQ 3.0 3.6 A%

System clock cycle time 176)°4 10 - ns

Row access time (trac) - 40 ns trep = 20ns,

CL = 2,Cy, = 50pF

Row cycle time tRAC - 70 ns BL=1

Operating current Icc - 75 mA trc =70ns

Stand-by current Iccs 400 LA self-refresh

Input high voltage Vin 20 Vpp+03 V

Input low voltage \ %9 —-0.3 0.8 A"

Output high voltage Vou 2.4 - V Iog=-4mA

Output low voltage VoL - 0.4 V o, =4mA

Input capacitance (CLK) Cn 2.5 4 pF

Input capacitance (Input) Cro 2.5 5 pF

Output capacitance (DQ) Co 4 6.5 pF

Refresh time tREF - 64 ms

Refresh cycles n 4096 - n

¢CL,CAS latency; BL, burst length.

RAS, CAS, and WE: Although these pin names are the same as those used
in traditional DRAMs, they function in a different way. These pins define
operation commands (read, write, etc.) depending on the combination of
their voltage levels, as explained later.

Ay to Ajp: The row address (AXy — AX;i;) is determined by the Ag —
Aj; level at the rising edge of the bank active command cycle CLK. The
column address (AYo — AY7) is determined by the Ag — A; level at the
rising edge of the read or write command cycle CLK. And this column
address becomes the burst-access start-address. Ajg defines the precharge
mode. When A;q = High at the precharge command cycle, all banks are
precharged. But when A;y = Low at the precharge command cycle, only
the bank that is selected by Aj2/A3 (BS) is precharged, as explained later.
Ajo/A13: Aja/A;3 are bank select signals (BS). The memory array is di-
vided into bank 0, bank 1, bank 2, and bank 3, each of which contains
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372 6. High-Performance Subsystem Memories

4096 rows x 256 columns x 16 bits. If A;s is Low and A;3 is Low, bank 0 is
selected. If A1, is High and A3 is Low, bank 1 is selected. If A1y is Low
and Ai3 is High, bank 2 is selected. If A1, is High and A3 is High, bank
3 is selected.

e CKE: This pin determines whether or not the next CLK is valid. If CKE
is High, the next CLK rising edge is valid. If CKE is Low, The next CLK
rising edge is invalid. This pin is used for power-down mode, clock suspend
mode, and self-refresh mode.

¢ DQMU/DQML: DQMU and DQML mask the upper and lower bytes of
the DQ data, respectively.

e DQy — DQ;5: Data is input to and output from these pins.

e Vpp and Vpp@Q: 3.3V is applied. (Vpp is for the internal circuit and Vpp@Q
is for the output buffer.)

e Vgs and VggQ: Ground is connected. (Vgg is for the internal circuit and
Vss@ is for the output buffer.)

Command Operation. The SDRAM recognizes the following commands
specified by the CS, RAS, CAS, WE, and address pins. Typical operations
are shown in Table 6.4. After power-on, various operations are under the
control of a mode register in the control logic and timing generator shown in
Fig. 6.22.

Mode Register Set [MRS]. The SDRAM has a mode register that defines how
it operates. After power-on, the contents of the mode register are undefined,

Table 6.4. Various command operations [6.27]%

CKE

Command Symbol n —1 n CS RAS CAS WE A3/ Ajg Ap-Ail
A3

Mode register set MRS H x L L L L v V v
Row address strobe ACTV H x L L H H Vv Vv Vv
and bank active
Column address READ H x L H L H V L Vv
and read command
Column address WRIT H x L H L L Vv L Vv
and write command
Precharge PRE H xL L H L V L X
select bank
Precharge all bank PALL H x L L H L X H x
Refresh REF/SELF H VL L L H x x X

°H, Viu; L, ViL; X, Vig or Vip; V, valid address input.
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A13\A12| A11| A10 |A9 ‘ A8 | A7 A6 ‘ A5 [ A4 | A3 | A2 [A1 !AO

OPCODE 0 LMODE BT BL
A6| A5| A4|CAS latency A3 | Burst type Burst length
: A2| A1} A0
0| 0! O R 0 | Sequential BT=0 | BT=1
0o 0 1 R 1 | Interleave ol ol o 1 1
01 11 0 2 ol ol 1 2 2
0| 1] 1 3 0| 1| o 4 4
1] X| X R o 1 1 8 8
1] 0 O R R
A13] A12} A11| A10| A9 | AB | Write mode 1] 0] 1 R R
0 0 0 0 0 0 | Burst read and burst write 1] 1,0 R R
X | x| x 1| x|o|1 R 1|1 1| FP.| R
X X X X [ 1 0 |Burst read and single write F.P. = Full Page (256)
X X X X | 1 1 R R is Reserved (inhibit)

X:0or1

Fig. 6.24. The mode-register configuration [6.27]

so the mode-register set command must be executed to set up the mode
register. The configuration is shown in Fig. 6.24. The mode register consists
of five sections, each of which is assigned to address pins. It is specified by
the address pins (A — A13) at the mode-register set cycle shown in Fig. 6.23.

A13, A12, A11, Alo, Ag, Ag(OPCODE) The SDRAM has two types of
write modes. One is the burst write mode, and the other is the single write
mode. The following bits specify the write mode. Burst read and burst
write: burst write is performed for the specified burst length, starting from
the column address specified in the write cycle. Burst read and single write:
data is only written to the column address specified during the write cycle,
regardless of the burst length.

A7: Keep this bit Low at the mode-register set cycle. If this pin is High,
the vender test mode is set.

o Ag, A5, A4(LMODE): These pins specify the CAS latency.
e A3(BT): A burst type is specified. When full-page burst is performed, only

“sequential” can be selected.
A, A1, Ag(BL): These pins specify the burst length (BL).

Row Address Strobe and Bank Activate [ACTV]. Before executing a read or
write operation, the corresponding bank and the row address must be activa-
ted by the bank active (ACTV) command. Bank 0, bank 1, bank 2, or bank
3 is activated according to the status of the Aj»/A;3 pin, and row address
(AXg — AX)1) is activated by the Ay — Aq; pins at the bank active command
cycle. An interval of tgcep (i-e. two clock cycles) is required between the bank
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374 6. High-Performance Subsystem Memories

active command input and the following read/write command input. In the
case of the same bank, the interval between the two bank-active commands
must be no less than tgre (i.e. more than seven clocks for BL = 1), while for
the different bank the interval must be no less than tgrp (i.e. more than two
clocks).

Column Address Strobe and Read Command [READ). A read operation starts
when a read command is inputted. The output buffer becomes Low-Z in the
(CAS latency-1) cycle after read command set. The burst length can be set
to one, two, four, eight or a full page of 256. The start address for a burst
read is specified by the column address (AYy — AY7) and the bank select
address (A12/A13) at the read command set cycle. In a read operation, data
output starts after the number of clocks specified by the CAS latency. The
CAS latency can be set to two or three. When the burst length is one, two,
four, eight, the Dy, buffer automatically becomes High-Z at the next clock
after the successive burst-length data has been output. The CAS latency and
burst-length data must be specified at the mode register. Figure 6.25 shows
schematic read-timing waveforms for a burst length of four [6.27]. When
another read command is executed at the same row address of the same bank
as the preceding read command execution, the second read can be performed
after an interval of no less than one clock. Even when the first command is
a burst read that is not yet finished, the data read by the second command
will be valid, as shown in Fig. 6.26. When the row address changes on the
same bank, however, consecutive read commands cannot be executed; it is
necessary to separate the two read commands by a precharge command and
a bank-active command. When the bank changes, the second read can be
performed after an interval of no less than one clock, provided that the other
bank is in the bank-active state. Even when the first command is a burst read
that is not yet finished, the data read by the second command will be valid,
as shown in Fig. 6.27. Figure 6.28 and Table 6.5 show the detailed waveforms
and ac characteristics for the same bank and different row addresses [6.27].

: trep ;

Command Y AlCTVX X FI;EADX
Address X R:ow X XC%)IumnX

CL=2 <out0><out1><out2 Xout3>

Dbut

CL=3 <0Ut0X0UI1X0u12Xout3>

CL = CAS latency
Burst Length = 4

Fig. 6.25. Schematic read-timing waveforms for a burst length of 4 [6.27]
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tck
tokH, toKL
cLK _/_\_/_1_/_\_/_\_/r\_f_\_/:>_/_\_/_\_/—\_/—\_/r\_/_\_
— ViH
CKE tRas tap
tReD
tcs| ten tes| ten tes| ten tes| ton
o T
tos| o tigs—-tc—HH tes| oH tcs| teH
i/
BAS / jﬁ: ] Ar V A 7/ i ;‘ k jf
tcs| feH tcg| tcH tes| ton
[l tcs| ton
CAS /( N 4 K
tes| ton tes| tou tcs| te
* teg| ten
WE 7 X K /| N~
tag| taH tas| taH l tas| tan } tas| taH
BS / )t 7 /jtl 7. 2. / ”) /
tas| taH I ‘ taght
/)E_’ tas| taH ‘ tas| tan ASlAH
A10 /XI v ) y ﬁE*
tas| tan tas | 1aR ‘ tas| tAH
Address /{ % i >{z /i 3(
tcs tcH
DQM, ? Y
DQMU/DQML |
DQ (input)
tac tAC tac tz
DQ (output)
tac s
‘it‘z toH ton toH toH CAS latency = 2
Bank 0 Bank 0 Bank 0 Burst length = 4
Active Read Precharge Bank 0 access

[C=Viner VL

Fig. 6.28. Detailed read-timing waveforms for a burst length of 4 for the same
bank (Bank 0) and a different row address [6.27]. The precharge start cycle of Bank
0 is one cycle before the final data is outputted. The next command execution for
a different row address starts with the bank active (ACTV) command after tgc

Column Address Strobe and Write Command [WRIT]. This command starts
a write operation. The burst write or single write mode is selected by the
OPCODE (A13, A12, A11, A1g, Ag, Ag) of the mode register. A burst write
operation is enabled by setting OPCODE (Ag, Ag) to (0,0). A burst write
starts in the same clock as a write command set. (The latency of data input
is zero clocks.) The burst length can be set to one, two, four, eight, and full-
page, like burst read operations. The write start address is specified by the
column address (AYo — AY7) and the bank select address (A12/A13) at the
write-command set cycle. Write transaction timing is very much like read
transaction timing. Figure 6.29 shows schematic write-timing waveforms for
a burst length of four [6.27]. When another write command is executed at
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Table 6.5. The ac characteristics for a CAS latency of 2 [6.27]

Parameter Symbol Min. Max.
(ns)  (ns)
System clock cycle time tok 10 -
CLK high pulse width tokH 3 -
CLK low pulse width toKI 3 -
Access time from CLK tac - 6
Data-out hold time tou 3 -
CLK to Data-out low impedance trz, 2 -
CLK to Data out high impedance tyz, - 6
Input setup time tas,tcs, 2 -
tps, tCES
Input hold time tag,tcu, 1 -
tpu, tCEH
Ref/active to Ref/active command period tRC 70 -
Active to precharge command period tRAS 50 120 000
Active command to column command tRCD 20 -

(same bank)

Precharge to active command period trp 20 -
Write recovery or data-in to precharge lead time {ppy, 10 -
Active (a) to active (b) command period IRRD 20 -
Transition time (rise to fall) tr 1 5

CLK | | I I l |

I t I
X RCD _,

1
Command READ,

| 1

i I

Address (Row X XCotum

Din in0 Xin1 Xin2 Xin3
BL=4

Fig. 6.29. A schematic of write-timing waveforms for a burst length of 4 [6.27)
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tek
tokH okl
RC
— VY
CKE tras trp
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s\ nive
ics| teH
tcs| tcH ja— tcs| tch tcs| IcH
FAS X 7 X N
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/)E*jc tas! taH tas| tAH
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DQ (input) >‘< * * }{
tppL
DQ (output)
Bank 0 Bank 0 Bank 0 CAS latency = 2
Active Write Precharge Burst length = 4

Bank 0 access
E=VinorviL

Fig. 6.32. Detailed write-timing waveforms for a burst length of 4 for the same
bank and a different row address [6.27]. The ac characteristics are shown in Table 6.5

the same row address of the same bank as the preceding write command, the
second write can be performed after an interval of no less than one clock,
as shown in Fig. 6.30 [6.27]. In the case of burst writes, the second write
command has priority. When the row address changes, consecutive write
commands cannot be executed: it is necessary to separate the two write
commands by a precharge command and a bank-active command. When
the bank changes, the second write can be performed after an interval of no
less than one clock, provided that the other bank is in the bank-active state.
In the case of burst writes, the second write command has also priority, as
shown in Fig. 6.31 [6.27]. Figure 6.32 shows the detailed waveforms for the

same bank and different row addresses [6.27].
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Precharge Selected Bank [PRE]. This command starts the precharge opera-
tion for the bank selected by Aqjz/Aqz. I Ay and Aqy are Low, bank 0 is
selected. If Aqs is High and Ajy is Low, bank 1 is selected. If A5 is Low and
A5 i3 High, bank 2 is selected. If A3 and A3 are High, bank 3 is selected.

FPrecharge All Banks [PALL]. This command starts a precharge operation for
all banks.

Refresh [REF /SELF]. This command starts the refresh operation, There are
two types of refresh operation: the one is auto-refresh, and the other is self-
refresh.

6.4.3 Rambus DRAM

In Rambus DRAM (RDRAM) necessary data are serially transferred taking
several clock cycles on a narrow bus, which is characterized by an extremely
high-speed interface, with packet protocols. Thus, despite a narrow bus width,
a large number of data arc obtained within a short period of several clock
cycles. In the following section, Direct RDRAM (D-RDRAM), which is the
third generation of RDRAM as a result of modifications of the frst- and
second-generation RDRAMs {i.c. Basc RDRAM and Concurrent RDRAM),
will be explained by sirnply calling it RDRAM.

Figure 6.33 shows the bus interface called the Rambus channel. It foatures
18-bit data lines with 9 bits for each of data A (DQA) and B (DQB), and
8-bit address/command lines with 3bits {ROW) for chip selection, bank se-
lection, row addresses, and so on, and the remaining 5 bits (COL) for coluinn
addresses and commands. Two pairs of differential clock lines, Ty and Rey,
are for write and read operations, respectively. High speed is realized by
a small-swing (0.8 V) impedance-matched interface, a bus structure strictly
specified for the input/output characteristics of RDRAM and its package
and wiring rules on the board, a doubled data rate of 800 MHz obtained by
aligning data at both edges of clock of 400 MHz, and a loop-around clock. In
the loop-around clock, write data, for cxample, from the controller and the

Controlier RDAAM 1 e ROAAM n Wigem {+1.8V)
PIL] {580u | | \_|

MaAL% ¢ DOBE]
AOWE 2049
e « 2] I
Fem =21

rat ! 1.4¥
Gina Goa 400MHz ]
BOOMH:> data™p
transfor rale

Fig. 6.33. A memory controller and RDRAMs connected to terminated transmis-
sion lincs [6.28-6.30]
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bus A
5 72
’ 1:8 DEMUX [ [«
sync.clock _ fi/1 Clock K 4 , :
(100MHz) &l | (400MH2) Clock —~— - 8:1 MUX | - m:"ma‘;'y
Read Data { 144 | P @ Data Data L
? R Bus Bus ] 9 9 16 banks
Write Data .“. . > 72 72-Mb
°l A 1:8 DEMUX [ & Jeen| (72MD)
Address [ 32 1 | C 1| o o 5 8B1MUX [ I¢
Control 32 ¥ ofumn olumn bus B
Status {— L 3 3
Row Row 1:8 DEMUX | packetdec. |—
1:8 DEMUX H packet dec. I—J

(@) (b

~

Fig. 6.34. The configurations of a memory controller (a) and an RDRAM (b)
[6.28-6.30]. RAC, Rambus ASIC Cell; PRTCL CNTL, protocol controller

write clock () run in the same direction simultaneously, so as to cancel
skews between the clock pulse and data pulses.

Figure 6.34 shows schematic configurations of the interface of a con-
troller LSI and a 72Mb RDRAM. The controller comprises RAC (Rambus
Asic Cell), which converts an 18-bit external memory data bus operable at
400 MHz clock to a 144-bit internal bus operable at 100 MHz clock, and
a protocol control circuit to deal with packets. A"72Mb RDRAM consists
of 16 banks, 4.5 Mb(= 512 x 64 x 144) for each, two multiplexers (MUXs) to
convert 144-bit read data to 18-bit read data, two demultiplexers (DEMUXs)
to convert 18-bit write data to 144-bit write data, a demultiplexer and packet
decoder for three row addresses, a demultiplexer and packet decoder for five
column addresses, and a control register.

Figure 6.35 shows the packet structure [6.28]. There are three kinds of
packets: the data packet for data A and B (DQA and DQB), the row address
(ROW) packet, and the column address (COL) packet. All necessary informa-
tion is serially transferred at both edges of the clock, taking four clock cycles
(i.e.10ns at 400 MHz). The data packet is composed of 18 bytes(= 144 bits)
in total for data A and data B, with 18 bits at every edge. The row address
packet stores three kinds of information for selection: chip (DR [4:0]), bank
(BR [3:0]), and row address (R [8:0]). The column address packet is used for
designating chip (DC [4:0]), bank (BC [3:0]), and column address (C [5:0]).
COP [3:0] is the operation code that designates operations such as read,
write, and refresh. .

Figure 6.36 shows a read transaction of 36-byte data. As soon as successive
selections for chip, bank, and row address are performed in the period ACT 4,
a word line is activated so that the resulting cell signals along the word line
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DoAO{ DA X DA9 X DA18 X DA27 X DA X DA45 X DAs4 X DA63 )
paes( DB X DBi7 X De2s X DB3s X DB44 X DBS3 X DB62 X DB71 )
DaB7( DB7 X DB16 X DB2s X DB34 X DB43 X DB52 X DB61 X DB70 )
DaB1{_ DB1 X DB10 X DB19 X DB28 X DB37 X DB46 X DBS5 X DB64 )
DaBo( DB0 X DB9 X DB18 X DB27 X DB36 X DB45 X DB54 X DB63 )
(@)
clock I | | | | | l I
ROW2 ( | X DR2 X BRO X BR3 X R8s X R X R

(b)

cos { pca X X X X X X X ¢4 )
cosa{ DCc3 X X X X X X cs X ¢33 )
co2{ bc2 X copi X X X X X B2 X 2 )
coui{ DbC1 X copo X X X X -~ X BC1 X ¢ )
coo{ pco X corz X X X _cops X Bca X Boo X co )

(c)

Fig. 6.35. A packet structure consisting of a data packet (a), a row-address packet
(b), and a column-address packet (c) [6.28]

are amplified and then latched at sense amplifiers. After receiving the column
addresses and operation code in the period RD,;, the DRAM core sends the
selected 18-byte data of the latched data to the data busses A and B in
Fig. 6.34b, and then to the memory controller at Q(al). Another 18 bytes
of data are available at Q(a2) by the succeeding column selection at RD,5.
After the data have been transferred to the memory controller, the DRAM
core is precharged under the control of an autoprecharge command designated
by COP in the column address packet, so that the next row cycle starts.
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third by the DRAM-embedded system, which enables a wide internal data
bus width of 128 bits. The reduced I/O capacitances, small internal buffers,
and reduced number of accesses to DRAM that are caused by the wide data-
bus width are responsible for the reduction. A 64 Mb DRAM macro core for
ASICs using a 0.25um, p-sub, triple-well, five Al-layers CMOS process has
also been reported [6.31]. Its random access and cycle times of 6.8ns and
9.1 ns are record-setting performances, which are about five times faster than
those ever reported for standard DRAMs. A throughput of 12.8 Gbytes/s is
also outstanding. Moreover, a 12ns access-time 64 Mb secondary cache on
a 64-bit MPU [6.32], and a 3.7 ns address access-time 1 GHz 8 Mb secondary
cache [6.33] have been reported. The origins of such high performance are
low internal-node capacitances and the use of a multidivided array compo-
sed of small subarrays of 8 Kb to 16 Kb, multilevel Al-wiring running over
the memory array, high-speed circuits such as non-address multiplexing and
direct sensing (see Fig. 3.63), and a wide data bus of 1024. An embedded
Flash memory also enables a short time-to-market for system products, quick
specification changes after the start of mass production, and easy mainte-
nance by end users. A 4 Mb embedded Flash memory is now ready for the
market.

