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Preface

Ultra-low voltage nano-scale large-scale integrated circuits (LSIs) are becoming
more important to ensure the reliability of miniaturized devices, to meet the
needs of a rapidly growing mobile market, and to offset a significant increase in
the power dissipation of high-end microprocessor units. Such LSIs cannot not
be made without ultra-low voltage nano-scale memories because they need low-
power large-capacity memories. Many challenges arise, however, in the process
of achieving such memories as their devices and voltages are scaled down below
100 nm and sub-1-V. A high signal-to-noise (S/N) ratio design is necessary in
order to cope with both a small signal voltage from low-voltage memory cells
and with large amounts of noise in a high-density memory-cell array. Moreover,
innovative circuits and devices are needed to resolve the increasing problems
of leakage currents when the threshold voltage (V,) of MOSFETs is reduced
and serious variability in speed and leakage occur. Since the solutions to these
problems lie across different fields, e.g., digital and analog, and even SRAM
and DRAM, a multidisciplinary approach is needed.

Despite the importance of this field, there are few authoritative books on ultra-
low voltage nano-scale memories. This book has been systematically researched
and is based on the authors’ long careers in developing memories, and low-
voltage designs in the industry. Ultra-Low Voltage Nano-Scale Memories gives
a detailed explanation of various circuits that the authors regard as important
because the circuits covered range from basic to state-of-the-art designs. This
book is intended for both students and engineers who are interested in ultra-low
voltage nano-scale memory LSIs. Moreover, it is instructive not only for memory
designers, but also for all digital and analog LSI designers who are at the leading
edge of such LSI developments.

Chapter 1 describes the basics of digital, analog, and memory circuits, and
low-voltage related circuits. First, the basics of LSI devices, leakage currents,
and CMOS digital and analog circuits including circuit models are discussed.
Then the basics of memory LSIs, DRAMs, SRAMs, and flash memory are
explained, followed by a discussion of memory related issues such as soft errors,
redundancy, and error checking and correcting (ECC) circuits. Issues related to
voltage, such as the scaling law, power-supply schemes, and trends in power-
supply voltages are also described. Finally, various power-supply management
issues for future memory and on-chip voltage converters are briefly discussed.

Chapter 2 describes ultra-low voltage nano-scale DRAM cells. First, the
trends in DRAM-cells and 1-T-based DRAM-cells are discussed. After that, the
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design of the folded-data-line 1-T cell is described five ways: in terms of the
lowest necessary V, and word voltage, the signal charge and the signal voltage,
noise sources, the gate-over drive of the sense amp, and noise reductions. Open-
data-line 1-T cells and state-of-the-art DRAM cells, such as the two-transistor
(2-T) DRAM cell, the so-called ‘twin cell’, as well as a double-gate fully-depleted
SOI 2-T cell, and gain cells are also explained.

Chapter 3 describes ultra-low voltage nano-scale SRAM cells. An explanation
of the recent trends in SRAM-cell developments, is followed by a discussion
of the leakage currents, and the voltage margin of 6-T SRAM cells, as well as
their improvements. Finally, the 6-T SRAM cell is compared with the 1-T cell
in terms of its voltage margin and soft error immunity.

Chapter 4 describes various circuit techniques that are used to reduce
subthreshold leakage currents in RAM peripheral circuits. The basic principles
of how to reduce leakage are described, with particular emphasis on the use of
gate-source reverse biasing schemes. Various biasing schemes are discussed in
detail, followed by applications to RAM cells and peripheral circuits in both
standby and active modes.

Chapter 5 deals with the issue of variability in the nanometer era. The main
focus is leakage and speed variations that are caused by variations in V,. Various
solutions with redundancy and ECC, layout, controls of internal supply voltages,
and new devices such as planar double-gate fully-depleted SOI are discussed.

Chapter 6 describes the reference voltage generators that provide reference
voltages for other converters. Various generators such as V,-referenced, V,-
difference, band-gap generators, voltage trimming circuits, and burn-in test
capability are described in detail.

Chapter 7 describes voltage down-converters in terms of their basic design
concept, transient characteristics and phase compensation as well as their power-
supply rejection ratio. Half-V,,, generators are also briefly discussed.