Embedded DRAMs can achieve exceptionally high throughput, which is
particularly important for graphics and image applications. The massively
parallel processing capability that the embedded DRAM offers meets the
requirement for Tbyte/s throughput (Fig. 6.6) in the gigabit era. The key
is the use of a wider internal I/O bus array shown in Fig. 6.12b, combined
with low DL power circuits. Figure 6.38 compares an embedded DRAM [6.17)
with a standard DRAM in more detail. For the standard DRAM, each unit
of data from a number of subarrays is read out to an external I/O pin. The
speed is degraded by the column selection, a relatively large internal i/o line
capacitance of about 3pF for a 0.4pm 16 Mb process, the main amplifier,
the large data output buffer, and the heavy I/O capacitance that comes
from the pad, the package pin, and the wiring capacitance on the memory
board. For the embedded DRAM, however, each i/o line could be connected
directly to each logic circuit block. Thus, each i/o line can be regarded as
the I/0 line in the standard DRAM, and thus the data output buffer and
large capacitances in the standard DRAM can be eliminated. In this case one
i/o line is shared by eight DLs to match the layout pitch of the logic circuit
block, allowing a huge number of data lines. Each i/o line (i/0;) capacitance
that determines the internal operating frequency is negligibly small, perhaps
less than 1pF. Thus, all the massive data, read out on all the data lines by
selecting one word line, are processed simultaneously at an extremely high
speed. Note that the number of data lines increases with memory capacity,
whereas the number of i/0’s in the standard DRAM cannot necessarily in-
crease because of the difficulties explained earlier. Furthermore, the data-line
and the i/o capacitances decrease with high-density device technology, while
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Fig. 6.39. The estimated throughput of DRAMs [6.17)

strategy to keep up with the size reduction of standard memory chips. The
process cost is a particular concern, especially for embedded DRAMs. Even
if the added cost, if any, of an embedded DRAM can be justified by per-
formance advantages at the system level, compared to a standard off-chip
DRAM, the fabrication cost must be rednced. Simply merging the high-
specd logic process and the standard high-density DRAM process would
result in an unacceptably complicated process, since the two processes are
not compatible. In general, the logic process needs low-resistivity multilevel
nietal layers (up to seven to cight levels of aluminum or copper) for high
speed. On the other hand, the DRAM process needs a different process
tailored to an extremely dense memory cell. It uses fewer (two or three)
low-resistivity metal layers. However, refractory metal (poly-3i or polycide)
laycrs which are suitable for self-aligned process and fine patterning despite
being resistive materials, a self-aligned contact, and storage-node processing
are indispensable, Thus, simplification of the combined process is essential
for embedded DRAMS, so that both high speed and high density can be
achieved at low cost. If this is impossible, however, there are two alterna-
tive approaches for embedded DRAMs. One is a high-speed-oriented mem-
ory design, where the logic-compatible process is used as much as possible
despite any increase in chip area caused by an enlarged memory cell. In
this case, the processing cost for a typical embedded DRAM is expected to
be about 25% higher than for the base process of a high-end CMOS logic

397



6.5 Embedded Memories 387

chip [6.10]. The other alternative is high-density-oriented memory design
using the memory-compatible process as much as possible. The resultant
slower speed might be offset by the much higher throughput of the embedded

DRAM.
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7. Low-Power Memory Circuits

7.1 Introduction

The low-power RAM circuit [7.1-7.4] is a major area of interest in low-power
LSI research. Successive advances in the low-power RAM circuit have been
able to suppress chip-power consumption, which increases with increasing
memory capacity, chip area, and speed. As a result, these advances — cou-
pled with high-density memory-cell technology — have allowed chip power
consumption to be maintained or lowered (Fig. 7.1), although the memory
capacity of DRAM chips has increased rapidly by over six orders (1Kb to
4 Gb) over the past 30 years. Consequently, the low-power RAM circuit has
realized low-cost, high-reliability chips because it allows plastic packaging,
a low operating current, and a low junction temperature. In addition, it
has managed the ever-increasing memory-subsystem power caused by the
increasingly high throughput requirements of various processing systems such
as personal computers. Moreover, it forms not only the basis of other LSI
memory chips, such as Flash memory and ROM, but also the basis of on-
chip memory subsystems, such as embedded DRAMs (merged DRAM and
logic) [7.3] and SRAM caches, both of which have become increasingly im-
portant in modern memory systems.

RAM chip power is a prime concern of the subsystem designer, since
it dominates memory-subsystem power. To reduce active chip power, the
designers of low-power RAM circuits have focused on three key issues so
far [7.1]: reductions in the charging capacitance, operating voltage, and dc
current. Of these issues, a reduction in the operating voltage has become
relatively important not only to reduce power, but also to ensure device
reliability in scaled-down devices, and also to extend the use of LSIs to
battery-based portable systems. Historically, DRAM designers initiated and
then led the field in low-voltage LSI research, because their first priority
was on higher-density chips, which were obtained through scaled-down FET's
consequently resulting in lower breakdown voltages. Low-voltage (2—3V)
circuits have been used in actual 16 Mb and 64 Mb DRAM products, although
their external supply voltages are 5V or 3.3V, being internally lowered by
on-chip voltage down-converters to standardize the power supply [7.1-7.4].
Recent exploratory research on low-voltage operations of 3V or less suggests
the great potential of CMOS circuits, although reducing voltage inevitably
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imposes memory-cell development, focusing attention on the high signal-to-
noise (S/N) ratio design [7.1-7.4] discussed in Chap. 4. In fakt, a 64Mb
DRAM chip with an operating voltage of 1.5V has been reported [7.5],
affording an active current of 23mA at a 230ns cycle time. Reducing the
data-retention power in DRAMs has been increasingly important for battery
backup applications (where SRAMs are normally used), since DRAMs are
inherently less expensive to produce than SRAMs. A data-retention current
as low as 3pA at 2.6V has been reported for 4 Mb chip [7.6], as shown
in Fig. 7.2. Such a low current finally allows the design of DRAM battery
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operation, even in active operation mode, which is a key in battery-based
handheld equipment, such as mobile communication systems.

For SRAMs, there has been also a strong requirement for low power. In the
early days, SRAM chip development was focused on low-power applications,
especially with very low stand-by and data-retention power, while increasing
memory capacity with high-density technology. Nowadays, however, more em-
phasis has been placed on high speed rather than large memory capacity (7.7,
primarily led by cache applications in high-speed microprocessors. ECL BiC-
MOS SRAM chips with access times of less than 10 ns are good examples. In
this case, the power and chip area are of less concern, as shown in Fig. 7.1. For
low-power applications, however, the primary concern is for CMOS techno-
logy to realize high speed with minimum power. Tremendous efforts have been
made to minimize power, with more emphasis on static current reduction and
low-voltage operation on long signal transmission lines. Consequently, there
has been a decrease in CMOS SRAM power dissipation, in spite of a rapid
increase in chip area and improved operating speed. However, this reduction
trend does not look very significant compared with the trend in DRAMs.
This is because high-speed characteristics have been more emphasized in
the recent development of 1 Mb or larger SRAM chips. A typical example of
a low-power, high-density SRAM chip is a 16 Mb CMOS SRAM that achieves
an access time of 15ns and a power dissipation of 165 mW at 30 MHz with
3V power supply [7.8]. As for the data-retention current, recent 4 Mb CMOS
SRAM chips achieve sub-lA data-retention currents, as shown in Fig. 7.2,
which are still about one order of magnitude less than those of 4 Mb DRAM
chips, because they do not require a refresh operation.

In addition to the above low-power circuit for RAM chips, system ap-
proaches [7.2] have been important. The wide-bit I/O memory chip configu-
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ration for simultaneously processing a large number of data bits has become
more popular as chip memory capacity increases, since it effectively reduces
subsystem power, with a resulting lower chip count for a fixed subsystem
memory capacity. Moreover, small package technology combined with high-
density chip technology has reduced ac power, with less capacitance for
address lines, control lines, and data input/output bus lines on memory
boards. Lowering the voltage swing on chip-to-chip data-bus lines reduces
the ac power, which is always increasing in line with the strong requirement
for higher data-throughput for memory subsystems.

DRAMSs and SRAMs both have reduced power dissipation through the
use of common low-power circuit designs. However, there are few papers
that clarify which circuits are common or different based on a systematic
comparison. This chapter consists of two parts: low-power RAM subsystem
design and low-power standard CMOS RAM chip design. In the first part,
power sources and power reductions in RAM subsystems are discussed, with
emphasis given to the importance of RAM-chip power reduction. In the
second part, power sources and power reductions of RAM chips are discussed
in terms of three key issues: charging capacitance, operating voltage, and
dc static current, differentiating between DRAMs and SRAMs. First, in
Section 7.3, power sources for active and data retention modes in a chip
are described and essential differences in power sources between DRAMSs and
SRAMs are clarified. Next, the power reduction circuits for each power source
are separately reviewed in the following sections, first for DRAMs and then
for SRAMs. Note that the subthreshold dc current of a MOSFET, which will
be a source of both active and data-retention power for future DRAMs and
SRAMs supplied with an ultra-low voltage of less than 2V, is discussed in
Chap. 8.

7.2 Sources and Reduction of Power Dissipation
in a RAM Subsystem

The major sources of active power in a modern CMOS RAM subsystem are
the active chips, whose power is a product of the activated chip power and
the number of simultaneously activated chips. Other minor sources are the
capacitances of data-bus lines, address lines, and control lines on a memory
board. In particular, the data-bus lines are of special concern. They cause
a heavy capacitance compared with other lines because of their inherently
large values in number and capacitance. Active chip power and ac capacitive
power have both been reduced by low-power circuits, miniaturized device
technology, wide-bit I/O chip configuration, small-package technology, and
low-voltage interfaces. On the other hand, the sources of subsystem retention
power are all the memory chips in the subsystem, and thus the retention
power has also been reduced by low-power circuits and by improving device

402



403



394 7. Low-Power Memory Circuits

0.5 um 16 Mb o m-_.. m=i6k

| 512cells/SA
41 128 cells / sub-WL bL DL
Cp = 300 fF & e -
Vbb=33V
I normal cycle logical array

w
—

Chip Power

existing products

Chip Area

Chip Power and Chip Area (a.u.)

1 4 16 64 256
I/0 Pin Count

Fig. 7.4. I/O pin count versus chip power and chip area (7.3]

These features are essential for small systems such as personal computers and
handheld equipment, in which power, physical size, and price are critical. On
the other hand, a fixed data-bit configuration suffers from disadvantages such
as larger power as well as design inflexibility, as shown in Fig. 7.3b. Table 7.1
shows the more detailed advantages of the wide-bit I/O configuration. The
data are from a catalog specification [7.9] which guarantees the power at the
worst combination within variations of Vpp, temperature, and the fabrication
process. Obviously, a drastic reduction in subsystem power is achieved with
the smaller chip count resulting from wide-bit I/O configuration combined
with large memory capacity, and low-power chip-technology advancement, as
shown in Table 7.2. For example, the chip component of normal-mode active
power for a 110ns cycle is reduced from 17.4 W for a 1 Mb chip subsystem
down to 1.1 W for a 16 Mb chip subsystem. Note that inactive (non-selected)
chips consume a negligibly small power compared with active (selected) chips.
Thus, chip power is almost determined by the number of chips simultaneously
activated, independent of the subsystem memory capacity.

A recent paper [7.10] suggests the possibility of at least 256 b configuration
compared to the 32b configuration for current experimental 1 Gb chips, but
the number of I/Os is eventually restricted by rapid increases in chip power,
chip area, and package size.

7.2.2 Small Package

In addition to the lower chip count described above, small-package technology
reduces ac capacitive power by reducing the capacitance on the memory
board. A common- I/O pin assignment, in which the data input (Dj,) pin
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396 7. Low-Power Memory Circuits

Table 7.2. 5V DRAM chip and package advancement [7.5]

Memory capacity 1 Mb 4 Mb 16 Mb
(1 Mword x 1bit) (1 Mword x 4bit) (1 Mword x 16 bit)

Power supply, Vbp 5V 5V 5V (internal 3.3V)
Normal mode 545 mW max. 605 mW max. 550 mW max.
Active trc =110mns
power  pPage mode, 484 mW max. 605 mW max. 550 mW max.
tpc :40 ns
Data-retention power 1.7mW max. 1.1 mW max. 2.8 mW max.
Refresh cycle, n 512 1024 4096
Feature size 1.3 um 0.8um 0.5um
Chip size (ratio) 1 1.5 2.5
Package size 8.5mmx16.9mm 85mmx16.9mm 11.2mmx27.1 mm
(1.0) (1.0) (2.1)

and the data output (Dyyt) pin are common, enables small-package design
by halving the number of data pins, which increases with the wide-bit I/0O
configuration. Furthermore, remarkable progress in package structure can
accommodate ever-more enlarged chips at every successive generation in
a small package. Typical examples are the LOC (Lead-On-Chip) package and
the CSP (Chip-Size Package), as discussed in Chap. 2. Figure 7.5 shows the
resultant small packages [7.2] achieved despite the wide-bit I/O configuration
and a large memory capacity. The memory density on a memory board is
almost doubled when 4 Mb chips are replaced by 16 Mb chips, as shown in
Tables 7.1 and 7.2, by reducing the parasitic capacitances of data-bus lines.

7.2.3 The Low-Voltage Data-Bus Interface

Recently, further ac power reduction has been strongly required because
the ever-increasing data-throughput of memory subsystems, which results
from rapidly improved microprocessor performance, increases ac power. The
reduction is especially vital for the DRAM column mode which offers a data-
throughput that is inherently higher than that of the normal read-write
mode. The details are given in Chap. 6.
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Fig. 7.5. The top view of an SOJ package and its pin assignment [7.2]. Ag-Ag,
addresses, Di,, data input; Doyt, data output; I/Og-1/0;5, data input/output;

RAS, CAS, UCAS, LCAS, clocks; WE, write enable; OE, output enable; NC, no
connection; Vpp, power supply; Vsg, ground; TF, test function; SOJ, Small Outline
J-Leaded Package. (a) 1IMx1; (b) 1IMx4; (c) 1IMx16
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In a traditional address-multiplexed DRAM chip, as shown in Fig. 7.6,
a selected word line, WL, is activated after strobing the corresponding set of
row addresses with an external clock called the Row Address Strobe (RAS).
As a result, all of the stored information in the memory cells along the
selected WL is read on the corresponding data lines, and then amplified
by the corresponding amplifiers. Each amplified signal is held on the data
line as read information. Any read information on the selected data line can
be read out to the data output (Doy) pin by strobing the corresponding set
of column addresses with another clock called the Column Address Strobe
(CAS). A different word line is activated by the succeeding RAS strobing of
the corresponding row addresses. This is the so-called normal mode, which
always entails word-line activations. Here, during a RAS activation (RAS:
Low), any amplified signal held on the data line can be successively read
out to the Doy pin by successive data-line selection (column mode) that is
performed only by CAS and address activations. The column mode (CAS)
cycle (tpc) is inherently much faster than the normal mode (RAS) cycle
(trc). The difference in speed originates from the fact that a CAS cycle is

periphery MEMmory array
DL1 Di2 DL3 DL4 DLm
address WL 1
A AB V) SR Tl R S [
TOW
- dec
RAS L win
CAS 3
. col. col. SZE@SZSZ °e EzamP column
‘gE : AB dec NI NN S selection
" circuit
Doyt gmﬁ: """
a uffer I /O
< tre >
RAS I
CAS [ 1 J E—
e T N T N
1/0 \WD1 // —_D2 /{ === Dm'
Dyt <{_D1 ,L \‘ D2 } -< Dm'\r

Fig. 7 ? The concept of DRAM chip operation [7.2). AB, address buffer; tRcmin
isform’ =1
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accomplished only by column circuit operation, while a RAS cycle entails
both row and column circuit operation. The inherently slow operation of
row circuits, which include relatively heavy loads such as the word and data
lines that are responsible for the large physical size of the memory array,
makes the difference larger. Thus, the minimum tp¢ is about 40ns, while
the minimum tg¢ is about 110 ns in a modern DRAM chip. The page mode,
nibble mode, and static column mode are typical examples of the column
mode, as discussed in Chap. 3 and 6. Note that for a 4 bit I/O configuration,
for example, a memory array is divided into four subarrays which are simulta-
neously accessible. Thus, a 4-bit parallel read operation from four subarrays
can be performed.

We will now evaluate the ac capacitive power of data-bus lines at the
minimum column cycle. For the 5V TTL (Transistor Transistor Logic) shown
in Fig. 7.7, each bus line power is expressed by

P= %C(AV)Qf : (7.1)

where C, AV, and f are the loading capacitance, voltage swing, and fre-
quency, respectively. It is found that the ac power of an 8 Mb, 32-bit data-bus-
line subsystem becomes relatively large as the width of the data I/O increases,
despite a still small portion of the total power, as shown in Table 7.1. In fact,
the power is as small as 0.13 W even for a 40 ns page mode cycle, comprising
10% of the total power of a 16 Mb chip subsystem. In this subsystem, two

‘CAS package clock
T /N i
active Vob inactive active Vpp(3.3V)| inactive
Vv
G—IE: Dout / I ~ Y20 (1.5v)
—”1 1.1\ Rt
50Q
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Fig. 7.7. Typical interfaces [7.11]. (a) TTL (Vpp =5 V), LVTTL (Vpp = 3.3 V);
(b) CTT (Center Tapped Terminated)
AV =Vpp —Vr =4V  for TTL (Vg = Vpp)
=Vpp =33V for LVTTL (Vo > Vpp + V1)
=08V for CTT
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16 Mb chips are connected to each data-bus line, with a resulting capacitance
of 20pF, and AV is 4V (= Vpp — Vi, where Vi is the transistor threshold
voltage), since the gate voltage of the Dy transistor is usually Vpp. For
a large system in which many chips are connected on each data-bus line,
however, the ac power component is more prominent because of the large
capacitance. For the example of a 16 Mb chip subsystem, it occupies about
37% of the total power for C' = 100 pF. Low-Vpp operation, enabling low-
voltage interfaces, reduces not only the chip power, but also the ac power,
as shown in Table 7.3. The LVTTL (Low Voltage TTL) reduces subsystem
power by 34% with reduced voltages of 3.3V Vpp and 3.3V AV. However,
even LVTTL can no longer manage power increase due to more enhanced
cycle time. The chip power also increases, since the Dy, transistor, which is
enlarged according to the high-speed driving of the bus capacitance, increases
the internal node capacitance of the chip.

Recently, new interfaces featuring small-amplitude impedance-matched
bus lines have been proposed, as described in Chap. 6. A small amplitude
minimizes the ac capacitive power, while impedance matching allows extre-
mely high speed transmission. These new interfaces enable high-speed column

Table 7.3. The impact of low-voltage 16 Mb DRAM operation on subsystem
power [7.2]%

Power 5V TTL chip 3.3V LVTTL chip
(1 Mword x 16bit) (1 Mword x 16 bit)

Normal mode, 550 mW max. 360 mW max.
Active chip trc = 110ns
power Page mode, 550 mW max. 360 mW max.
tpc = 40mns
Data-retention chip power 2.8 mW max. 1.4mW max
Normal mode power of 8 MB 1.15W 0.75W
subsystem trc=110ns
Chip/ac 1.1/0.06 W 0.72/0.03W
Page mode power of 8 MB 1.23W 1] 0.81 W[0.66]
subsystem tpc=40ns
Chip/ac 1.1/0.13W 0.72/0.09 W
Data-retention power of 11.2mW 5.6 mW

8 MB subsystem

“Feature size=0.5 um, refresh cycle=4096, 32-bit data buses, C =20 pF.
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7.2 Sources and Reduction of Power Dissipation in a RAM Subsystem 401

cycles of 2—20ns with low power. This is when high-speed DRAM chip ope-
ration is achieved using pipeline column-circuit operation synchronous to an
external clock. The power consumption at each CTT interface, as shown in
Fig. 7.7, is difficult to express because of the formation of a complicated
transmission line [7.11, 7.12]. However, it is roughly estimated, by using
a lump circuit approximation, as

P ={IopVor + RrI3.}(1 — duty)

1
+ {Iou(Vbp — Vor) + RrIig}duty + 5C(AV)2 f, (7.2)

where Ior, and Iy are currents for the low signal voltage (Vo) and the high
signal voltage (Von), respectively, and Rt is a termination resistance. The
signal swing AV is 0.8V for 8mA Igp,, 8mA Ipy, and 50Q Rt. The total
power consumed at 32 bus lines is about 500 mW even for 100 pF and a 10ns
cycle, as shown in Fig. 7.8. Thus, the interface provides low power with high
speed compared with T'TL and LVTTL, even in the high-speed region of a less
than 40 ns cycle. Note that even for new interfaces the chip-power component
dominates the total power. This is because it increases due to additional on-
chip interface circuits, while the interface power component is still low enough
in the high-speed region. With regard to the data-retention power of the
memory subsystem, the main determinant is also the chip power component.
A wide-bit configuration combined with low-power chip technology reduces
the data-retention power, as shown in Table 7.1.
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Fig. 7.8. Interface power for various interfaces [7.2]
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402 7. Low-Power Memory Circuits

7.3 Sources of Power Dissipation in the RAM Chip

7.3.1 Active Power Sources

Figure 7.9 shows a simplified memory chip architecture [7.1] for investigating
its power dissipation. The chip comprises three major blocks of power sourccs:
the memory cell array, the decoders (row and column), and the periphery.
Note that all of the m cells on one word line arc simultancously activated in
this logical array model. A unificd active power equation for modern CMQOS
DRAMSs and SRAMs is approximately given by

P =Vpnlnp . (7.3)
Ip = Miaes +min — )ing + (n + m)CoeVintf (7.4)
+ CprVint f + Ince .

for normal read cycle, where Vpp is an external supply voltage, Ipp is the
current of ¥pn, i, 18 the effective current of the active or selected cells, 49
is the effective data-retention current of inactive or non-selected cells, Cpg
is the output node capacitance of each decoder, Vinr is an infernal supply
voltage, Cpr is the total capacitance of the CMOS logic and driving circuits
in the periphery, Incp is the total static {dc) or quasi-static current of the
periphery, and f is the operating frequency (= 1/ipc, where tgc is the cycle
tirne). The major sources of Inee are the column circuitry and the differential
amplifiers on the I/O lines. Other contributors to Incp are the refresh-related
circuits and the on-chip voltage converters essential to DRAM operation,
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Fig. 7.9. Sources of power dissipation in a RAM chip {7.1]
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7.3 Sources of Power Dissipation in the RAM Chip 403

these include a substrate back-bias generator, a voltage down-converter, a
voltage up-converter, a voltage reference circuit, and a half-Vpp generator.
The dc currents of these circuits are virtually independent of the operating
frequency. Hence, for high-speed operation, Ipcp becomes relatively small
compared with other ac current components. At high frequencies, the data-
retention current, m(n — 1)ing, is negligible — as shown by the small cell
leakage current and small periphery current necessary for the refresh ope-
ration in DRAMs. In SRAMs, iy14 is also quite small, as described later.
The decoder charging current, (n + m)CpgVinTf, is also negligibly small
in modern RAMs that incorporate a CMOS NAND decoder [7.13], because
only one out of the n or m (nodes) is charged at every selection: n +m = 2.
The active current for both DRAMs and SRAMs is shown in Fig. 7.10. Note
that Ipp increases with increasing memory capacity; that is, with increased
m and n.
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Fig. 7.10. A comparison between the DRAM (a) and SRAM (b) read operations
[7.1]. A half-Vpp precharging scheme is assumed in the DRAMs
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404 7. Low-Power Memory Circuits

DRAM. The destructive readout characteristics of a DRAM cell necessitate
successive operations of amplification and restoration for a selected cell on
every data line. This is performed by a latch-type CMOS sense amplifier on
each data line. Consequently, the data line is charged and discharged with
a large voltage swing of AVp (usually 1.5—2.5 V) and with a charging current
of CpAVp where Cp is the data-line capacitance. Hence, (7.4) is simplified
to

Ipp ~ [mCpAVp + CprVint]f + Ipcp - (7.5)

Equations (7.3) and (7.5) show that the following issues are the keys to
reducing the active power for a fixed cycle time: reducing the charging
capacitance (mCp and Cpr), lowering the external and internal voltages
(Vbp, VinT, and AVp), and reducing the static current (Ipcp). In particular,
emphasis must be placed on the reduction of the total data-line dissipation
charge (mCpAVp), since it dominates the total active power, as described in
Chap. 3. However, the dissipation charge must be reduced while maintaining
an acceptable signal-to-noise (S/N) ratio, since they are closely related to each
other. The S/N ratio is an extremely important issue for stable operation, as
discussed in Chap. 4. This stems from the principle of DRAM cell operation,
that the cell signal is not only small, but also read out on the floating data
line, which is susceptible to noise. The signal, vs, is approximately expressed
as

Vg =~ (CS/CD)VDD/2 = (Cs/CD)AVD = QS/CD (76)

for the half-Vpp precharging scheme (AVp = Vpp/2) described in Chap. 1,
where Cs and Qg are the cell capacitance and the cell signal charge, respecti-
vely. It is obvious from (7.5) and (7.6) that reducing Cp is effective for both
reducing Ipp and increasing vs, while reducing AVp degrades vs, despite
the reduction in Ipp. This implies the importance of increasing Cs and/or
decreasing noise instead.

SRAM. The non-destructive readout characteristics of SRAM never require
restoration of cell data, allowing the elimination of a sense amplifier on each
data line. To obtain a fast read, the cell signal on the data line is made as
small as possible, and the resulting small signal is transmitted to the common
I/0 line through the column switch, so as to be amplified by a sense amplifier.
Since the cell signal is developed as a result of the ratio operation of a data-
line load and a cell, a ratio current ipc flows along the data line during
word-line activation, At. Here, the data-line charging current is negligibly
small due to a very small AVp (usually 0.1-0.3 V), although it is prominent
for the write operation, as described later. Thus, (7.4) for the read operation
is expressed as

Ipp ~ [mipcAt + CprVint]f + Ipcp - (7.7)
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7.3 Sources of Power Dissipation in the RAM Chip 405

Table 7.4. A comparsion of determinants of active cell current between DRAMs
and SRAMs [7.1] (estimated based on data in ISSCC Digests; DRAMs are 1 Mb
to 16 Mb and SRAMs are 256 Kb to 4 Mb)

DRAM SRAM

Number of cells 256-512 256-1024
on a data-line pair
Cp (pF) 0.2-0.3 1.0-2.0
vg (V) 0.1-0.2 0.1-0.3
AVp (V) 1.5-2.5 0.1-0.3
ip/ipc(r) (nA) 20-50 100-200
At (ns) 10-20 5-50
m 2k-8k 64-128¢
(128-512%)
mip/mipc(r) 100-160 6-25¢
(mA) (6-10%)

%Partial activation of multidivided word line.

To reduce the active power, the three issues of static current, voltage, and
capacitance, as in DRAMs, are vital. However, the static current charge,
mipcAt, should be reduced more intensively, because it dominates the total
active current, which differs between SRAMs and DRAMs. Obviously, the
S/N ratio issue is not so serious as in DRAMSs because of the ratio operation.

Eventually, DRAMs and SRAMs have evolved so that they use similar
circuit techniques, although emphasis on each of the three issues is different
between the two types of RAM, as described in the following sections. To
clearly show the state-of-the-art RAM designs, the ranges of cell design pa-
rameters for the active current in DRAMs and SRAMs shown in Fig. 7.10
are compared in Table 7.4. Note the peak current, mip, which is a good
measure of active power. A partial activation scheme of a multidivided word
line, as described later, reduces the DRAM current down to the SRAM level,
although this is still at an experimental stage for DRAMs.

7.3.2 Data-Retention Power Sources

DRAM. In the data-retention mode, a memory chip cannot be accessed
from outside and the data are retained by the refresh operation. The refresh
operation is performed by reading the data of the m cells on a word line
and restoring them for each of the n word lines in order. Note that n in the
logical array in Fig. 7.9 corresponds to the number of refresh cycles in the
catalog specification. A current given by (7.5) flows every time m cells are
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406 7. Low-Power Memory Circuits

refreshed at the same time. The frequency f at which the refresh current
flows is n/tgrer, where trgr is the refresh time of the cells in the retention
mode, and could be increased with a reducing junction temperature. Thus,
from (7.5), the data-retention current is given by

Ipp ~ [mCpAVp + CprVint](n/trEF) + IDCP - (7.8)

The trrr could be much longer than the trermax that is guaranteed in the
catalog specification, as explained in Chap. 3. This is because trErmax is for
the active mode operating at the maximum frequency of around 10 MHz,
where the cell leakage current is maximized with the highest junction tem-
perature. On the other hand, tggr is for an extremely slow refresh frequency
(n/trer < 62KHz), where the current is minimized with the lowest junc-
tion temperature. In any event, Ipcp becomes relatively large for other ac
current components because of the small n/tggr. This implies the necessity
of reducing both the ac and the dc components.

SRAM. In low-power CMOS SRAMs, the static cell leakage current, mnipg,
is the major source of the retention current because of the negligibly small
value of Ipcp. The leakage current or retention current has been maintained
at a small value by memory cell innovations, as explained in Chap. 1.

7.4 Low-Power DRAM Circuits

This section summarizes low-power DRAM circuits, since the full details are
given in Chap. 3.

7.4.1 Active Power Reduction

The power for a fixed cycle time has been gradually decreased in spite of
the increase in memory capacity, as shown in Figs. 7.11 and 7.12 [7.1].

This is due to the low-power circuits developed at each generation. For a gi-
ven memory capacity chip, successive circuit advancements have produced
a power reduction equivalent to two to three orders of magnitude over the
past decade. Figure 7.12 shows the power dissipation of a 64 Mb DRAM,
hypothetically designed with the NMOS circuit of the 64 Kb generation in
1980, compared with the CMOS circuit presented in 1990 [7.5]. Almost the
same process and device technologies are assumed. The drastic reduction
in power by about two orders of magnitude is due to many sophisticated
circuits: partial activation of a multidivided data line and a shared I/O, which
reduce mCp in (7.5); a CMOS NAND decoder, which reduces (n+m)Cpg; an
external supply voltage (Vpp) reduction from 5V to 3.3V, half-Vpp data-line
precharge and on-chip voltage down-conversion, which reduce Vpp, AVp, and
Vint in (7.3) and (7.5); and CMOS drivers and pulse operation of the column
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408 7. Low-Power Memory Circuits

a widely accepted technique in commercial 16 Mb and 64 Mb chips. Partial ac-
tivation of multidivided word lines further reduces the capacitance, although
this is still in the experimental stage. Thus, a combination of multidivisions
of the data line and the word line minimizes the capacitance.

Partial Activation of Multidivided Data Line. With increasing memory ca-
pacity, the ever-increasing number of memory cells connected to one data
line causes an increased Cp and thus an increased power requirement, as
well as a poor S/N ratio, as expressed by (7.5) and (7.6). One practical
solution is to divide a data line into several sections and to activate only
one section. In the early days, the number of divisions was increased by
the multiple column decoder scheme: this simply increased the number of
Y (column) decoders, each of which is placed at each data-line division, by
using an additional chip area. However, the division was almost completed
in the 16 Mb generation with the combination of a shared SA, a shared I/O,
and a shared Y decoder, as shown in Fig. 3.35 [7.14]. Partial activation is
performed by activating only one sense amplifier along the data line. Thus,
the total data-line charging capacitance, Cpt(= mCp), has been minimized
with the help of an increase in the number n (Fig. 3.37). The total data-line
dissipating charge, @Qpr(= mCpAVp), has also been suppressed as much as
possible with the help of the ever-reducing operating voltage (see Fig. 3.38).

Partial Activation of Multidivided Word Line. For this multidivision, similar
to that of the SRAM, each word line is divided into several subword lines
(SWLs) (Fig. 3.53) [7.15]. Any SWL is selected by the coincidence of the
selected main word line (MWL) and the selected row line (RX). Only the
signals from the cells on the selected SWL are simultaneously amplified by
the corresponding amplifiers, allowing partial activation of a word line. Thus,
the multidivision method provides less data-line charging capacitance than no
division. Cpr could be reduced down to about 100 pF at 256 Mb (Fig. 3.38),
assuming a Cp of 200fF, a AVp of 1V, and that the number of activated
data lines is reduced by 1/32. Consequently, the architecture almost halves
the chip power of the partial activation of the data line. However, this archi-
tecture seemingly does not meet the requirements of the traditional address
multiplexing scheme, since it increases the number of row address signals or
introduces a speed penalty that is involved in additional selection.

Refresh Time Increase. Even though a reduction of Cp is achieved by the
use of the partial activations described above, the reduction of m is never
achieved without the help of an increase in the maximum refresh time of the
cell, IrREFmax- This stems from the need to preserve the refresh-busy rate [7.1,
7.4, v, expressed by

Y= tRCmin/(tREFma.x/n) = (M/m) (tRCmin/tREFmax) y (79)

where tRomin and M are the minimum cycle time and memory capacity,
respectively. This expresses the percentage of time that is not accessible from
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7.4 Low-Power DRAM Circuits 409

outside of the chip. A smaller v is preferable, since it involves less conflict bet-
ween the refresh operation and normal operation. Hence, for a fixed M, it is
necessary to maintain mtggrmax t0 keep v constant, assuming a fixed tremin-
This implies a reduced m accompanied by an increased trRgFmax. Moreover,
to quadruple M, mtgrermax must be quadrupled. This has been achieved by
almost doubling both m and tggFmax, Which results from compromising the
power with the cell leakage current [7.4]. As a result, n(= M/m) has gradually
increased with each successive generation, with an increased trgpFmax for
commercial DRAMs (Fig. 3.16). Alternative choices for n and m, as shown
in Fig. 7.11 and 3.38, have been eventually rejected by this compromise.
However, it seems difficult to maintain the pace of doubling tRermax at each
generation, because it is determined by the cell leakage current. One solution
is the use of a new refreshing scheme [7.15] favorable to partial activation of
a multidivided word line. Note that the traditional scheme uses the same n;
that is, the same m for both normal and refresh operations. However,the new
scheme uses a reduced m for normal operation, which is a determinant of
maximum power, while maintaining the same m as in the traditional scheme
for the refresh operation, to preserve . The resulting power reduction allows
an increased trEFmax With a reduced junction temperature.

Operating Reduction in Voltage. The reductions in Vpp, from 12V to
5V in the 64 Kb generation and then to 3.3V in the 64 Mb generation, and
half-Vpp data-line precharge, which has been widely used since the advent of
commercial 1 Mb DRAMs, are well known contributors to low power. On-chip
voltage down-converters, which are employed in commercial 16 Mb DRAMs
to maintain a standard 5V supply, also contribute to low power. This low-
power operation necessitates an improvement in the S/N ratio of the memory
cell, as described in Chap. 4.

Half-Vpp Data-Line Precharge. An excellent circuit for reducing the array
operating current is half-Vpp data-line precharge [7.1]. Table 7.5 shows full-
Vpp precharge with an NMOS sense amplifier (SA), which was popular until
the 256 Kb generation, and half-Vpp data-line precharge, which is favorable
to the CMOS SA. In full-Vpp precharge, the voltage difference on the data
lines is amplified by applying pulse #5 and then the resultantly degraded
high level is restored to the full-Vpp level by applying pulse #g to the active
restore circuit. In contrast, the restore operation in half-Vpp precharge is
simply achieved by applying pulse ®r to the cross-coupled P-MOSFETS.
In principle, half-Vpp precharge halves the data-line power of full-Vpp pre-
charge, with a halved data-line voltage swing. A large spike current caused
during the restoring or precharging periods is also halved with less noise
generation, allowing a quiet array. More details are given in Chap. 3 (see
Fig. 3.58 and 3.59).