Chapter 8 deals with the circuit configurations of various voltage-up
converters and negative voltage generators. Basic voltage converters with capac-
itors, Dickson-type voltage multipliers, and switched-capacitor-type voltage
multipliers are explained and compared. Level monitors are also discussed.

Chapter 9 describes high-voltage tolerant circuit techniques that manage
the voltage differences between peripheral circuits as well as between internal
circuits and interface circuits of chips operating at a high external voltage.

We are indebted to many people, especially to our research colleagues at the
Hitachi Central Research Laboratory, Tokyo who have collaborated with us, and
one particular member of the administrative team, Ms. Anzai. They have offered
support, advice, and the material needed to complete our work. Without their
support this book would not have been possible.

Kiyoo Itoh

Masashi Horiguchi

Hitoshi Tanaka

Tokyo, September 25, 2006
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1
An Introduction to LSI Design

1.1. Introduction

LSI(Large-Scale Integrated Circuit) technologies have rapidly advanced since their
advent in the early 1970’s [1]. Integration per chip has reached the 1- to 4-Gb level
for DRAMs (Dynamic Random Access Memories), the 256-Mb level for SRAMs
(Static Random Access Memories), the 8-Gb level for flash memories, and above
the 1.3-billion-MOST (Metal-Oxide-Semiconductor Transistor, or MOSFET)
level for MPUs (Microprocessor Units) [2]. Such advances have been made possible
by the extensive high-density LSI technologies on devices and circuits, lithography
and fabrication processes, packaging, and so on. In the nanometer era, however,
we are facing many emerging challenges. Of these, realization of ultra-low voltage
(sub-1-V) operations is vital because it ensures the reliability of miniaturized
devices, meets the needs of the rapidly growing mobile market, and offsets the sky-
rocketing increase in the power dissipation of high-end MPUs. Ultra-low voltage
operation is especially crucial for embedded memories that dominate chip sizes of
the LSIs. Thus, we must solve evolving problems [3] such as the ever-smaller signal-
to-noise-ratio (S/N) of memory cells, the ever-increasing leakage with reducing the
threshold voltage (V,) of MOSTs, and variations in speed and leakage enhanced
by variations of design parameters such as V,. Power management with on-chip
voltage converters is thus playing a critical role in solving these problems.

In this chapter, the basics of high-density LSI technologies are described and
state-of-the-art technologies are summarized with an emphasis on ultra-low voltage
nano-scale memory technology. First, the basics of LSI devices are discussed,
focusing on MOSTs, silicon substrates, and resistors. Next, the basics of the
complementary-MOS (CMOS) digital and analog circuits are described. The basics
of memories are also explained, focusing on DRAMs, SRAMs, and flash memories.
After that, issues relevant to memory such as soft error, redundancy and the ECC
(error checking and correcting) circuit, the scaling law, and power-supply issues
are discussed. Finally, the power management design to solve the above-described
problems and the roles of on-chip voltage converters are described.

1.2. Basics of LSI Devices
1.2.1. MOST Characteristics

Figure 1.1 shows a schematic cross-section [1] of an n-channel MOST (nMOST).
The drain, gate, and substrate voltages measured from the source are called
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source Vg gate Vg drain V),
Vgs) Vps)

lIDS /’ /_

/// i
tox //
4
Sio, | /7
=4LLJ N—H/
P’ le—L—>] P’

)

substrate Vg (Vgs, Vg, Vsup)

FIGURE 1.1. A cross-section of an nMOST [1].

Vpss Vs> and Vi (i.e. backgate bias or substrate bias V). Vi is usually negative
or 0V, and is supplied directly from an external source or is internally generated
from V), with an on-chip voltage converter (or V,, generator). When Vg is
increased, the drain-source current [, starts to flow at a certain V. This value
of Vi is called the MOS threshold voltage V,. I, increases with V;; above V.