The On-Chip Voltage Down-Converter (VDC). For a fixed external supply
Vbp, a voltage down-conversion scheme combined with scaled-down devices
reduces the chip power (Table 2.4). An internal voltage, Vint, reduced by
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Table 7.5. A half-Vpp precharging scheme [7.1]

Circuit and timing Power Area Speed

AMP ACT. REST. ¢A

N%HH}W R

FULL-Voo PRECHARGE

AMP ACT. REST. ¢A ¢n Op

¥
C }< .Eg _E Voo 0.46 0.7 1
9,

HALF -Voo PRECHARGE

a scaling factor (k > 1), permits the use of scaled devices in core circuits
while maintaining the same electric field. This eventually provides a low
power (reduced by 1/k) with a higher speed and a smaller chip area. This is
justified by the negligibly low VDC current (about 3% of the total 16 Mb chip
current) and the negligibly small VDC area (less than 1% of the 16 Mb chip
area), as shown in Chap. 5. The breakdown voltage of devices in the VDC can
be adjusted to a sufficiently high level through slight modifications involving
device parameters. The following is a summary, although the detailed design
is described in Chap. 5. The keys to designing a VDC are the provision of
a stable and accurate output voltage under a rapidly changing load current
and provision of an on-chip burn-in capability. Figure 7.13 shows a schematic
of a typical VDC [7.16] and the step response for the load current, I1,. The
almost fixed output voltage, Vpr,, is about 3.3V for a 16 Mb DRAM with
Vbop = 5V. For accuracy and load current driving capability, it consists of
a current-mirror differential amplifier (Q1-Q4, Qs) and an output transistor
(Qe). As shown in Table 7.4, the array current for a DRAM is fairly large
compared with that of an SRAM. The peak height is more than 100 mA
with a peak width of around 20ns. Thus, the gate width of Qg has to be
more than 1000 um. In order to minimize the output voltage drop AVpr,
the gate voltage of Qg, Vg, has to respond quickly when the output goes
low. An amplifier current Is of 2—3mA enables such a fast response time.
A bias current source Ip is needed to clamp the output voltage when the
load current becomes almost zero. To ensure enough loop stability with a mi-
nimized area and operating current, phase compensation is indispensable.
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Fig. 7.13. A voltage down-converter [7.1,7.16]. (a) Schematic circuit; (b) step
response for loading

For stable operation, the reference voltage, Vrrr, must be accurate over
wide variations of Vpp, process, and temperature, because the voltage level
determines the amount of cell signal charge as well as the speed performance.
A band-gap Vggr generator and a CMOS Vggr generator [7.17] utilizing the
threshold voltage difference have been proposed to meet these requirements.
A burn-in operation, with the application of a high stress voltage to devices,
is indispensable in VLSI production both for reliability testing and for chip
screening. For this purpose, the Vrgp generator is designed to output an
increased voltage when Vpp is higher than the value for normal operation.
Otherwise, the fixed voltage fails to apply a higher stress voltage.

Reduction of dc Current. Figure 7.14 shows the column signal path
circuitry [7.1], which is a main source of static current. It consists of a pair
of data lines, a column switch, a pair of I/O lines, a load circuit for the I/O
lines, and a differential amplifier (the “main amp”) for detecting the small
signal voltage on the I/O lines. Static (dc) current flows from the I/O line
load to the data lines while the column switch is on. Also, the main amplifier
consumes dc current for amplifying the signal, because it usually employs
differential amplifiers that are similar to those of SRAMs. The current re-
ductions are essential, especially for the wide-bit I/O chip, because of the
increased number of column circuitries. The dc currents are shut down with
the pulse-operation technique, which will be described in detail in the SRAM
section. For example, in the static column mode where a DRAM operates
as an SRAM for the column address signals, the column switch and the
main amplifier are activated only when address-signal transition occurs. The
ATD generates such control pulses. Other main amplifiers, such as current
sense amplifiers, that comprise a negative feedback circuit or a current-mirror
circuit have also been proposed for DRAM, as explained in Chap. 3. Various
low-power amplifiers for SRAM, which are explained later, are also useful for
DRAM.
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Fig. 7.14. Pulse operation of column signal path circuitry [7.1]. Typical parameters
for 16 Mb DRAMs are as follows: I; /I3 = 0.5/1.0 mA, AV = 0.5V, Cy/g = 2 pF

7.4.2 Data-Retention Power Reduction

The reduction of both the dc and the ac current components in data-retention
mode is a prime concern. Minimizing the power of on-chip voltage converters,
such as the VDC, the voltage (Vpu) up-converter, the substrate back-bias
(VeB) generator, the Vrgr generator, and the half-Vpp generator, reduces the
dc current component. Extending the refresh time and reducing the refresh
charge reduces the ac current component, by reducing Incp, 1/trer, and
mCpAVp, respectively, in (7.8). Since the low-power generator designs are
discussed in detail in Chap. 5, extension of the refresh time is briefly explained
here.

o Refresh Time Extension. To extend the refresh time (¢trgr) according to
a reduced junction temperature in data-retention mode, a self-refresh con-
trol with an on-chip temperature detection circuit and the use of a cell-
leakage monitor circuit on the chip [7.1] have been proposed (Fig. 3.71
and 3.72).

o Refresh Charge Reduction. One practical way to reduce the refresh charge
is to reduce n (increase m) from that for active operation. This effectively
reduces the operating frequency for the periphery while keeping the array
power constant. Another possible way is to reduce the voltage swing of the
data lines in data-retention mode. The resultantly reduced signal charge
and an increase in the soft error rate are additional issues with this scheme.
A charge recycle refresh scheme [7.1] has been proposed to reduce the data-
line dissipating charge. In this scheme, the charges used in one array, which
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7.5 Low-Power SRAM Circuits 413

are conventionally poured out in every cycle, are transferred to another
array and used, thus enabling the data-line charging current to be halved.

7.5 Low-Power SRAM Circuits

7.5.1 Active Power Reduction

The partial activation of a multidivided word line and pulse operation of
word-line circuitry are typical examples of low-power circuits, which dras-
tically reduce the dc current that dominates the total active current with
a decreasing m and At in (7.7). Pulse operation of the column/sense cir-
cuitry is another example of low-power techniques. Column/sense circuitry
inevitably includes differential circuits, which unfortunately consume much
dc current to achieve high speed. Therefore, pulse operation is essential in
reducing Incp in (7.7). ATD (Address Transition Detection) plays an impor-
tant role in the pulse operations for word-line and column/sense circuitry.
For column/sense circuitry, lowering the operating voltage while maintaining
a high-speed amplification capability for small signals is also critical.

Reduction of the dc Current.

The Partial Activation of Multidivided Word Lines. The multiple row deco-
der scheme and the double-word-line scheme [7.1], which divides a word line
into subword lines, greatly reduces the static current of SRAMs. A more
sophisticated word-line division, called DWL (Divided Word Line), adopts
a two-stage hierarchical row decoder structure [7.18], as shown in Fig. 7.15.
The DWL scheme requires two levels of metal layers; one for a main word
line and the other for a data line. The number of subword lines connected to
one main word line in the data-line direction is generally four (at most eight),
compromising one area allocated to a main row decoder with another area

MAIN LOCAL  SUB-ARRAY LOCAL SUB-ARRAY
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Fig. 7.15. A divided word-line structure (DWL) [7.1,7.18]
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Fig. 7.16. The decrease in the word-line delay and the column current due to a
divided word-line structure (DWL) [7.1,7.18]

allocated to a local row decoder. DWL features two-step decoding to select
one subword line, which greatly reduces the capacitance of the address lines
to a row decoder and the word-line RC' delay. Figure 7.16 [7.18] shows that
the column current (mipc) and the word-line delay decrease as the number
of word-line divisions increases. The DWL scheme has been used in most
high-density SRAMs of 1 Mb and greater. In a recent 16 Mb SRAM [7.8],
a word line was divided into 32 subword lines: N = 32 and m = 256. The cell
current was reduced to one thirty-second of its original level with the DWL
scheme. However, this scheme eventually results in a long main word line
that has a load capacitance that increases due to an increase in the number
of local row decoders. This is because the word-line division number (N)
must increase while m (the number of cells selected simultaneously) is kept
small. To overcome this problem, two approaches [7.1] have been proposed:
a combination of a multiple row decoder and a DWL, and a three-stage
hierarchical row decoder scheme. An experimental 4 Mb SRAM with a three-
stage hierarchical decoder reveals a reduction in the total capacitance in the
decoding pass of 30% and a reduction in delay of 20% compared with the
DWL scheme. .

The Pulse Operation of Word-Line Circuitry. The duration of the active
duty cycle can be shortened by pulsing the word line for the minimum time
required for reading and writing in a cell array, as shown in Fig. 7.17 [7.19].
This reduces the power by the duty ratio of the pulse duration to the cycle
time. The word-activating pulse, ¢y, is obtained by lengthening the original
ATD pulse, described shortly, sufficiently to build up the data-line signal
and latch the amplified signal by ¢r,. This scheme is usually employed with
a pulsed sense amplifier and a latch circuit, as shown below in Fig. 7.22.
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Fig. 7.17. A simplified view of the pulsed operation of a word line, a sense amplifer
(SA), and a latch circuit [7.1,7.19]

One of the data-line signal pairs (DL, DL) is selected by ¢, and ¢, and
transmitted to I/O and I/—O, respectively. The I/0 signals are amplified by
a sense amplifier SA. The amplified S and S signals from a subarray are
selected by signals T and T and then are transmitted to the latch, where the
signals are latched to keep the data output valid after the word line and sense
amplifier are inactivated. An on-chip pulse-generating scheme using ATD
first appeared in SRAMs, and then in DRAMs. An ATD circuit comprises
delay circuits and an exclusive OR circuit, as shown in Figs. 7.18a,b [7.1].
An ATD pulse ¢(a;) is generated by detecting “L” to “H” or “H” to “L”
transitions of any input address signal a;, as shown in Fig. 7.18c. All of the
ATD pulses generated from all of the address input transitions are summed
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Fig. 7.18. Address transition detection circuits [7.1]. (a, b) ATD pulse-generating
circuits; (¢) an ATD pulse waveform; (d) a summation circuit of all ATD pulses
generated from all address transitions

up to one pulse, ¢aTp, as shown in Fig. 7.18d. This summation pulse is
usually stretched out with a delay circuit and used to reduce power or speed
up signal propagation.

An additional dc current in the write cycle, as shown in Fig. 7.19 [7.1],
is another concern. An accurate array current expression for the read cycle,
exclusive of the peripheral ac and dc currents in (7.7), is given by

IDDA(I') = [miDc(I‘)At + mCDAV;-]f , (7.10)
and a corresponding current for the write cycle is given by
IDDA(W) = [(m — p)iDc (r)At + pinc (W)At + pCDAVw]f , (7.11)

where ipc(r) and ipc(w) are data-line static currents in the read and write
cycles; AV, and AV, are data-line voltage swings in the read and write
cycles, respectively; and p is the number of data which are simultaneously
written into cells. In a typical 5V 4Mb SRAM, Ippa(r) and Ippa(w) are
6.4mA and 10.4mA, respectively, assuming ipc(r) = 100pA, ipC(w) =
1.OuA, AV; =02V, AV, ~ Vpp, Cp = 1pF, m = 128, p = 8, At = 30ns,
and f = 10MHz. Inherently large pipc(w) and pCpAV, make Ippa(w)
larger than Ippa(r), especially for wide-bit SRAMs, which make p large. To
reduce Ippa (w), both ipc(w) and Cp must be decreased. To reduce ipc(w),
the variable impedance load [7.1] makes all the data-line load impedances
high in the write cycle by cutting off Q3 and Q4 with the write enable signal,
WE, as shown in Fig. 7.19. In some SRAMs the loads are entirely cut off
during the write cycle to stop any dc current. Cp is reduced by partially
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Fig. 7.19. A simplified diagram of data-line load control with a write enable
signal WE (variable impedance data-line load) [7.1]

activating the data lines that are divided into two or more portions, just as
in DRAMs.

Pulse Operation of Column/Sense Circuitry. A dc current of 1-5mA flows
in a sense amplifier on the I/O line. The power dissipation becomes the
larger portion of the total chip power as the number of I/O lines increases
to obtain higher data throughput for high-speed processors. There have been
many low-power sense amplifiers for SRAMs [7.7], which can be categorized
into current-mirror sense amplifiers, latch-type sense amplifiers, and current
sense amplifiers. Each amplifier has advantages and disadvantages in terms of
meeting the target specifications of SRAMs. They all operate by using ATD
pulses.

Current-mirror sense amplifiers have been widely used in SRAMs, but
they consume a lot of power and have a relatively low voltage gain. Fig-
ure 7.20 shows the switching scheme of well-known current-mirror sense
amplifiers {7.19]. Two amplifiers are serially connected to obtain a full supply-
voltage swing output, since one stage of the amplifier does not provide enough
gain for a full swing. A positive pulse, ¢ga, activates the sense amplifiers for
just long enough to amplify the small input signal; then the amplified output
is latched. Otherwise, a large current continues to flow. Hence, the swit-
ching scheme combined with a pulsed word-line scheme, reduces the power,
especially at relatively low frequencies, as shown in Fig. 7.21 [7.1]. Further
current reduction is gained by sense amplifier current control, which switches
the current to the minimum level required for maintaining data from a high
level that is only needed during amplification.

Latch-type sense amplifiers such as PMQS cross-coupled amplifiers (7.7,
7.20] as shown in Fig. 7.22, greatly reduce the dc current after amplification
and latching, because of the small current consumption after latching. More-
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Fig. 7.22a—d. Latch-type sense amplifiers [7.7,7.20]

timing controls for stable operation. They must be activated after an input
signal has fully been developed. In addition, equalizers must equilibrate the
paired outputs of the amplifier before amplification.

Current sense amplifiers (7.7, 7.21-7.24] permit a small voltage swing
on the data line, reducing the time for changing the data-line voltage as
well as the data-line power dissipation. Figure 7.23 shows a current amplifier
connected to data lines [7.21]. It consists of four equal-sized PMOSFETSs
(Q1—Q4) in a cross-coupled configuration. The amplifier is selected by turning
on Q3 and Q4. Currents (Ip’s) then flow through Q; and Qg, and Qo and
Q4. The drains of Q3 and Q4 are connected to I/O lines which are close
to ground level. This means that these FETs operate in saturation. The
data-line loads (Z) are low impedances to ensure that the data lines are
always close to Vpp during read-access. The gate-source voltage (V1) of Q;
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Fig. 7.23. A current sense amplifier connected to data lines, followed by an output
section [7.21]

is equal to that of Q3, since their sizes and currents are equal and both are
in saturation. The same applies to Q2 and Qq4, with V; for the gate—source
voltage. Since Q3 and Q4 are selected, the left data line has voltage Vi + V5,
and the right data line also has voltage V; 4+ V5. Therefore, the potentials of
the two data lines are equal, independent of the current distribution, thus
constructing a virtual short-circuit across the data lines. Since the data-line
voltages are equal, the data-line load currents are also equal. Thus, when
the cell is accessed and draws current A, the right-hand leg of the amplifier
must pass more current than the left leg. In fact, the difference between these
currents is A, the cell current. The drain currents of Q3 and Q4 are passed
to current-transporting I/O lines. The resultant differential I/O current is
converted to a large signal voltage by diodes and a current mirror on the I/0O
lines. Thus, the amplifier achieves a small sensing delay, which is insensitive
to the data-line capacitance.

Figure 7.24 shows a current sense amplifier combined with PMOS data-
line loads [7.22]. It facilitates low-voltage, low-power, and high-speed ope-
ration. A normally on equalizer reduces the data-line voltage swing to less
than 30 mV. The current-mirror configuration of the amplifier makes a cur-
rent difference of AI/2 between Q; and Q5 (Q4 and Qg), which eventually
discharges and charges the outputs, S and S. The bias-voltage generator pro-
vides an intermediate voltage of 1—1.5V at 3.3V Vpp to increase the gain by
operating Q;—Qy4 close to the saturation region. An extremely small data-line
voltage swing of less than 30 mV, and elimination of the need for pulsed data-
line equalization, allow fast sensing. Note that the required voltage swing in
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On-chip Voltage Down-Conversion [7.1]. On-chip power-supply conversion
was first used for a 256 Kb SRAM, to internally supply 3.3V to the 0.7 um
devices with a 5V Vpp. The SRAM has a power-down mode to reduce
the stand-by chip current to 5pA. A 4Mb SRAM, which turns off one of
two VDCs (voltage down-converters) to provide a 50 A stand-by current,
automatically shuts down the two VDCs when the external supply voltage is
reduced to 3.3V, to obtain a 1A data retention current. An experimental
VDC which achieves a sub-pA stand-by current has been reported. The VDC
circuits in SRAMs are basically the same as the DRAM VDCs shown in
Chap. 5.

Reduction of the Charging Capacitance. Charging capacitance reduc-
tion techniques, initially targeted at obtaining a high speed in SRAMs, also
contribute to power reduction. These techniques include data-line division
and I/0O line division. Figure 7.25 shows the partial activation of a multi-
divided data line [7.25, 7.26], which is similar to that of the DRAM. Each
heavily capacitive data line is multidivided. The resulting subdata lines are
connected to a lightly capacitive metal global-data line through subarray
selection switches. The combination of one global-data line and one selected
subdata line reduces the data-line capacitance, affording a low power and
high speed. The insertion of a predecoding stage between an address buffer
and a final decoder also optimizes both speed and power, and has been used
in most SRAMs.

- subdata line
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giobal
data line

L—-—‘ subarray
[ cell ]

1

—

subarray | I

select f'

Dom Din

Fig. 7.25. A multidivided data line [7.25, 7.26]
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7.5.2 Data-Retention Power Reduction

On-chip voltage generators have not been widely used in commercial SRAMs,
although there have been many attempts, that differ from the DRAM ap-
proach. This is mainly because the power-supply standardization issue has
not been so critical as that of the DRAM, according to the SRAM’s market
transition, from general-purpose to specific uses. Thus, the data-retention
current has been sufficiently reduced solely by improvements in the memory
cell. Switching the power-supply voltage to 2V or to 3V, from 5V in normal
operation, further reduces the data-retention current. However, this voltage-
switching approach is eventually restricted by the ultra-low-voltage ability of
SRAMs, which will be described in Chap. 8.
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8.1 Introduction

The reduction of the operating voltage is essential not only to reduce power
dissipation, but also to ensure reliablity for miniaturized devices. Further
reduction of the supply voltage allows users to design ultra-low-power sys-
tems or battery-based mobile equipment. One target is 0.9V, the minimum
voltage of a NiCd cell. Even in this case, higher performance will eventually
be required, due to the ever-increasing demand for digital signal processing
capability. To simultaneously achieve low voltage and high-speed operation,
both device miniaturization and threshold voltage (V) scaling are indispen-
sable. Fortunately, the state-of-the-art device technology in miniaturization
has at last progressed to the extent of realizing quite high speed even at
low voltages of less than 2V. Even SOI CMOS technology — more suitable
for ultra-low-voltage operations — is being intensively developed. Vr scaling,
however, is highlighted as an emerging issue, because the reduction of Vr
increases the MOSFET subthreshold current [8.1-8.6], even in CMOS chips.
The resulting dc current eventually dominates even the active chip current,
losing the low-power advantage of CMOS circuits that we take for granted
today. The issue is essential not only for the design of large-capacity RAM
chips with a feature size of 0.1um or less in the future, but also for the
design of ultralow-voltage LSIs such as medium memory-capacity RAM chips
and MPU chips with an existing fabrication process tailored to scaled Vr.
Circuit development for suppressing the subthreshold current was initiated
by RAMs [8.15-8.18] with gate-source back-biasing and multi-Vr schemes,
based on a few exploratory developments of 1.5V DRAMs [8.13, 8.59]. This
was quickly followed by logic circuits [8.19] aimed at extensive uses in logic-
oriented chips. After that, in addition to improvements of the schemes above,
a wide variety of variable V schemes [8.20] have been proposed. In addition
to the subthreshold current issue, there are other key design issues [8.5] that
affect ultra-low-voltage RAM designs. These are stable memory cell operation
to cope with reduction of the memory-cell signal charge, suppression of or
compensation for design parameter variations that enhance speed variations
at ultra-low voltages, and power-supply standardization, which will be more
difficult for general-purpose RAM designs.
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This chapter describes ultra-low-voltage (0.5—2.0 V) RAM circuits, with
emphasis on the reduction of the subthreshold current. First, the state-of-the
art curcuit designs are summarized in terms of four key design issues listed
above. Second, ultra-low-voltage DRAM circuits are discussed, focusing on
subthreshold current reduction for the memory cell and the peripheral circuit.
To cope with the emerging memory-embedded system LSIs, subthreshold
current reduction for logic circuits is also discussed. Third, ultra-low-voltage
SRAM circuits are explained, emphasizing cell driving schemes. Finally, the
potential of SOI technology is discussed from the viewpoint of low-voltage
circuit design.