There are basically two different types of MOSTs, nMOST and pMOST,
depending on the type of channel carrier. The MOST with an nt source and
drain (Fig. 1.1) is called an n-channel MOST (nMOST, nMOS, NMOST, or
NMOSFET). In the nMOST, electrons flow from source to drain through an
n-channel; that is, a positive current /¢ flows from drain to source. If I, =0
at Vg =0, we must apply a positive Vg to form the n-channel. This type
is known as the enhancement (normally off) nMOST (the E-nMOST). If an
n-channel exists at V;g =0, we must apply a negative V¢ to deplete carriers
in the channel. This type is called the depletion (normally on) nMOST (the D-
nMOST). Similarly, we have the p-channel enhancement (normally off) MOST
(the E-pMOST) and the depletion (normally on) MOST (the D-pMOST). The
transfer characteristics of the four types are shown in Fig. 1.2. Note that for
the E-MOST, the nMOST has positive values for both V)¢ and V,, while the
pMOST has negative values for these voltages. Figure 1.3 shows circuit symbols
and voltage relationships for the E-MOST, in which V,,,, and Vg, are external
supply voltages. Symbols (a)(or substrate without an arrow) and (c) are used in
Chapters 1 to 5 to show nMOST and pMOST, respectively, except in section 1.5,
and symbols (b) and (d) are used in Chapters 6 to 9 to show nMOST and
pMOST, respectively. The following shows dc characteristics of E-nMOSTs.

Figure 1.4 shows I, versus V)¢ for different values of V¢ at a given V.
Three regions of operation can be distinguished, as follows [1].
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+1Ipg
n-channel n-channel
depletion enhancement
_th th
_VGS _Vln Vm + VGS
p-channel p-channel
enhancement depletion
—Ips

FIGURE 1.2. The transfer characteristics of four types of MOST [1].

The Cutoff Region. This region corresponds to V5, <V, and 1,4 = 0. It is also
referred to as the subthreshold region, where I, in this region is much smaller
than its value when V¢ > V,. Thus, in many nMOS circuits for Vg4 < V,, the
transistor is considered off and I,,; = 0. However, the small value of I, (i.e. the
subthreshold current) in the region could affect the performance of the circuit,
as in MOS dynamic circuits that operate with charges held at the floating nodes.
In ultra-low-voltage operations with a lower V,, the ever-increasing subthreshold

current is an emerging issue, as discussed later.

0: non-conductive
Vpp: conductive

oo

S D
ss oV,
©) +5V)
VB
B
(@)
G
S | | D
Vs O Vpp
(0)7L Vp= Vi +5V)

(b)

0: conductive
Vpp : non-conductive

S
O Vpp
+5V)
Vg
B

O Vpp
+5V)

(@

FIGURE 1.3. Circuit expressions and voltage relationships for an E-MOST [1]. (a) and (b)

are for nMOST. (c) and (d) are pMOST.
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B
Ips TVDSZ(VDS =Ves=V)

non- , saturation

saturation region

region | (Vps>Vis—V)

Vps<Ves=V) Vo
Ves3
Vesa
Vst

FIGURE 1.4. I} versus V¢ for a given Vi, [1].

The Non-Saturated Region. This region is also referred to as the “triode region”,
in which I, increase with Vg for a given Vg larger than V,. The current is
given by

Vos = Vi,
Vs = Ves— Vi,
IDSZIB{(VGS_Vz) VDS_%VIZJS} (1~1)

where 3 is the channel conductance, which is explained in (1.4). When V), <«
Vgs — V,, the I — V characteristics can be approximated by a straight-line, /3 =
B(Vss— V)V, and the transistor is modeled by a resistor of

1
Roy=—"—"—"—7.
o B(VGS_ Vr)

The Saturated Region. In this region I,; becomes constant and independent of
Vps- It is determined only by Vg, and is expressed as

(1.2)

Ves =V,

Vs 2 Ves =V,

Ips = § (VGS - Vz)z' (1~3)
The conductance 8 is given by

Weopxn W w
— 7= =—Bo=—71Cox, (14)

B:LIOX L L

where (3, is the conduction factor, €., is the permittivity of the gate oxide, 7,y
is the thickness of the gate oxide, w is the average surface mobility of carriers
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(i, in the case of electrons in nMOST, and p, in the case of holes in pMOST),

Cox 1s the gate capacitance per unit area, L is the channel length between the

n" source and drain edges, and W is the channel width perpendicular to L.
The threshold voltage V, is given by

Vi=Vo+AV, (Vgs), (1.52)
Vo= Vi + K/ 20+ 24, (1.5b)

AV, (Vsg) = K (VIVasl +20 = /20). (1.50)
K= \/ZESqN/COX,w = (kT/q) In (N/nl-) (1.5d)

where V,q is V, for Vi, =0, Vi is the flat-band voltage, i is the Fermi potential,
N is the substrate doping concentration, n; is the intrinsic carrier density of
silicon, g, is the permittivity of silicon, g 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 0.1-1.0V'/2, represents the sensitivity of V, to
V- V, decreases linearly with increasing temperature, as given by

Vi) =V, (0)—a(T-T), (1.6)

where V,(0) is for room temperature (7, = 298 K), and « is 0.5-5.0mV/K. Note
that the temperature dependence of I, tends to be canceled with reductions in
B, and V, as the temperature increases.

® Increases in V, in Source-Follower Mode

When the source voltage (and thus source-substrate voltage) changes, V, changes
even at a fixed Vi, as exemplified in Fig. 1.5(a). V, increases as node A — which
is the source in this case — is charged up by applying a sufficiently high voltage
to the gate and V), to node B of an nMOST. Finally, V, becomes a maximum
at a source-substrate voltage of Vy, + V), as follows:

Vtmax:Vt0+K(V |VBB|+VDD+2'J’_@>- (1-7)

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

Voin = Vo +K (VVaal +20 = V/29). (1:8)

The difference is thus

Vimax = Vimin = K (\/|V33| +VDD+2¢_\/|VBB| +2¢’) . (1'9)

For example, the difference is as large as 0.67V at Vz, = 0V for
Vop= 5V, K= 03V"2 and 2y =0.6V. If V,, is set to be 0.5V, as for

tmin
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f .
J_ "_'_l_L

charging

dlschargm g

(2) (®)

FIGURE 1.5. Examples of source-follower mode. (a) Charging and discharging of node A;
(b) discharging of node A by stacked nMOSTs [1].

the usual 5-V V,, designs, V,,,, is 1.17 V. Hence, to charge node A to V,,
with elimination of the reduction in V,, the gate voltage must be higher than
6.17V (= Vpp+ V,,..), giving the gate oxide a high stress voltage. A higher
| V| reduces the difference (e.g. 0.31V at |Vg,| = 3V), enabling a lower gate
voltage (e.g. 5.81 V). DRAM cells provide an example of this, as discussed later.

The discharging of node A by stacked MOSTs, shown in Fig. 1.5(b), is another
example. During discharging, the V, values of all nMOSTs except M,, rise due
to their instantaneous source voltages. In particular, the V, of the upper MOST
M, is maximized at the beginning of discharging, because Vg, > Vi, > --- > V.
The raised V, eventually limits the number of stacked nMOSTs for high speed.
A NAND gate provides an example of this.

e Channel Length Modulation

The 1,5 equation at saturation is derived by simply assuming that /¢ at saturation
does not change when Vg increases, resulting in a zero slope of the I
versus V)¢ characteristics. In the actual MOST characteristics shown in Fig. 1.6,
however, I, increases slightly with V¢, even in the saturation region, which
can be accounted for by empirically multiplying the voltage-dependent term in
(1.3) by the factor 1 + AV, [1, 4]; i.e

Ips = § (Vs = Vi)* (14 AVps) (1.10)

where A is the channel length modulation parameter (= 0.1-0.01V™!).
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Ips % Vs (Vps = Vas—V))
non- ' satl_]ration
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0 DS

FIGURE 1.6. Actual I,,4-V),¢ characteristics [1].

o Small-Size Effects

The dc equations described above are for a sufficiently large MOST, since
they are based on one-dimensional analysis. However, if the channel is short
and/or narrow, behavior of actual MOSTs 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 of 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. The lowering of V, in
a shorter channel, shown in Fig. 1.7(a) [1], is a result of short-channel effects.
On the contrary, the increase in V, in a narrower channel, shown in Fig. 1.7(b),