8.2 Design Issues for Ultra-Low-Voltage RAM Circuits

8.2.1 Reduction of the Subthreshold Current

MOSFET threshold-voltage (V) scaling is a key issue in the simultaneous
achievement of low-voltage and high-speed operation. The high-speed opera-
tion of CMOS circuits necessitates a scaled-down Vr, because speed is roughly
inversely proportional to Vpp — V1. However, when V1 becomes small enough
to no longer cut off the MOSFET, a MOSFET subthreshold dc current is
developed, which increases exponentially with decreasing Vr, as discussed
below.

To evaluate the subthreshold current caused by Vt scaling, the definition
of Vr must be clarified. There are two kinds of Vr [8.3, 8.7]: the extra-
polated Vi that is familiar to circuit designers, and constant-current Vi,
as shown in Fig. 8.1. The extrapolated Vr is defined by extrapolating the
saturation current on the v/Ips — Vgs plane, and by neglecting the tailing
current actually developed at approximately V1. Our major concern is with
the subthreshold current, which is developed at Vgg = 0V. If Vr is high
enough, the subthreshold current is zero. With decreasing V, however, the
subthreshold current starts to be developed at a V1 higher than expected.
This current is not expressed in the definition. Thus, the constant-current
Vr is indispensable in evaluating the current. Vr is defined as a Vgg for
a given current density on the log Ing — Vigs plane. This constant-current Vi
is empirically estimated to be smaller than the extrapolated Vp by about
0.2V for a current density of 2nA /um.

The subthreshold leakage current [8.8], I1,, is given by

Iy '
I =Ww.=2.10""r/5 .
kT; Cop
S:—J-(l—l-——)lnlo, 8.2
q Cox (8.2)

where W is the gate width of the FET, Iy/Wj is the current density to
define Vi, S is the subthreshold swing, Cox is the gate capacitance, Cpp
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The subthreshold current disables the detection of defective chips by mo-
nitoring the quiescent power-supply current (the so-called Ippgq test). It also
causes unusual memory-cell operation because it discharges the DRAM-cell
stored node, and it increases the SRAM-cell retention current. Moreover,
the current would dramatically increase not only the stand-by current, but
also the active current of the chip, because many inactive iterative circuit-
blocks, such as row and column decoders and drivers, start to generate large
subthreshold currents. Note that the necessary Vp for RAM cells is larger
than that for the peripheral circuits because of their different requirements.
The details are discussed in the following.

The Memory-Cell Current. In the DRAM cell the subthreshold leakage
current of a cell FET flows from the cell storage node to the data line while
the data line is at a low level, as shown in Fig. 8.3 [8.5] and Fig. 4.14. This
degrades the data-retention time of the DRAM cells. Since a prolonged data-
retention time (tRgFmax) is needed, the 1-T DRAM cell needs an ever-higher
Vr with increasing memory capacity, as shown in Fig. 4.17. Consequently, of
all LSIs, the DRAM cell needs the highest V. In SRAMs, two sources (I,
I]) for the leakage current are established in a cell. As a result of current
accumulation in numerous cells, a SRAM array suffers from a huge data-
retention current along with a decreasing Vr [8.5], as shown in Fig. 8.4. It
should be noted that the current of a 0.25 um 1 Mb SRAM array would exceed
10 A at a 50°C junction temperature, assuming a =+ 0.1V variation in Vr
for a 0.1V nominal V1 that is needed for 1V operation. If an acceptable
data-retention current for the array is a few QA, the nominal V1 at room
temperature would be higher than 0.75V for the same variation in V1. Once
Vi is chosen to be 0.75V, the cell is difficult to operate at a Vpp below
0.75V, because the cross-coupled FETs are almost cut off. The SRAM cell
array, the block that has effectively the largest channel width, thus calls for
the largest Vi for the cell FETs in a chip. This large V1 requirement makes
ultra-low-voltage design more difficult.

WORDLINE
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oVop(1V)
WORDLINE
0
0 1V
4
T
DATA DATA DATA
LINE LINE LINE

(a) (b)

Fig. 8.3. The degradation of memory cell characteristics due to a reducation in
Vr [8.5]. (a) DRAM cell; (b) SRAM cell
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Fig. 8.4. The calculated subthreshold current of a SRAM cell-array (8.5]. {a) The
currcnt sources in a full CMOS cell; (b) the subthreshold current of a 0.25um 1 Mb
SRAM array versus the extrapolated Vo

The Peripheral-Circuit Current. As for the peripheral circuit, the sub-
threshold current is a source of de current for the basic CMOS circuit shown
in Fig. 8.2 [8.3]. For a Vpp higher than approximately 2V, where the ex-
trapolated Vo can be higher than around .4V, either the NMOSFET or
the PMOSFET in the inverter is completely cut off. For Vy; less than
2V, however, o subthreshold current becomes prominent, and is enhanced
with a high temperature and variation in Vr, as expressed by (8.1). The
current eventually dominates even the active current of the memory chip.
Such is the case for a memory-cmbedded systein LSI chip and a logic chip
{the MPU/ASIC chip).

Figure 8.5 [8.3] shows a chip that comprises random logic circuits and
iterative circuit blocks, each of which is regarded as a circuit with an effe-
ctively large channel width. At present, attention is mainly being paid fo
the subthreshold current issue during the stand-by period. since the Vy is
still too high. With a further reduction in Vo, however, even the numerous
circuits, especially the iterative circuit blocks that are inactive during the
active period, will start to generatc a subthreshold current. The subthreshold
de chip current (I3¢c) from the overwhelmingly large number (i.e. effectively
large W) of inactive circuits increases exponentially with a reduction in Vr,
and would increase not only the data-retention current but also the active
current. As a result, Ipo would exceed even the ac chip current (750}, which
is the total charging current for capacitive loading of the small number of
active circuits, and would eventually dominate the active current of the chip
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such as the SRAM, Flash memory, the MPU/ASIC, and the system LSI, will
suffer more or less from the same situation. Thus, our special concern is how
to reduce the current from inactive circuits, especially from iterative circuits
such as the array, the row and column decoders, and the drivers.

Fortunately, however, reduction of the subthreshold current for a RAM
chip is easier than for other LSIs [8.5]. This stems from the following inherent
features of a RAM chip. First, a slower memory cycle time makes current
reduction easier. A physically large memory-cell array that occupies over
50% of the chip, a relatively large capacitance and high resistance in the word
line and data (or bit) line, and a small memory-cell signal that necessitate
succeeding amplification are all responsible for a slower cycle time when
compared with MPU/ASIC chips, as discussed in Chap. 6. Moreover, the
circuits are active only for a short period within the ”long” memory cycle
time, allowing an additional control time so as to reduce the subthreshold
current. Second, a larger number of iterative circuit blocks contribute to
the reduction. A RAM chip incorporates many kinds of iterative circuit
blocks, such as the memory-cell array, the row/column decoders and their
relevant drivers, sense amplifiers, address buffers, and I/O buffers. However,
almost all circuits in each iterative circuit block, except for a selected one, are
inactive even during the active period of the chip. This enables simple and
effective control in reducing the subthreshold current of each block. Third,
the incorporation of input-predetermined logics is more effective in reducing
the current. Although a memory cycle starts to randomly select a memory
cell using a few external clocks and address signals, the peripheral circuits
do not work as random logic within the memory cycle. Thus, the designer
can predict which FETs in the chip will cut off not only during the stand-by
period, but also during the active period.

It is obvious that reduction of the subthreshold current in a memory-
embedded system LSI, in which a large memory block and a large logic block
are incorporated, is the most difficult. This is because, for a conventional
memory chip with a large memory block and a relatively small logic block
in the peripheral circuit, reduction is necessary only for the memory block,
with less concern for the logic block that generates a small subthreshold
current. This could be managed by utilizing the above-described features of
the memory. On the other hand, for a conventional logic chip with a small
memory block (such as a SRAM cache) and a large logic block, it is needed
only for the logic block, with less concern for the memory block that generates
a small subthreshold current. However, the subthreshold currents generated
during high-speed logic operations are hard to reduce because of a shortage
of sufficient time for reduction control, unlike the memory chip. On the other
hand, for the memory-embedded system LSI, the reduction is necessary for
both the logic and the memory blocks, which requires the most sophisticated
circuit techniques.
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8.2.2 Stable Memory-Cell Operation

In addition to the subthreshold-current issue, there are two major issues that
arc rolevant to stable memory-cell operation. They are maintenance of the
signal charge {(3s) and the decrease of the Vr-mismatch between a pair of
MOSFETs in the flip-flop circuits [8.6]. This V- -mismatch is caused by both
extrinsic and intrinsic V- variations.

Maintenance of (Jg. Reducing the power-supply voltage, Vpp, inevitably
decreases the signal charge {(Qg) of the memory cell, as shown in Fig. 8.7, can-
sing a small cell-signal voltage on the data line. Therefore, the cell operation is
susceptible to various kinds of noise, which results in nnstable operation [8.5].
Hence, an increase in (g is critical in extending the lower limit of Vpp.
For DRAMS, in addition to a full write operation and a thinner capacitor-
insulator, a half-Vpp capacitor plate that enables double capacitance, vertical
capacitors such as stacked and trench capacitors, and a capacitor-over-data
(or -bit) line (COB) structure affording an increased capacitor arca have all
been especially imnportant in obtaining a larger (3g in products. The details
are given in Chap. 4.
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Fig. 8.7. The cell signal charge (Jg versus the supply voltage Viyp [8.5]. {a) DRAM
cell; (b) SRAM cell

Vr-Mismatch, The ever-increasing Vy-mismatch between paired MOS-
FETs will be a limiting factor for future RAM designs. In DRAM design
it will be possible to maintain the mismatch of sense amplifiers to some
extent throngh enlargements of MOSFETs with minimum chip-area penalty,
as discussed in Chap. 4. In SHRAM design, however, the enlargement of
a fip-flop SRAM cell is fatal because the chip area is increased unaccep-
tably. Even in the absence of extrinsic variations (implant non-uniformities
and channel length/width variations), intriusic variations in Vr exist due
to random microscopic fluctuations of dopant atoms in the extremcly small
MOSFET channel area. Figure 8.8 shows the standard deviation of intrinsic
Vr-mismatch and the largest V-mismatch in a SRAM cell [8.21]. The ever-
increasing mismatches for three sets of MOSFET pairs in a ful! CMOS cell are
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Fig. 8.8. Intrinsic deviations in Vg [8.21]. The gate-oxide thickness (tpx), and
doping are listed for each technology. (a) The standard Vi deviation; (b) the
standard deviation of Vp-mismatch and the maximum Vp-mismatch in a SRAM
cell for minimum size FETs

anticipated to be one of the most serious issues for ultra-low-voltage designs.
Thus, a solution will be scaled MOSFET developments combined with strin-
gent control of MOSFET characteristics, and/or redundancy techniques [8.6)
that avoid fatal cells.

8.2.3 Suppression of, or Compensation for,
Design Parameter Variations

Suppression and compensation for variations in design parameters such as Vr,
channel length, temperature, and Vpp are keys to achieving ultra-low-voltage
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LSIs. Extrinsic device-parameter variations, however, are unavoidably intro-
duced during volume production. Even & fixed variation increases chip-to-chip
speed variations with a reduction in Vppy. Unfortunately, the miniaturization
of FETs increases extrinsic and intrinsic variations, causing unexpectedly
large speed variations at ultra-low values of Vpp. Unregulated battery power
supply makes the desigu more complicated, causing further speed variations.
Figure 8.9 shows an example of the speed variations of a DRAM chip, as-
snming AVpy = £0.156V and AL = £ 0.1pm for FETs of 0.6 pm channel
length (L) and 15 nm gate-oxide thickness (tox ). Here, the memory capacity,
the chip area, and all dimensions except those of the FETs are assumed to be
fixed. A voltage sctting of Vpp = 3V and Vi = 0,45V allows a notmalized
access time spread of (.7—1.5according to two combinations of AVp/AL;
that is, —0.15V/ —0.1pm and +0.15V/ + 0.1 um. Auother voltage setting
of Vpp = 1V and V¢ = 0.15V, however, increases the spread from 1.6 to
5.6 with a nominal value of 3. Obviously, the reduction in Vpp not only
degrades the specd, but also the speed spread for fixed desigu-parameter
variations. If a high-performance FET of L. = 0.3um and tox = 7.50m is
used, almost the same nominal access time conld be obtained at Vphp =1V as
at Vpp = 3V. The speed spread of 0.4—2.3 expanded by the same AVr and
AL can be narrowed remarkably to 0.7—1.5, if both AVy and AL are scaled
down to 0.5. Note that in addition to the temperature increase, a decrease in
Vr of abont 0.1V increases the subthreshold current ten-fold. In addition to
the extrinsic V1 and L variations above, intrinsic V1 variations become large
across a chip, which enhances the statistical variations in the MOSFET drain
current (fyga:) and speed. Figure 8.10 shows projected ranges of Vir and Fgae
variations on a chip [8.21]. The range of V1 is expected to roughly double
as devices arc scaled down from (0.5 m to 0.1 Wm and the number of devices

6
56
2L AVT = 40,18V
o 4 AL = +0.1pum
=
- Voo = 1V
= 3% | yrepasv
2l 23 scaled
m 2r- Y
O 15+ “715|von=av
Q g vaseye
< | . 1 wwr=%0a8y
a7
o441 wr=-0isv 0.7\ = +0.1pm
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tox(nm) 7.5 15

Fig. 8.8. Speed variation for design-parameter variations [8.5]
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Fig. 8.10. The projected range of Vi (a) and variation in I4g,¢ (b) on a chip [8.21].
The gate-oxide thickness and doping for a given technology are the same as those
listed in Fig. 8.8

increases. The corresponding Il4sst variation due to doping fluctuations is
less than 10% for 0.5um and 0.25um FETs with Vpp > 2.5V, while it is
about 30% for a chip with one billion 0.1um FETs at Vpp = 1.5V and
Vr=0.5V.

In addition to the stringent control of channel length, a shallow-junction
MOSFET, which is formed by reducing the ion-implantation energy and
process temperature, reduces the variations in Vp and in the offset vol-
tage of sense amplifiers. Innovative MOSFETs for suppressing the intrinsic
device-parameter variations are indispensable. Compensation circuits against
design-parameter variations are also important. One solution may be internal
operation-voltage control to track the variations, in which on-chip voltage
generators play an important role, as illustrated by substrate bias control for
a microprocessor [8.63].

8.2.4 Power-Supply Standardization

Single-Power Supply. RAM chips for general-purpose use have needed
a single power supply while retaining power-supply standardization [8.23], in
spite of the two power supplies of recent MPU/ASIC and memory-embedded
system LSI chips, which are exemplified by 3.3V (= Vppq) for the I/O
and 2.5V (= Vpp) for the internal core circuit (Fig. 8.11). In the course of
lowering the operating voltage of general-purpose RAMs, three-power-supply
operation of 12V (Vpp), 5 V (V¢ only for the I/O interface circuit), and -5V
(Vg for substrate bias) changed to single power-supply operation of 5V Vpp
in the 64 Kb generation, and then to 3.3V in the 64 Mb generation. On-chip
voltage generators, as explained in Chap. 5, such as Vgp generators, voltage
down-converters, voltage up-converters, half-Vpp generators, and reference-
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Fig. 8.11. Examples of applications of a low-voltage memory circuit. PERI,
peripheral circuit of memory; LOGIC, large-scale logic. (a) Single power supply
(general-pnrpose-use memory); (b) dnal power supply (MPU, ASIC, and memory-
embedded system LSI)

voltage generators, have contributed to single-Vpp operation. In single-Vpp
operation, the chaice of a standard Vpp is one of the most important,
and scrious concerns because Vop is always closely related to chip perfor-
mance. However, the rocent excessive rapid down-scaling of CMOS devices
and the strong demand for battery operation are making standardization
difficult. In fact, Vpp is still controversial in the 1Gb DRAM generation,
although many attempts at low-voltage (2V to 0.5V} operation have been
made.

In the long run, on-chip voltage generators will continue to be important
to achieve single power-supply operation and to standardize the powor supply.
All generators require a high conversion efficiency, precise contrel, and trim-
ming of internal voltages to compensate for the above-described variations
in the design parameter. Their power consumptions are another concern.
For example, a higher boost ratio, as explained in Chap. 5, for a voltage
up-converter consumes a higher powcer because of its lower conversion effi-
cicncy. Thus, low-power /low-voltage analog cirenits arc expected to become
increasingly important. Using these generators, a gradual transition toward
cxternal or internal power supplies of sub-V levels secms inevitable in terms
of ever-decreasing devices, as shown in Fig. 8.12 [8.4]. Thus a landmark will
be passed at around 1V, which is suitable for one-cell battery operation. At
the 0.6V level, even one-solar-cell operation may be possible.
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Table 8.1. Summary of concepts for low-voltage high-speed circuits®

Threshold
voltage Usage of V7 Controls for MOSFET Well
V1 stucture
High V7t G-boost Double
Fixed Low/high Vp Multi-Vp Double
Vi low Vp G-S G-S offset drive Double
Low Vp back-bias G-S self-bias Double
Low V7 Chip Triple
Variable (active) W-control Block Triple
\%y W-S Circuit Double
High V7 back-bias MOSFET  (SOI)
(stand-by) S-control Double
W /S-control Double

%G, gate; S, source; W, well (i.e. sub).

The subthreshold-current reduction circuits [8.5] proposed so far can
roughly be categorized as fixed-Vr circuits and variable-Vy circuits, as shown
in Table 8.1. The fixed-Vr circuits are further categorized as gate (G) boosting
circuits, multi-Vr circuits, and gate—source (G—S) back-biasing circuits. Note
that the fixed high Vr would eventually provide a limitation on an ultra-low-
Vpp high-speed active operation. A variable V1 can be achieved by well(or
substrate)-source (W-S) back-biasing through well control, source control,
or well-source control, so that Vr in the inactive period is higher than it
is in the active period. This offers fast operation during the active period
while suppressing the leakage current during the inactive (stand-by, or sleep)
period. There are four kinds of well controls, depending on the scale of the
circuits whose wells are simultaneously controlled: simultaneous control of the
well of the whole chip, control of the well of a circuit block, control of the well
of a circuit, and control of the well of a MOSFET. In general, well controls
of the whole chip and block need a triple-well structure. Note that a variable
Vr is also effectively realized by the gate—source back-biasing, despite a fixed
low VT.

Figure 8.13 illustrates the concepts behind the variable-Vr approaches.
Obviously, the substrate-source direct connection of PMOS and NMOS
during active period achieves high speed, with the resulting low V1. The
subthreshold current during the stand-by period is reduced by the gate (G)-
source (S) back-bias or the substrate (SUB or well)-source (S) back-bias. The
G—S back-bias realizes an effectively high Vi by changing the source voltage
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Fig. 8.13. The concepts behind the variable- V- approaches for reducing ithe stand-
by snbthreshold current of low-V1 MOSEFETS

from Vpp to ¥pp — d for a PMOS, and from 0V to § for an NMOS, or by
changing the gate voltage from Vpp to Vpp + 46 for a PMOS, and from 0V to
—§ for an NMOS. In practice, d can be as small as less than 0.3V, because
even a small § greately reduces the subthreshold current. On the other hand,
the SUB-S back-bias realizes a high Vr by changing the source voltage by
A with a fixed substrate voltage, or by changing the substrate voltage by A
with a fixed source voltage. To realize the samc high Vr (i.e. the same 8}
as in the G—S8 back-bias, A must be quitc large. The necessary A is derived
froin the well-known cquation

5=K(M—\/z_¢).

For example, a & of 0.2V that enables a two-order reduction in the subthre-

shold current for MOSFET with § = 0.1V /dec. requives a A as large as

2.5V for K = 0.2V¥? as shown in Fig. 8.14 [8.66]. The resulting large A

may cause an cxcessive stand-by power due to p-n-junction leakage [8.65].

Note that the G-8 back-bias caused by changing the source voltage by 4 also

raises the V. However, the raising effect is negligible, because of a small 4.
The following details are for the concepts shown in Table 8.1.

8.3.1 Gate Boosting Circuit
The scheme aims at obtaining a high speed by boosting the gate of a high-

Vi MOSFET. It is particularly useful for sense amplificrs: the speed of a
sense amplifier is lowered significantly when the operating voltage is reduced,
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because the effective gate—source voltage of the MOSFETSs is around Vpp /2
in the initial stage of cell-signal simplification. The overdrive {node boost)
scheme shown in Fig. 8.15 [8.35] offsets the reduction in speed despite a high-
V1. The common-source node is boosted in the initial stage to accelerate the
amplification speed of the PMOS ainplifier and then driven to Vpp after an
adequate difference is established between the data-line pair.

8.3.2 The Multi-Vr Circuit

This cuts off the leakage path with a high-Vr MOSFET while using a low-Vp
MOSFET for the main signal path during the active period. The following are
typical applications for the power switch and logic circuits. Figure 8.16a shows
a switched power-supply inverter with a static level holder [8.17]. This is
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Fig. 8.18. Multi-V circuits {8.17,8.1%. {a} A power switch with a level holder;
{b) a shared power switch; (c, d) logic circuits

useful for some applications in which the input voltage is not predictable.
The power supply of the CMOS circnit is controlled by the FET switches

 and Q. The Vr values of all FETs except Qn and (;, re so high that
the subthresho}d current, is neglighle. As soon as the input level has been
evaluated at high speed as a result of the low V1 of Qn and Qp, and the
resulting output is held in the holder, the switches are turncd off. Conse-
quently, the cutput level is maintained without a subthreshold current. The
area of the level holder can be minimized, since it only plays a role in holding
the level. The level holder and Q} can be eliminated if the output level does
not nced to be held. In this case, the power switch can be shared by many
internal low-V1 circuits without any subthreshold current [8.19], as shown
in Fig. R.16b. However, the internal ¥pp node and all the output nodes of
the circuits are finally discharged, requiring a long recovery time and a large
charging current and power. A multi-Vp circuit combined with a dynamic
V1 circuit [8.28] that refreshes the slightly degraded voltage of an internal
Voo line at a fixed interval holds the data without a special holding circuit.
However, the interval strongly depends on Vit and its variations. Therefore,
the power switch is limited to applications that accept a very slow speed.
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Figure 8.16c shows an application to a logic circuit [8.18]. A high Vi prevents
current leakage in the stand-by mode. Figure 8.16d shows another example
of a multi-V scheme actually used in a 480 MHz RISC microprocessor [8.22].
A low V7 is used only for the critical paths. The scheme is useful to some
extent for stand-by and active current reduction. If we assume that the total
W of the critical paths is 10% of the total W of the chip, the low V1 and
high Vi are 0.21V and 0.31V, respectively, and S is 0.1 V/dec., the scheme
reduces the current to one-fifth of the current for uniform use of a low Vr.
Obviously, a large difference in V1 makes the scheme more useful. However,
it could create a racing problem; that is, a pulse-timing imbalance between
low-V1 and high-Vr circuits. In the multi-V1 schemes described above, the
high Vr eventually restricts ultra-low-voltage operation, although Vpp =1V
at most could be managed. This is because the conductance of the high-Vr
FETSs decreases as Vpp approaches the high Vp, causing the additional area
and power to compensate for the decrease in conductance.

8.3.3 The Gate—Source Back-Biasing Circuit

Two schemes of gate—source offset driving and gate—source self-back-biasing
are well known.

Gate—Source Offset Driving. Figure 8.17 shows a gate—source offset dri-
ving scheme applied to the cell FET [8.5]. Note that d in Fig. 8.13 corresponds
to AVpr, and AViyy,. The boosted sense ground (BSG) shown in Fig. 8.17b
features the lowest data-line voltage raised by AVpy, to create a back-bias
for non-selected cell FETSs. The subthreshold current flow is cut off even for
a low Vr as long as the sum of AVpy, and Vr is larger than the minimum
Vr (Vo) that achieves a negligibly small subthreshold current. Obviously,
Vo is the value of V that satisfies trgrmax In each successive generation
(see Fig. 4.17). The negative word line (NWL) shown in Fig. 8.17c works
in a similar way. Figure 8.18 shows comparisons of the voltage relationships
between cell-driving schemes. Here, V1 is chosen to be 1V for the conventional

AV WL
DL WLf DLWLT DL WLT
] s [T

| LI
l VT2VTo0 + I lowVT # | lowVrT #
0 +AVDL 0
(lowest) (lowest) (lowest)
AVDL +VT2VT0 AVWL +VT 2VT0

(@) (b) (c)

Fig. 8.17. Gate-source back-biasing schemes applied to the DRAM cell [8.5]. Vo,
the minimum V7 necessary for preventing subthreshold current flow under the
data-line “L” disturbances. (a) Conventional; (b) boosted sense ground (BSG);
(c) negative word line (NWL)
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Fig. 8.18. Comparisons between cell-driving schemes with assumptions of K = 0,
Vg = 1V, and a cell storage voltage of 1V

scheme and 0.5V for BSG and NWL. Obviously, the low V1 accepted by BSG
and NWL eventually reduces the p—n-junction leakage current of the cell, due
to the smaller doping concentration of the storage node [8.58). For the selected
cell, the gate-oxide stress voltage of the conventional scheme is the highest,
while for non-selected cells it is the lowest. As for the p—n-junction stress
voltage, NWL is lowest, enabling less leakage current. Regarding the word-
driver design, NWL is favorable due to a smaller boost ratio, but it requires
a negative word-line voltage instead. Recently, an NWL scheme was used in
an 8 Mb embedded DRAM [8.64]. In BSG the design of a AV, generator is
as difficult as that of an on-chip voltage down-converter (VDC), as described
in Chap. 5, because it must sink a large data-line discharging current.

Figure 8.19 shows another example of gate—source offset driving [8.24]
applied to a CMOS inverter. This design enables the use of a low Vt value
by offsetting the source level of the driver by the difference between the high
and the low values of V. Thus, it achieves high-speed switching due to a re-
duced signal swing, while keeping the subthreshold current sufficiently low.
Consequently, it is suitable for a bus driver with heavy loading capacitance,
although it needs two on-chip voltage-generators for Vpy, and Vgy..

VoL (> Vob)

___|

iIN—¢ ouT
Vbp VoL

J—i N

Vsi (> 0)

Fig. 8.19. Offset driving [8.24]

452



144 8. Ultra-Low-Voltage Memory Circuits

o=
=27
= 1ogle

; AVt =

K(ﬂ_ﬁsump -j2y)

I

|
IN L' —f> Oll-ilT Lo

Vs 0 Vo Vas

Fig. 8.20. The principle of the gate—source sell-back-biasing scheme due to a swit-
ched source impedance circuit [8.16]. § is the same as in Fig. 8.13

Gate—Source Self-Back-Biasing. Figure 8.20 shows the principle of a gate-
source self-back-biasing scheme [8.16], uging a switched-source-impedance
(8SI) scheme. It features a switch, S, and a resistor, Ry, which are connected
in parallel and inserted at the source of the NMOS transistor My, the back
gate of which is connected to the ground. In order to achieve concurrent high-
speed operation and a low stand-by current, S, is on in active mode, while
it is off in stand-by mode. In stand-by mode, the subthreshold current Iy,
through the resistor R, raises the source voltage Var, to § (= Iy, - R, ), creating
gate—source back-biasing. Note that & is the same as the one in Fig. 8.13. The
current is reduced through the following two mechanisms. First, the back-gate
bias of —& enhances VT by AVt, and the current is reduced from I to It,.
Second, the gate—source voltage of My becomes negative, —4, and the current
is further reduced from I;; to fts. The subthreshold current is reduced
by 3-4 decades with & & of 0.3V. Note that negative feedback through Ry
provides immunity against Vp-fluctuations, which become larger with device
down scaling. Only one low-V1 FET can realize the switched impedance, be-
causce g is regarded as the leakage resistance of S,. This scheme is also appli-
cable to other logic gates as loug as the input voltage is predictable. Fortuna-
tely, almost all RAM chip node voltages are predictable, as discussed before.

IPigure 8.21 shows typical circuit configurations for realizing the SSI
scheme. Circuit (a) consists of a high-V1 MOSFET, which works as a switch,
and a pure resistor. Circuit (b) comprises only one low-Vr FET (Qs) that
can realize a switched impedance, Here, Wy and W5 are the channel widths
of Gn and g, and Vg and Yy are their constant-current Vo values, defined
at Ijy. The current-reduction effect of the impedance can be formulated [8.1]
if the substrate-bias effect is neglected.

In circuit (a), the Qn-current (I} is expressed as follows:
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Fig. 8.21. Switched-source impedances [8.1]

I
IL(VSL)WO‘ —Wy - 10~ (VsLtVIn)/S (8.3)
0
I, (VsL) =VsL/Rs ; (8.4)
Vs, I _
o5k 20 g 10~ (VeL VN /S 8.5
e~ (8.5)

Thus, the current-reduction ratio () is given by the ratio of Ir(VsL) to
IL(VSL = 0), as

y=10""sL/5 | (8.6)
The sensitivity of I1, to Vy variation is obtained by differentiating (8.5) with
respect to Vn, as

1 dy, = Inl0 1
IdVen S 14+ (In10/8)Var

The sensitivity of I;, to S variation is given by differentiating both sides
of (8.5) with respect to S, as

1 dI, . In 10 Vg, + Vwn 1

ILdS S S 1+(In10/S)Vsr

The sensitivity to temperature is expressed as

tdh _ 1 dh dViy | 1didS 1 dfdRs (59)
I, dT I dVeny dT I, dS dT I, dRs dT '

(8.7)

(8.8)

From (8.4) and by differentiating (8.5) with respect to Rg, we can obtain
A1V
dRs RsdRs R:’

dVgr, SVsL
dRs  Rs(S+ VaLln 10)

(8.10)

(8.11)
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Thus, by substituting (8.7), (8.8), (8.10) and (8.11) for (8.9), we obtain the
following equation:

dv- Vs V- dR,
1dly 10 S - TSN 4 G (8.12)
T, dT S 1+(m10/S)Ver

In circuit (b), the currents through Qg and Qy are expressed as

I
IL(Qs) = — Wg - 107 Vrs/S (8.13)
Wo
I
I.(Qn) = WOO N - 107 (VL FVING/S (8.14)

if V1, > kT /q. The source voltage (Vg1 ) varies so that I,(Qn) equals Ir,(Qs),
which is a constant current determined only by Vrg and Wg. Thus, by equa-
lizing both currents we can obtain the following:

S Wn
N 1
Vst = (Vrs — Vrn) + o 10 In Ws (8.15)

The current-reduction ratio (7) is given using the same expression as (8.6).
The sensitivities of Ir, to V1 and temperature variations are given from (8.2),
(8.14), and (8.15), as

1 dIy, In 10
— = — 8.16
IL dVTN S ’ ( )
1 dIL In 10 VTS
-k =2 8.17
I, dS S 87 ( )
o ldh 1 dh Vi 1dLdS
"I dT I, dVpn dT I, d§ dT
In 10 dVTN VTS
_ _ 1
S ( ar T ) (8.18)

Here, an assumption of dVrg/dVry = 1 (i.e. same variation) is made. Note
that Vg, is zero if Virg = Vrn and Wy = Wy, revealing no suppression effect.
Actually, however, Vgy, is raised from 0V. This is because the subthreshold
current has a slight dependence on the drain-source voltage (Vpg), unless
Vps is somewhat larger than kT'/q. If Vg, is comparable to kT'/q, the Qg
current is slightly smaller than that expressed by (8.13). Therefore, even the
insertion of QQg, whose characteristics are same as those of Qy, reduces the
subthreshold current [8.25].

The following are distinguishing features of both circuits. The current is
reduced exponentially with increasing Vgp,, as expressed in (8.6) — that is, with
increasing RgWh for circuit (a) — and Vg — Vpn and/or Wy /Wy for circuit
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Fig. 8.22. The reduction of the subthreshold current due to source resistance [8.16].
Dependences on Vi (a) and temperature (b)

(b), as shown by (8.5) and (8.15). In addition, it is obvious that the current
of circuit (a) is less sensitive to variations for Vr, S, and temperature, when
comparing between (8.7) and (8.16), (8.8) and (8.17), and (8.12) and (8.18).
The advantages of circuit (a) are enhanced by a larger Vgr,. Note that the
current variation of circuit (a), expressedusing (8.12), could be cancelled if
dRg/dT > 0 because of dV/dT < 0. Here, dRg/dT = 0 for poly-Si resistors
that are usually used in LSIs.

Figure 8.22 shows analyses [8.16] that take the substrate-bias effect into
consideration. Figure 8.22a depicts the relationship between the normalized
subthreshold current (I, /Wy) and RgWy with a parameter of Voo, which
is the constant current Vp without the substrate-bias effect. Here, Iy/ Wy =
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448 8. Ultra-Low-Voltage Memory Circuits

2x 1073 A/m, § = 83mV /dec., and Vrno = — 0.04 £+ 0.05V are assumed.
It is obvious that the current reduces remarkably with an increase in RgWh,
that is, an increase in Rg for a fixed Wy, or an increase in Wy for a fixed Rs.
The increased Vg1, and Vyn are responsible for this decrease. Consequently,
a Vg, as small as about 0.3V allows current reductions of 3—4 decades. In
addition, the current is less sensitive to variations in Vry as Vg1, becomes large
due to a negative feedback effect given by Rg, as expected. Figure 8.22b shows
the temperature characteristics. In the case of Rg = 0, a 5.7-fold current
increase is developed for a temperature increase from 25 °C to 75 °C, because
of the decreased Ving and the increased S. At a RgWy value of 104Q-m,
however, the current increases by only 1.45 times, as a result of a suppressed
temperature effect.

Figure 8.23 shows variations of circuit (a) in Fig. 8.21. Case (a) is an
extreme one, with Rg = oo, while case (b) is another one in which the source
is fixed at a certain voltage (V'), so as to ciit the subthreshold current during
the inactive period. The former might be hazardous in some designs due to the
resulting floating node. The latter can completely cut off the FET through
simple control of the switch, if V' = Vpp. In the case of a heavy source-
capacitance, however, the necessary time and power dissipation involved in
charging and discharging of the capacitance with a large voltage swing of
Vbp become serious.

Figure 8.24 shows various applications of the scheme [8.16]. The scheme
shown in Fig. 8.20 is only effective when the voltage levels of the IN and OUT
terminals are low (“L”) and high (“H”), respectively, as shown in Fig. 8.24a.
If OUT is at a low level, the switched impedance must be inserted at the
source of PMOS transistor Mp, as shown in Fig. 8.24b, because Mp is in
the subthreshold region. Note that, in both cases, full-swing output voltages
are available despite the source impedances. If OUT is at a tristate (high
impedance), however, switched impedances are necessary at both sources, as
shown in Fig. 8.24c. This is because the OUT voltage level is determined
by another circuit with which the output terminal is shared. The switched

Qn | VDD QN | voD
VSL V‘
Ss Rs=co
Vl

(@) (b)
Fig. 8.23. Extreme cases of the SSI scheme
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= ¢ hthreshold-c rrent flow

Fig. 8.24. Variations of CMOS circuits using the SSI scheme [8.16]: (a) Inverter
with low output; {b) inverter with high input; (¢) clocked inverter

impedance can be shared by other inverters to minimize the area penalty.
Figure 8.25 shows a typical example of a switched impedance [8.16) shared
with a number of circuits. An application to an inverter chain is shown. This
reduces the stand-by subthreshold current at an L input. Note that in active
mode the operating currents of the inverters do not averlap, although all
inverters operate. This “time share” capability allows switched impedances
to be small in size.

A voltage degradation at a Hoating node, if any, caused by the subthre-
shold current, must be suppressed. A typical example is word drivers to
which a floating raised voltage (Vp} from au on-chip voltage up-converter
compriging a charge purnp is applied. If the total subthreshold current; exceeds
the current provided by the converter, the Vpp level is degraded, and the
driver fails to perform a full write to the cell. This inconvenience tends to
occur because each driver MOSFET in a word-driver block has an inherently
large channel width for high speed, which creates a large subthreshold cur-

Voo @ --
# — =Rp
Qo -
VoL
IN -
b I
Vsl
G T .
‘Psc’—lq ZAs
Vss & -

Fig. 8.25. The sharing of switched-source impedances for an inverter chain {8.16]
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rent. Besides, the charge pnmp in the converter provides the Vpy noede with
a poor current, as discussed in Chap. 5. Once the Vpy level is degraded, the
recovery time is long, due to the poor driving capability of the converter and
a heavy foating node capacitance, exemnplified by over 10 pF for a 256 Mb
design. Figure 8.26 shows a switched impedance shared with decoded word
drivers [8.15, 8.17] to suppress the stand-by subthreshold current. A low-VipP-
ch switching FET (Qg) inscrted between the Vpy power-supply line (PSL)
and the common-source terminal of the driver FETs {the Qg) is the switched
itmpedance, which works as a current-limiting device. In the active period,
the successive operation of selection and word-line driving is done after the
PSL: is connected to Vpy by turning on Qg. Here, the Qg channel width
{(Wg) can be reduced to an extent comparable to the Q channel width (Wp)
without degrading the speed, since only one of the n driver transistors is
turned on. Just after the stand-by period starts, with the turning off of Qg,
the total subthreshold current, nl, causes a voltage drop (Vs,) at the power
line, because Qs acts as an unpedance. As a result, a voltage drop creates
a gate—source back-bias to each PMOS driver transistor, so that the current
is reduced. The current reduction ratio, 7, and Vg, are expressed by using
(8.6) and {8.15), as

¥ = 1¢~¥su/S )

S ol %
Var, Z(VTS — VTD) + ——In D .