N N \;

channel length L channel width W

(@ (b)

FIGURE 1.7. Small size effects in a MOST [1]. (a) The short-channel effect; (b) the
narrow-channel effect.
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is a small-size effect, that is related to the depletion region spreading laterally
in the substrate along the channel width [1]. For a given size tolerance, such
shifts in V, make the V, variation more prominent as MOSTs are miniaturized.
Therefore, MOST 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 V, mismatch
(i.e. offset) between paired MOSTs. If the setting of the nominal L and W is
changed without changing the W/L ratio, the resultant /¢ characteristics can be
changed, since the short-channel effects are changed.

e MOS Capacitor

The capacitor components of an E-MOST are the overlap capacitance C,, (=
Coxlov W) between the gate and the n' regions at the source and drain edges,
the gate-source capacitance Cgy, the gate-drain capacitance Cj,, and the gate-
substrate capacitance Cgp [4], as shown in Fig. 1.8(a). Figure 1.8(b) shows the
gate capacitance C; versus Vg, excluding the relatively negligible C,, . Here,
C; is the sum of Cgg, Cpg, and Cgp. At Vi =0, Cg is equal to Cgp, which

source gate drain
o loy loy ©
1
T Cv TCs TFCns T % TCov
n* I T "
channel
p-sub
substrate
(@)
1.0
Cos
0.8 - C. —
N e
- C . G
?]< 06 / GS
S CoxLW
< 04
S
02+ N Con ?
S,D
0 Vs, p)
off sat. | non-sat. |
1 T |
Vi Vps+V,

Ves

(b) (©

FIGURE 1.8. An E-nMOST capacitor [1]. (a) Capacitor components; (b) C; versus Vgg;
(c) the drain-source connected MOS capacitor.
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is the gate-oxide capacitance C,y LW, because no channel is formed. When V¢
is increased, a series connection of the gate capacitance and the depletion-layer
capacitance, formed at the silicon surface beneath the gate, is established. Thus
C, is decreased as the depletion capacitance is decreased with V ;. When V¢
exceeds V,, however, C increases. In this region C,;; becomes zero, because
a channel (i.e. an inversion layer or an n-type thin conduction layer) is formed
and works as a shield. Instead, C¢ appears as the result of a channel formed at
the source. In the non-saturation region at V¢ > V¢ + V,, the channel spreads
fully between the source and the drain. Hence, the gate-oxide capacitance, which
equals Cg, is equally distributed between Cgg and Cg),.

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 V¢ exceeds
V,, as shown in Fig. 1.8(c).

1.2.2. Bulk MOSTs

In the nMOS DRAM era, in the 1970’s and early 1980’s, a p-type substrate
(Fig. 1.1) with a resistivity of about 10 ) -cm was used. A substrate bias voltage
Vpg of —2 to —3V was supplied to the substrate to ensure stable operations
and isolation between nMOS memory cells. In the 1980’s this was replaced by
a double-well (or tub) CMOS structure, shown in Fig. 1.9(a) [1]. In principle,
the p-well is unnecessary, because a p-type substrate is used. The double well,
however, allows nMOS parameters such as V, to be controlled by adjusting
only the p-well dose concentration. 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 nMOST source voltage, while the n-well is back-biased at another voltage
higher than any pMOST source voltage. Since the lowest source voltage is Vg
(0V), and the highest pMOST source voltage is V), the p-well voltage is 0V
or a negative voltage, and the n-well voltage is V), or higher voltage. Recently,
a triple-well structure (Fig. 1.9(b)) has been used to protect a memory-cell
array from minority carrier injections or to enable ultra-low-voltage operations

nMOS pMOS nMOS pMOS
Sio, Si0,
(g s 7 o U s /2 [ N s D7 I NG s B
/T R Le" ] [e"N_| /T I [e" T [eN_|
p-well n-well p-well n-well

deep n-well )

p-sub (10 Q-cm) p-sub

() (b)

FIGURE 1.9. A double-well (a) and triple-well (b) structures [1].
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with reduction of subthreshold currents. Dynamic control of the substrate and
gate-source self-backbiasing, discussed in Chapter 4, both need the triple well
structure.

CMOS latch-up is a prime concern because it occurs in CMOS structures [1], in
which a parasitic thyristor consisting of parasitic npn and pnp bipolar transistors
is easily formed. As soon as the thyristor is triggered by a noise spike, it is
turned on by positive feedback. As a result, a large current flows from V,, to
ground, and melts junctions and metal wiring throughout the chip. For example,
in the structure forming an n-well on to a p-substrate shown in Fig. 1.10 [1],
an npnp thyristor composed of an nMOS source, a p-substrate, an n-well and
a pMOS source is developed. Here, Ry, and Ry 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 feedback, and thus it causes latch-up when either of the two
transistors is turned on. When a positive noise is input to the Q,-base, Q, is
turned on. The resultant collector current creates a voltage drop across Ry, so
that the base-emitter of Q, is forward-biased. When the bias exceeds a certain
voltage, Q, is turned on, and the collector current makes the Q,-base voltage
increase further. Thus, the current grows if the product of the current gains
of both transistors is larger than unity. Latch-up can be triggered by transient
noises, which forward-bias the pn junction, such as local voltage variations in
the substrate and wells, caused by capacitive couplings, ringing waveforms on
the signal lines, overshoots exceeding V), and undershoots exceeding Vs to
gate protection diodes at the input and output pins, and noises coupled to power
supply lines. In order to suppress latch-up, the current gain of parasitic bipolar
transistors must be reduced, which is realized by deepening the wells for the
vertical transistor (Q,) and isolating MOSTs from the well edges as much as
possible for the lateral transistor (Q,). Reductions of the parasitic resistances
Ry, and R, are also effective for suppression. They are achieved by the use of
guard rings (Fig. 1.10), a Vg-supplied p* guard ring surrounding an nMOST,
and a Vpp-supplied nt guard ring surrounding a pMOST. The guard rings also
lower the current gains, because they capture minority carriers injected before

o Vs nMOS guard ring pMOS Voo
1 1
ooz ! R
pt nIT:_I nt pt nt pt pHi nIT:_I
1 1 I ,/ RW 1
! ST S Bl
! ARRS 1SS
: Ry - _\T'_ - ! n-well
L. —'\I’\, R T !
p-sub

FIGURE 1.10. Parasitic bipolar transistors in a CMOS structure [1].
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they can reach the bases. Latch-up immunity and the usefulness of guard rings
have been reported as follows [5]. 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 10 ns pulse width to 0.4V at 125°C and a 50 ns pulse width. An n* guard ring
improved the latch-up immunity from 0.4V to 1.2V. An additional p* guard
ring brought about a further improvement, to 2'V.

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 resis-
tances. Therefore, increases in the doping concentrations of the substrate and the
wells further improve latch-up immunity with lowered Ry and Ry,. Excessive
doping, however, increases junction capacitances, degrades the mobilities of
MOSTs, and raises V,. An epitaxial wafer that drastically improves immunity
solves the above problems, since it consists of a thin silicon layer with an
appropriate doping concentration, grown on to quite a high doping concentration
wafer.

1.2.3. SOI MOSTs

Figure 1.11(a) shows the conventional bulk nMOST discussed thus far. There is
another type of MOSTS, that is, the SOI (Silicon-On-Insulator) MOST which is
isolated from the silicon substrate by a buried oxide (BOX) layer, thus enabling
to reduce the junction capacitance of the source and drain. The SOI MOST
is categorized as the partially-depleted (PD) SOI MOST and the fully-depleted
(FD) SOI MOST, as shown in Figs. 1.11(b) and 1.11(c), respectively. PD-
SOI has almost the same MOST size as bulk CMOS, which enables a mask
compatible design with the bulk. For example, a PD SOI has been reported to
cut logic-gate speed of the bulk CMOS by 25-30% [1, 3]. It also increased the
signal voltage of DRAM cells by 25%, and improved the access time of a 64-Kb
DRAM test chip by about 35% [1]. Less capacitance in the SOI body favors
dynamic V, control, which is attained by body voltage control. This dynamic V,
control enables unique low-voltage logic circuits, sense amplifiers, and memory
cells [1]. Nevertheless, some problems still remain unsolved. In addition to the
costly wafer preparation for a thick BOX layer, the floating body effect of a
PD-SOI MOST is problematic for some applications. For example, if applied
to the transfer MOST in a DRAM cell, the instability of the floating body