In10 Wsg (8.19)

Obviously, the current is drastically reduced because Wy is comparable to Wp
and the nimber of driver transistors, n, is large. For example, - is as small as

1.5 x 107, and WV, is 0.254 V, with assumptions of Wg/Wp = 5, n = 256,

Vou (charge pump)

nl * Qs
i WsdH—o§ active | standby
— 5 1PsL T Vo
Wo O o !
. psL— R~ Vou-Va
R1 (Vou) WL+
: ' _z. .53 nwe
D| - F Vo= o= 75 Tws
I -
Wia
|| tvow %

Fig. 8.26. The application of the §SI scheme to word drivers [8.15,8.17)
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S =90mV/dec., Vrs = 0.2V, Vrp = 0.1 V. It has been reported [8.15] that
this scheme allows the subthreshold current of a 256 Mb chip to be reduced
from 219 pA to 6 HA at room temperature. A small Vgy, enables the high-speed
recovery (2—3ns) of the PSL node back to the Vpy level in the transition from
the stand-by mode to the active mode. Note that if Qg has a sufficiently high
V1 value, the PSL node is discharged to zero, which implies a slow recovery
time, and increased charging current and power.

Figure 8.27 shows another example of a 256 Mb chip using the SSI
scheme [8.26]. The chip is composed of an NMOS memory-cell array (MA),
a memory-array control circuit block (MA CTL), including iterative circuits
such as row/column decoders and row(i.e. word)/column drivers, and I/0
and peripheral circuits. Various internal supply voltages are generated, with
an external single Vpp of 2.5V. A Vpy of 3.8V is for word the line, a VpL,
of 2V is for the data line, and a Vgg of —1V is for the substrate of the
memory-cell array. The internal voltages were also utilized as the substrate
voltages of specific MOSFETs in the MA CTL to raise their V1 values and
realize multi- V1 without additional masks, as explained below. The substrates
(i.e. wells) of the I/O and peripheral logic circuits are not back-biased:
the wells of the PMOSFETs and the NMOSFETS are fixed to Vpp (2.5V)
and Vss (0V) to realize high-speed active operation with a low Vi and to
avold minority-carrier injection at the I/O pins and CMOS latch-up. The
resulting subthreshold current is still small, because of a small-scale logic
circuit. Figure 8.28 shows a device cross-section of the 256 Mb chip [8.26].
The 1/0O and peripheral circuit are formed with a double-well structure on

Voo(2.5V)
256 Mb chip
T
3.8 2 -1V
[I[s] MA MA
& CTL|
PERI
Vop

Fig. 8.27. 256 Mb chip architecture using the SSI scheme [8.26]. MA, memory
array; MA CTL, MA control circuit (X/Y dec. and driver etc.); I/O & PERI, I/O
and periphery
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8.3 Ultra-Low-Voltage DRAM Circuits 453

Table 8.2. Charateristics of MOSFETs®

Voup—s 1} =75 °C T =105 °C
(stand-by) (operation)

PMOS 0V 0.03V 0.11V
Vi —0.62V  —0.10V —0.02V
NMOS 0V —0.02V —0.07V
Vi —0.80V 0.14V 0.11V

“Worst condition, Vp = VggatIps = 10nA/15pm.

a grounded p-substrate. The wells of the PMOSFETs and NMOSFETSs are
fixed to Vpp and Vgg, as usual. On the other hand, the memory-array control
circuit, such as the word drivers and the memory-cell array, are formed with
a triple-well structure. The n-well of the PMOSFET is fixed at a raised
voltage Vpy, while the p-well of the NMOSFET is fixed at a negative voltage
VBB, to ensure stable operation of the memory-cell array. The deep n-well is
necessary to isolate the Vgp p-well from the grounded p-substrate. Table 8.2
shows the characteristics of MOSFETs. Weak depletion characteristics at no
substrate-source back-bias enable high-speed active operation of the I/0O and
peripheral circuits. When back-biases are supplied, the MOSFETSs change
to low-Vr enhancement MOSFETSs. Here, the subthreshold current of the
MA CTL must be reduced, because it dominates the stand-by chip current.
Figure 8.29 shows the major circuits that are relevant to the subthreshold
current in the MA CTL. A hierarchical word-line architecture (see Fig. 3.54),
composed of main word lines (MWLs) and subword lines (SWLs), is adopted.
In the conventional design in which a low Vp, no substrate (i.e. well) bias,
and no SSI scheme are used, there are three major sources of subthreshold
current in stand-by mode. They are the column (Y select line, YL) drivers,
the main word drivers (WDs), and the row selection (RX) drivers. In order
to reduce the subthreshold current, more attention was paid to the PMOS-
FETs, since the PMOS subthreshold current is usually much larger than
the NMOS subthreshold current. In fact, the S-factor and the total channel
width involving the subthreshold current were 118 mV/dec. (at 105°C) and
868 mm for the PMOSFETSs in the MA CTL, and 97mV /dec. and 468 mm
for the NMOSFETSs. Thus, the SSI scheme was applied to the PMOSFETSs.
Moreover, the substrate-source back-biasing scheme utilizing the above inter-
nal supply voltages was applied to further reduce the PMOS current with an
increased Vr, although it was not applied to the PMOSFETS that operate
on Vpy because a further raised power supply was not available. As for
the NMOSFETS, the subthreshold current was only sufficiently confined by
application of substrate back-bias.
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arc sources of subthreshold current, which eventually dominates the total
active current. This is overcome by partial activation of the multidivided
power line [8.17, 8.27], as shown in Fig. 8.31. Onc¢-dimensional (1-D) power-
line sclection features a selective power supply to part of the circuit block
by dividing it into m sub-blocks, each consisting of # circuits. The operation
is performed by turning on a switch corresponding to a selected (activated)
sub-block, while the others remnain off. All the non-sclected (inactivated) sub-
blocks substantially have no subthreshold current, since the same voltage
relationship as in stand-by mode in Fig. 8.26 is established in each sub-
bleck. This reduces the current to nf with an m-fold reduction. For further
reduction of the current, two-dimensional {2-D) selection is effective. In this
configuration, a circuit block having m - n circuits is divided imto m - & sub-
blocks, m in a row and k in a column. The subthreshold current is reduced, in
inverse proportion to the number of sub-blocks, to (n/k}. I with an m - k-fold
reduction.

8.3.4 The Well Control Circuit

Variable V1 schemes through well control are becoming increasingly impor-
tant. However, careful attention should be paid to instabilities involved in the
scheme, that are expected from the long history of DRAM development. It is
well known that the DRAM has been the only one large-volume production
LSI using a substrate bias voltage (with a substrate—source voltage difference
of Vpp) which is supplied fromn an on-chip Vpg generator. However, the
DRAM has been lucky because both the sectting of a deep Vgg of about
-2 to —3V and a sufficiently high Vp of about 0.5V have enabled stable
chip operation.

Figure 8.32 shows the relationship between Vr and Vgg. The V7 of an
NMOSFET increases as Vop becomes deeper. The tendency is enhanced by

NMOS
1.3 T T T T T 3
S e N = 6x10 tem active noise inactive
| a | vee | vr |2 |ves | vr
*
06 VT =0V é igsem® | [tatic VT
I T A deep high |small |small | deep kigh
047 ; 7 STD -3 (0.5 3 | 05
- DRAM
0.2r h
L i ] variable
Yee VT .
ok i k shallow low (large |large | ceep high
Wee = 1V A+B
L v = 4 © | @ ¢ | 05
0.2 ! . (R&D]

vee (V)

Fig. 8.32. The relationship between ¥ and Vgp [8.5]
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increasing the substrate doping concentration, N. In the standard DRAM,
Vr is static (fixed) because of the same Vgp for both active and inactive
periods. Moreover, both the setting of a deep Vg of —3V and a high V¢
of 0.5V contribute to stable chip operation. A deep Vgg of —3V causes
a small change in V3 (AVr) despite a change in Vgg (AVgg, i.e. noise) of
as much as 1V. Even for a large N, AV is 0.13V. Thus, a small AVt and
a high Vr result in a small AVyp-to-Vr ratio, causing stable operation despite
a Vpp noise. In the variable V1 scheme, Vpp is changed so that shallow
Vep (point B) is for the active period, and a deep Vpp (point A) is for
the inactive period. Thus, we can realize fast operation with a low V7 in
the active period, and a low subthreshold current with a high Vi in the
inactive period. However, the operation (at Vgg = 0V) in the active period is
susceptible to Vpp noise. Figure 8.33 illustrates the substrate-noise generation
mechanism [8.62]. A Vg of 0V during active operation means no difference
between the substrate and source voltages. A voltage difference (i.e. substrate
noise), however, is actually developed during high-speed active operation,
because the substrate line and the source line are separated and thus the
voltages coupled to each line can be different. Note that in a modern DRAM,
as in MPUs and ASICs, the tight connection between the source (that is,
a power line of Vpp or 0V) and the well in each MOSFET never creates
a source to well voltage difference, thus ensuring a fixed Vg of 0 V throughout
the chip. Obviously, the noise causes a large V variation because Vr drops
more sharply with a shallower substrate bias. This would result in unstable
active operation, especially at low Vpp (i.e. low V1), with a large AVp-to-Vp
ratio.

A large change in VT, which is the key to the scheme, can be attained by
switching Vgp from a deeper Vgp during the stand-by period to a shallower
Vap during the active period with a larger AVpp and/or a large K, as
shown in Fig. 8.14. Note that AVgp corresponds to A in Fig. 8.13. Here,

—WN— D
—AAA . AMA— G-{&sua
\bD MAS A S/ sub. bias

L;rge variation

ﬂ - ®

Threshold voltage (V1)

Power line Von
Vg —MWA—— M- Substrate
noise
Substrate biasing line ac(t)i\\:e s-t1a.r?c}€>y

Substrate bias
Fig. 8.33. Substrate noise [8.62]
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the shallowest Vgg, including the above substrate noise, must not exceed
about Vgg = + 0.6 V. Otherwise, the p—n-junction formed at the substrate
and source is forward-biased. This restriction makes a shallow Vg setting
to below 0V during the active period hazardous. A large AVpp requires
an additional high external supply voltage, and this fails to realize single
power-supply operation at low voltages. Although a larger K is desired, the
realization of this is controversial, because K tends to be smaller with smaller
FETs [8.65]. A large K also necessitates a higher word-line bootstrapping
voltage and causes a slower speed for the AND logic circuit, as explained in
Fig. 2.5.

Power-on CMOS latch-up and/or the rush current tend to be enhanced
by a lower Vr (even for an enhancement MOSFET in some cases) that is
developed at a shallow Vpp of around 0V during power-on. This is because
the heavy substrate capacitance is slowly charged up from a floating 0V to
a floating Vg (for example, —3V) due to the poor current-driving cability
of an on-chip Vgp generator that comprises a charge pump, as explained in
Chap. 5.

There have been four proposals: control of the common well (substrate)
for the whole chip, so as to simultaneously change all Vi values in the chip,
control of only the common well of a certain circuit block in the chip, control
of each well of the individual circuit, and control of the well of the individual
MOSFET. It should be noted that common-well control cannot manage the
subthreshold current in active mode, because high-speed control of the heavy
well capacitance is difficult. On the other hand, well controls of the circuit
block, the individual circuit, and the individual MOSFET could reduce the
subthreshould current even in active mode because of lighter well capaci-
tances.

Well Control of the Chip. Figure 8.34 shows a Vg driving scheme [8.29]
for a 0.3 um CMOS LSI. To obtain a low V1 of 0.1V in the active mode and
a high Vp of 0.5V in the stand-by mode, the Vg of the p-well is changed
from — 0.5V to — 3.3V while the Vg of the n-well is changed from 1.4V to
4.2V to establish the same bias condition for Vpp = 0.9 V. The large change
in V1 of 0.4V comes from a large FET (i.e. large K') of 0.3 um and a large Vg
swing, as explained previously. The Vpp in the active period is well regulated
by low-frequency pumping controlled by leakage current monitors (LCMs)
after completing high-speed well discharge due to high-frequency pumping. In
the sleep (stand-by) mode high-frequency pumping again discharges the well
to a deep Vpp. At the beginning of the transition from sleep to active mode,
a substrate injector consisting of a CMOS inverter quickly charges up the well
to around — 0.5V. In principle, Vgp driving can inherit the traditional circuit
and design methodology, because only Vgg control is required. In addition to
the Ippq test, adjustment of the chip-to-chip Vi variations by an appropriate
VBB setting can be achieved. The Vgp response time, however, is as slow as
a few hundreds of us. This is because on-chip Vgp generators (Chap. 5) cannot
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Fig. 8.34. The dynamic V' scheme due to well driviug [8.29]. (a} The concept;
(b} Vg driving circuit; (¢} Vgg response

quickly drive a well capacitance thal is heavier than 1 uF with a Vpp swing as
large as 2.8 V. Thus, this Vgg control is not suitable for the reduction of the
subthireshold current in the active period, which requires a high-speed Vg
control. A large Vgp swing also needs an additional external supply voltage
of 3.3V, which cxcludes it from a single voltage supply scheme. The ac and
dc instabilities of Vi, which originate from a floating snbstrate (well), which
may be caused, asg discussed before.

Figure 8.35 depicts another example of well-driving (i.e. a switched
substrate-iinpedance sclieme) applied to an actually designed dual-power
supply (t.e. 1.8V, 3.3V} 0.2um 200 MHz microprocessor [8.62] that incor-
porates millions of transistors. In order to reduce the well-source voltage
dilference of each MOSFET as much as possible during the active period,
the source line and the well line are connected at every 200 in by turning
on high-Vr (0.45V) switch cells. In stand-by mode the cells are turned off
to supply decp well-biases of 3.3V and — 1.5V {{rom an on-chip generator)
to the PMOSFETs and NMOSFETSs, respectively. Thus, coupled with the
power supply and substrate bias grids {o ensure uniform voltages thronghout
the chip, high-specd stable active-operation with a low Vr of 0.15V can be
obtained. The stand-by current is reduced from 1.3 mA to 47 uA due to a high
Vip of about 0.3V, The active to stand-by wode transition time, which is the
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Fig. 8.37. Capacitor-coupled well driving [8.34]

period the wells return to the half-Vpp level. The resultant low V1 boots the
current so that the data lines are quickly equalized.

Well Control of an Individual Circuit. Figure 8.37 shows well-driving
[8.34] for an individual circuit. It features capacitor-coupled driving in which
the MOSFET well is dynamically connected to the gate by a capacitor, so
that V7 is automatically adjusted during operation. Hence it enables a much
higher current when turned on (effectively a low Vi) and a much lower
leakage current when turned off (effectively a high V). A diode is used to
discharge Cy,. Automatic Vp control is important in designing a complicated
chip, since all the design issues involving the subthreshold current are confined
to the individual circuit level. However, there are drawbacks of an increased
loading capacitance for the previous stage, and an area penalty due to an
additional capacitor.

Well Control of an Individual MOSFET. It is ideal if the well of an
individual MOSFET can be controlled independently. This is realized by dy-
namic Vp (DTMOS) by utilizing a SOI structure in which the gate is directly
connected to the well. Its operating voltage, however, is strictly limited to
less than 0.8 V, as discussed later.

8.3.5 The Source Control Circuit

The V1 can be changed by changing the MOSFET source voltage under
a fixed well-bias voltage. Figure 8.38 shows source-driving schemes [8.30,
8.31]. In the stand-by (sleep) mode, the common source voltage of NMOS-
FETSs in the core circuit is raised, while that of PMOSFETSs is lowered to
increase V. In Fig. 8.38a this is accomplished by controlling the gate voltages
of the output MOSFETSs (Qn, Qp) of the power management unit. The design
parameter, temperature, and voltage variations are automatically compensa-
ted by precisely controlling the gate voltages, which is accomplished by the
use of a CMOS delay line, a phase detector, and charge pumps in the power
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Fig. 8.38. Source driving schemes with a fixed well-bias voltage [8.30,8.31]. The
source voltages of the MOSFETSs in the internal circuit are controlled by a power
management unit (a) and diodes (b)

management unit. However, a spike source noise, developed when operating
the internal core circuit, would be a major obstacle to stable operation. This
is because Qn and Qp cannot manage a large current without an area penalty.
The slow response time of internal power lines when they are switched, as
in Vpp driving, is another problem. In addition, Vpp must be higher than
the internal supply voltage, thus limiting low-Vpp operation of the chip. In
Fig. 8.38b, low-Vr MOSFETsS in the core circuit are deeply biased by a diode
drop, so as to raise their Vr values.

8.3.6 The Well and Source Control Circuit

Figure 8.39 shows a combination of well- and source-driving [8.32], although
it needs two external power supplies. A sufficiently low Vr, realized by the
absence of gate-source back-bias in the active mode, achieves a high speed
even at 1V. In stand-by (sleep) mode the potentials of Vpy, and Vg, begin
to rise due to the subthreshold current that flows from Vpps to ground
through the core circuit. This rise stops when the currents of both diodes
(D; and D3) become equal to the subthreshold current of the core circuit.
Consequently, Vp1, and Vg, are around 2 V and 1V, respectively. Then, the Vi
of every transistor in the internal circuit increases, because their substrates
are reverse-biased by around 1V.
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VoH
Vop

(d) (e) (f)

Fig. 8.40. Various SRAM cell-driving schemes. (a) Two-step word-voltage [8.36];
(b) raised Vpp (= Vb ) [8.37]; (c) step-down boosted word line [8.38]; (d) negative
source line [8.39]; (e) offset source line [8.40]; (f) boosted storage node [8.41]

Note that the current in the remaining circuit blocks could be suppressed
with circuits similar to those of DRAMSs, previously described.

A high V7 is needed for cell driver FETs to suppress a huge subthre-
shold current, as discussed before. In principle, a high Vr is also necessary
for cell-transfer FETSs, to avoid a leakage current flowing to either of the
data lines. A high Vi, however, decreases the cell voltage-margin as the cell
supply voltage (Vpp) approaches Vr, limiting the minimum Vpp of the chip.
Figure 8.40 shows various cell-driving schemes to overcome this limitation.
Two-step word-driving [8.36] enables a high-speed write operation directly
from the data lines by boosting the word line to eliminate the Vi drop of
the transfer FETs. The poor driving capability of TFT cell loads makes the
above word-driving operation necessary despite a write-speed penalty caused
by the necessity for a preceding read operation. The raised dc voltage [8.37],
generated by an on-chip voltage up-converter to supply the cell loads, allows
the storage node voltage of the cell to rise quickly during a write operation
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because of the increased TFT conductance. Both schemes, however, suffer
from a slow read operation because of the high V1 of the transfer FETSs.
The step-down boosted word line [8.38] offers high-speed operation as well
as low power. However, additional delay in boosting, and variations in the
amplitude and duration of the boosted pulse caused by process variations, are
involved. The negative source-line scheme [8.39] also achieves high speed with
a reduced Vt in cell driver FETs and a boost effect for the cell-transfer FETs.
However, a heavy capacitance, which almost equals the data-line capacitance
multiplied by the number of selected cells, established at the source line,
prevents single-Vpp operation. This is because an on-chip negative-voltage
generator comprised of charge-pumping circuits can never cope with such
a heavy capacitance. The offset source-line scheme [8.40] solves the heavy
capacitance issue, requiring an on-chip voltage up-converter instead of the
above negative-voltage generator. In the above cells, the minimum Vpp may
be around 1V in a practical design in which soft errors, V1 variations, and
Vo mismatch — in addition to a high Vp — are considered. In particular,
a Vr mismatch that continues to increase between paired FETs in a cell
along with FET miniaturization may limit low-voltage developments in the
future, as discussed previously. Hence the boosted storage-node scheme [8.41]
is effective in lowering the minimum Vpp down to less than 0.5V, with the
help of an on-chip voltage up-converter. A low Vr for transfer FET's combined
with negative word-line biasing also helps high-speed operation. However, the
challenge is to achieve a sufficiently high voltage generation at low power.
Obviously, voltage generation is not needed if a higher externally supplied
voltage becomes available.

Figure 8.41 shows well-driving along the selected word line of an SRAM
array [8.42] which is similar to that of a DRAM (Fig. 8.36). The n- and
p-well voltages are dynamically changed to Vpp (0.5—1.0V) and Vgg (0V),
respectively, when the memory cells are activated. When unselected, the well
voltages recover to Vwerr (about 2 Vpp) and Vepwerr, (about —Vpp). Thus,
the V of the activated cells becomes low (~0 V) for fast operation, while that
of the non-activated cells is high (~0.25V) for a low subthreshold current.
The scheme features a low stress voltage to gate oxide, which differs from
the schemes that use a boosted power supply. Instead, in addition to a small
signal charge of the non-activated memory cells, high stress voltages applied
to the well junctions, and an area penalty, which is caused by an additional
well for each cell and each well driver, are design concerns.

The dynamic data-line load [8.36, 8.39, 8.41, 8.56] that is particular to
DRAMs is best in terms of power, although the static (ratio) load has been
common in SRAMs. The voltage swing on the data line, however, must be
sufficiently reduced. The write power is greatly reduced by a small-signal dif-
ferential write operation, combined with half-Vpp data-line precharge [8.39)].
In this operation, a small signal written into the cell is amplified by turning
on a cell feedback loop after isolation of the data lines. Control of word-
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line replica feedback [8.57] precisely limits the read signal amplitude against
various design-parameter variations.

8.5 Ultra-Low-Voltage SOI Circuits

501 CMOS technology rmay mect the requirements of ultra-low-voltage ope-
ration and/or gigabit DRAMs better than the bulk CMOS technology [8.43,
8.44] discussed thus far. The small junction areas of the source and drain
that are completely isolated by the 510y layer, as shown in Fig. 8.42, reduce
the junction capacitance, the leakage current, and the critical charge of a soft
error. The small body (substrate) of each FET, that is formed between only
the thick 8i0; laycr and the gate area, results in a small subthreshold swing
(a small S-factor), fewer short-channel effects, and a reduction in the back-
gate-bias effect [8.45]. Less capacitance in the SOI body favors dynamic Vr
control, which is attamed by body control, and this lowers the operating
voltage. In addition, the resulting FET structure is simple and free from
latch-up. Nevertheless, soine problems still remain unsolved. These are: the
Roating body effect of a DRAM cell FET, which degrades data retention and
soft error characteristics; the effect of the FET structure, which inherently
increases the thermal resistance; auxd the formation of a damage-free structure
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Fig. 8.44. Body-bias control of a sense amplifier [8.47, 8.48]

technique to achieve a variable Vo further lowered the minimum operating
voltage, down to 1.5V or less [8.47, 8.48]. Figure 8.44 shows SOI body control
for a scuse amplifier compared with bulk CMOS body control. When the sense
amnplifier is activated by applying a negative-going pulse to SN and a positive-
going pulse to SP, both the NMOS body (PW) and the PMQOS body (NW)
are also driven. This condition of no body-bias causes a low Vir. Just after
a sensing operation, sufficicent hias is provided by additional NW and PW
pulses, so that a high V7 is obtained for a low subthreshold current. In the
bulk CMOS, this is realized by a triple-well structure in which NMOSFETSs,
for examiple, are located in a p-well isolated from the p-type substrate by an
n-well and deep n-well. Thus, the p-well has a heavy capacitauce, preventing
high-spced, low-power p-well driving. On the contrary, the SOI structure
solves the problem because of a small body. Figure 8.45a shows an NMOSFET
for a hypothetical 1.5V 4 Gb DRAM [8.4R]. The FET is partially depleted,
and thus V1 can be controlled by the body-bias voltage. Note that even
when the voltage diffcrenec (4s) betweeu the body and source is + 0.5V
and the p—n junction is thus forward-biased, the current flow is negligible.
Figure 8.45b shows the body-bias control logic applied to peripheral circuits.
During a stand-by cycle, the p-body V), is set to — 1.5V and V7 is set to
0.65 V. The variable ¥7- scheme can also be applied to the sense amplifier, as in
the bulk CMOS previously described. The expected current of the peripheral
circuits was approximately 1/20th that of the bulk, and the access time of the
SOI was 35% [aster than that of the conventional bulk, Such high performance
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has been verified using an actual 0.5 pm CMOS/SIMOX 16 Mb DRAM [8.47].
Body-bias control attained a high-speed access time of 46 ns even with an
operating voltage as low ag 1 V. The body-current clamper, which suppresscs
the body current caused by body-bias overshooting, and a negative word-linc
voltage scheme, contribute to stable memory-chip operation.

The high-speed control of body-bias in the logic iz difficult, since their
bodies are connected, and the resulting body capacitance and resistance
are consequently heavy despite the SOI structure. A dynamic-Vr MOSFET
{DTMOS) built on an SOI {8.49] may solve this problem, because the control
is confined to an individual circuit, as shown in Fig. 8.37. In it, the body is
connected to the gate, as shown in Fig. 8.46, and it has a low V1 when the
FET is turned on for a high current. The DXTMOS can even achieve 0.5V
operation [8.50] in the feedback buffer in the figure, but its opcrating voltage
is strictly limited to less than around 0.8V due to the forward bias of the
body-source p—n junction. This drawback is overcome by the power-switch
FET (Qp) [8.51] shown in Fig. 8.47a. As a result of forward bias at the p—n
diode. a large leakage current flows from the body to the gate if the Vpp
is over 0.8V, which is the diode built-in potential, as shown in Fig. 8.47h.
The insertion of a reverse-biased low-V MOS diode between the body and
the gate permits a higher Vj3p, as shown in Fig. 8.47c. The low-V7 diode is
one-tenth the Qp size. For Vop > 0.8V, the diode clamps the forward bias of
thc Qp p—n diode, suppressing the gate-leakage current. Thus, in the active
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period at low-level SL, Qp provides Vpp to the internal Vpp line with small
leakage current; while in the stand-by period at high-level 5L, Qp completely
isolates the internal Vpp line fromn the Vpp line without any subthreshold
current.

The wajor problem in the SOI structure is closely related to the floating
body effect in the DIRAM cell transistor: the instability of the floating body
potential degrades the data-tetention characteristics and soft-crror immunity.
Figurce 8.48 shows the degradation mechanism for the data-retention charac-
teristics [8.43, 8.52]. The data-retention time is defined as the time until the
ccll voltage stored by the write operation decays to almost half Vpop. This
decay stems from the stored charges (holes) lost by p -n junction leakage ® at
the cell storage node. The resulting accumulated holes at the body raise the
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voltage at 0V shortens the data-retention time to 42s, as shown in Fig. 8.48.
This results from the subthreshold current caused by the reduced Vr. The
boosted sense-ground (BSG) scheme described previously, which raises the
lowest data-line voltage from 0V to 0.5V, improves the characteristics to
some extent. The body-refresh scheme [8.54], combined with the BSG, can
produce a long data-retention time, although additional refresh operations
for the body node are necessary.

The floating body also degrades the soft-error immunity of MOSFETsS,
not only in DRAM and SRAM cells [8.43, 8.55], but also in peripheral cir-
cuits. Figure 8.49 shows variations in simulated body potentials and leakage
currents over time after an a-particle incidence for floating and body-fixed
SOI MOSFETs. Electrons which are generated in the floating body diffuse to
the source and drain, while holes remain in the floating body region and raise
the potential. This potential increase causes a large continuous subthreshold
current. The introduction of body contacts [8.43] to suppress body-potential
change is very effective in peripheral circuits. For memory cells, however, it
increases the memory cell area, especially in DRAMs.
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High boost-ratio converter, 283

High-density packaging, 364

High-density technology, 98

High-performance circuits, 100

High-permittivity and thin dielectric
materials, 248

High S/N ratio circuits, 116

High-speed clocking scheme, 354, 363

High-speed column modes, 108

Hit rate, 341

Hot-carrier breakdown voltage, 56
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Hot electron, 270

Hot-electron injection, 36

HSTL (High-Speed Transceiver Logic),
363

Hybrid arrangement, 136

Hybrid converter, 295

1C, 3

Impact ionization, 270

Incomplete equalization of a pair of
data lines, 247

Individual replacement, 185

Input/output interface circuit, 3

Input-predetermined logics, 431

Inter-subarray replacement redundancy,
189

Interleaving, 347

Internal chip configuration, 113

Internal reference voltage, 249

Intra-subarray replacement redundancy,
185

Intrinsic offset voltage, 210

Intrinsic random V7 variation, standard
deviation, 224

Intrinsic variation, 223

Intrinsic Vi variation, 434

Inversion layer, 255

Iterative circuit block, 429

Junction temperature, 104
KrF, 94

Laser programming, 179

Laser beam, 179

Latch function, 111, 354

Latch-type CMOS sense amplifier, 404,
417

Latch-up immune structure, 252

Latch-up susceptibility, 262

LDD (Lightly Doped Drain—Source),
56, 100, 270

Leakage charge, 196, 204

Leakage currents, 195

Level monitor, 282

Level shifter, 88

Line delay

— Reduction, 124

Line-mode testing, 193

Lithography, 93

LOC (Lead-On-Chip), 364, 396

Local wiring, 114

Logical array, 119, 355

Loop stability, 250, 410
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Loss of stored data, 233

Low dropout voltage, 291

Low-level data-line disturbances, 204
Low-power circuits, 117

Low-power DRAM circuit, 406
Low-power RAM circuit, 389
Low-power SRAM circuit, 413
Low-voltage data-bus interface, 396
LSI 3

LVTTL (Low-Voltage TTL), 363, 400

Main word line, 129, 155

Maintenance of Qg, 432

Maximum refresh time, 196, 408

MCM (multichip module), 364

Memory capacity quadrupling
approach, 98

Memory-cell array, 3

Memory-cell miaturization, 195

Memory-cell signal charge, 425

Memory hierarchy, 341

Memory—processor performance gap,
343

Memory subsystem, 393

Miller compensation, 311

Minority carrier, 252

Minority-carrier reduction, 254

Miss penalty, 341

Mode register set, 372

MOS capacitor, 198

MOQOS-gate capacitors, 57

MOS threshold voltage, 50

MOSFET-load cell, 24

Multibank interleaving, 354, 355

Multibit testing, 193

Multidivided data-line, 20, 132, 137,
354

— Partial activation, 119, 406, 408

— Scheme, 134

Multidivided memory array, 128, 354

Multidivided power-line

— Partial activation, 456

Multidivided word-line, 30, 139, 354

— Partial activation, 407, 413

Multilayered dielectric film, 200

Multilevel cell, 45

Multipurpose register, 194

Multistage small-signal transmission,
172

Multi-VT circuit, 438, 440

N-well, 261
NAND cell, 42
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NAND decoder, 144

Narrow-channel effect, 55, 253

Negative reference voltage, 335

Negative word-line, 335, 465

Negative-feedback converter, 293

Nibble mode, 108, 347, 399

NMOS NOR decoders, 145

NMOS-output converter, 291

NMOS Static Circuit, 67

Noise cancellation, 211

Noise-generation mechanism, 217

Noise source, 210

Non-destructive readout, 11, 28, 354,
404

Non-saturated region, 52

Non-selected word-line noise, 213

NOR cell, 38

NOR decoder, 144

Normal mode, 398

Numerical aperture number, 94

Off-chip L2 cache, 342

Offset structure, 56

On-chip L1 cache, 342

On-chip mode register, 354, 363

On-chip monitor, 177

On-chip spare elements, 178

On-chip testing circuits, 192

On-chip Vpp generator, 456

On-chip voltage down-converter
(VDC), 20, 389, 406, 409

On-chip voltage generator, 250, 435

One-to-one projection printing, 93

One-transistor, one-capacitor memory
cell, 2, 15

Open data-line arrangement, 132, 231

Over-voltage protection, 282

p* barrier, 209

p—n-junction capacitors, 57

p—n junction leakage current, 204

Packaging, 94

Packet protocol, 354, 363

Page, 348

Page mode, 108, 399

Paired MOSFET, 432

Parallel testing, 193

Parasitic npn bipolar transistor, 259

Peripheral circuit, 3

Permittivity of the capacitor insulator,
197

Phase compensation, 293, 301, 410

Photoaligner, 98

Physical memory array, 119, 355



Pin function, 370

Pipeline operation, 359

Pipeline/prefetch operation, 354, 362

Planar-type cells, 199

PMOS-output converter, 291

PMOS output transistor, 151

Pole-zero compensation, 306, 315

Poly-Si fuses, 179

Poly-silicon load cell, 25

Positive reference voltage, 335

Power-on characteristics, 250, 258

Power-on reset-signal generator, 263

Power-supply rejection ratio, 334

Power-supply standardization, 290,
425, 435

Power-supply voltage bounce, 213, 240

Precharging methods, 216

Predecoding scheme, 146

Programming elements, 227

PROM, 7

Pull-down circuit, 213

Purification of materials, 209

Push—pull inverter, 75

Quadrupling of memory capacity, 97
Quiet array, 247, 248

Raised dc supply-voltage driver, 154

Rambus, 363

Rambus channel, 368, 380

Rambus DRAM, 339, 358, 380

Random Access Memory (RAM), 6

Random logic circuit, 429

Random microscopic fluctuation, 224,
432

RAS (Row Address Strobe), 105, 111

RAS-clock buffer, 142

RAS-only refresh, 105, 175

Ratio current, 404

Read Only Memory (ROM), 2, 6

Read operation, 105

Reduction of dc current, 411

Reduction of word-line delay, 155

Reduction projection printing, 93

Redundancy, 102, 178, 225

Reference voltage, 157

Reference-voltage generation, 158, 316

Reference-voltage stability, 250

Reference-voltage variation, 213

Refresh-busy rate, 119, 207, 408

Refresh charge reduction, 412

Refresh operation, 8, 11, 105, 196

Refresh-relevant circuits, 175
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Refresh time extension, 412
Refresh time increase, 408
Refresh timer, 177
Reliability of wiring, 64
Resistivity, 60

Resistor, 60

Ring oscillator, 88, 256
Ripple, 334

Row access time, 352

Row address strobe (RAS), 398
Row cycle time, 352
Row-address hold time, 360
Row-address set-up time, 360
Rush current, 258

Saturated E-NMOS load inverter, 68

Saturated region, 52

Scaling law, 90

Second-level cache, 342

Self-aligned contact, 203

Self-refresh, 175

Self-refreshing, 105

Sense amplifier, 15

— Distributed driving, 127

Sense-current distributed array, 164

Sensing circuit, 157

Separated 1/0, 168

Series-pass regulator, 334

Set-up/hold timing, 359

Shared amplifier, 20

Shared decoders, 129

Shared 1/0, 406

Sheet resistance, 60

Shielded data-line structure, 239

Short-circuit, 191

Short-channel effect, 55, 56

Signal charge, 196

Signal-to-noise ratio (S/N), 18, 104,
195

Silicon cycle, 2

Silicon substrate, 49

SIMOX (Separation by Implanted
OXygen), 467

Simultaneous replacement, 185

Single port, 340

Single-power supply, 435

SiO9 equivalent insulator thickness, 197

Small outline J-leaded package, 103

Small package, 394

Small-voltage signal transmission, 127

Soft error, 20

Soft-error critical charge, 196, 208

Soft-error immunity, 472

SOI CMOS technology, 425
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Source, 49

Source control circuit, 461

Source—drain resistance, 55

Source—follower mode, 53

Sources of power dissipation, 402

Spare decoder, 179

SRAM cache, 339

SRAM cell, 24

SSTL (Stub Series Terminated Logic),
363, 367

Stacked-capacitor cell, 199

Stand-by current faults, 183

Stand-alone commodity SRAM, 342

Static column mode, 108, 347, 399

Static current, 391, 407

Static decoder, 144

Static random access memory (SRAM),
2, 391, 404

Stress migration, 64

Stress-released drain structure, 270

Subarray replacement redundancy
technique, 192

Substrate-bias effect coefficient, 53,
257, 266, 277

Substrate bias voltage, 249

Substrate-bias voltage (Vgp) generator,
251

Substrate bounce, 251

Substrate-current generation, 250

Substrate doping concentration, 251,
457

Substrate (or well) structure, 250

Subthreshold current, 52, 204, 233, 425,
463

Subthreshold current reduction, 407

Subthreshold swing, 426

Subword-line, 129, 155

Switched substrate-impedance, 459

Synchronized decoupling, 221

Synchronous DRAM (SDRAM), 339,
358, 368

Synchronous operation, 354, 358

Synchronous-link DRAM, 365

System clock, 359

Terminated 1/0 interface, 354, 363
TFT load cell, 25

Thermal resistance of the package, 104
Thin Small Outline Package, 103
Three-transistor cells (3-T), 13
Threshold voltage, 53

Threshold voltage (V) scaling, 425
Throughput, 339

Total data-line charging capacitance,
139

Total data-line dissipating charge, 139,
408

Transconductance, 85

Transfer function, 302

Transposed data lines, 20

Transposition (twist) of data-line pair,
239

Trench-capacitor cells, 199

Triple-well structure, 272, 438, 453, 468

TTL (Transistor Transistor Logic), 104,
363, 399

Two-capacitor cell, 15

Two-step amplification, 229

Two-step driving, 220

Two-dimensional (2-D) selection, 456

ULSI, 3

Ultra-low-voltage DRAM circuit, 437
Ultra-low-voltage operations, 425
Ultra-low-voltage SOI circuit, 466
Ultra-low-voltage SRAM circuit, 463
Undershoot, 254

Usage efliciency of spare lines, 185

Variable-VT circuit, 438

Variation in the reference voltage, 241

Varied boost-ratio driver, 152

Ve bump, 266

VBp clamping, 263

VBB generator, 176

Vpp bump, 198

Vbp data-line precharge, 158

Vbp precharge, 231

Vertical capacitor, 59

Video processor, 340

Video RAM (VRAM), 340

VLSI, 3

Voltage booster, 87

Voltage bump, 244

Voltage clamper, 286

Voltage-division converter, 295

Voltage doubler, 281

Voltage down-converter, 250, 290

Voltage-stress relaxed word driver, 151

Voltage trimming, 250, 327

Voltage up-converter, 208, 250, 276,
464

Vi difference (AVT) VREF generator,
316, 318

V1 mismatch, 432, 463

Vi referenced VRgr generator, 316
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Well and source control circuit, 456, Word-line to data-line coupling
462 capacitance, 230
Wet etching, 100 Word-line drive noise, 212

Wide-bit I/O chip configuration, 354, Word-line pitch, 131
393

o . . Word pulse deformation, 235
Wiring parasitic capacitance, 62 Word voltage bootst . 20
Wiring parasitic resistance, 62 rd voltage bootstrapping,

Word driver. 147 Write and relevant circuits, 174
Word line, 8 Write operation, 105
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