[ G6 [P

BOX

BOX

p-sub p-sub

() (b) ©
FIGURE 1.11. nMOST structures for bulk (a), PD-SOI (b), and FD-SOI (c).
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FIGURE 1.12. The data-retention characteristics of a SOl DRAM cell [1, 42]. The V), of
1.5V (=1/2 Vpp) is for the static mode, while the V), values of 0V and 0.5V are for
the dynamic mode and the BSG scheme, respectively.

potential degrades the data-retention characteristics and soft-error immunity, as
summarized in [1]. Figure 1.12 shows the degradation mechanism for the data-
retention characteristics [42]. The data-retention time is defined as the time until
the cell voltage stored by the write operation decays to almost half V. This
decay stems from the stored charges (holes) lost by pn junction leakage (#1) at
the cell storage node. The resulting accumulated holes at the body raise the body
potential due to its small capacitance, causing reduced V, of the cell MOST,
which is the origin of the subthreshold leakage current (#2). In the static mode,
an SOI DRAM cell achieves a superior data-retention time of 550s at 27°C,
which is six times longer than that of a bulk memory cell [42]. In this mode, the
cell MOST is completely cut off despite the reduced V,, because the data line
remains at a high level of a half V,,,, (the precharge voltage of the data line), and
the word line is maintained at a low level of 0V during retention. Thus, the long
retention time comes from the small area of the pn junction. Unfortunately, the
dynamic mode that keeps the data-line voltage at 0 V shortens the data-retention
time to 42 s, as shown in the figure. This results from the subthreshold current
caused by the reduced V,. The boosted sense-ground (BSG) scheme described in
Chapter 2, which raises the lowest data-line voltage from 0V to 0.5 V, improves
the characteristics to some extent. The floating body also degrades the soft-error
immunity of MOSTS, not only in DRAM and SRAM cells, but also in peripheral
circuits. For example, after an alpha-particle incidence for the floating body,
electrons 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 [1] to suppress body-potential change is very effective in peripheral
circuits. For memory cells, however, it usually increases the memory cell size,
especially in DRAMs.
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FD-SOI MOSTs have an extremely-thin lightly-doped channel so the MOSTs
are fully depleted. Typically, the ratio of the channel length to the channel
thickness is more than 3, and an extremely thin silicon channel is thus required.
It reduces V,-variations with fewer short-channel effects and dopant-atom fluctu-
ations in the channel (see Chapters 2-5). Moreover, it reduces soft-error rate
because in addition to a small number of collected charges due to an extremely
thin silicon layer, most of electron-hole pairs generated by alpha-particle or
cosmic-ray irradiations are blocked by the BOX and do not affect the silicon
layers (see Fig. 2.27(c)) [49]. It also significantly reduces pn-junction current
due to a small junction area (Fig. 2.27(b). Subthreshold current may be reduced
for some structures due to a small subthreshold swing (a small S-factor) [1].
Therefore, FD-SOI devices are expected to be suitable most for ultra-low-voltage
LSIs, especially for DRAMs, as discussed in Chapter 2. Many FD-SOI structures
to increase the drain current have been proposed to date [7], although the V, must
be adjusted by using various gate-materials with different work functions [6],
since the poly-silicon gate causes a depleted MOST. Of these structures, the fin
FET has been actively developed because it is reportedly the simplest structure
to implement [8]. A challenge, however, is to realize multi-V, without using
multi-gate materials from the view point of circuit design. Otherwise circuit
design flexibility is lost.

1.2.4. Resistors

Resistors have been widely used for voltage conversions and for eliminating
floating nodes [1]. Resistances as high as 100kQ — 1 MQ are needed to suppress
the chip standby current to 10 wA—100 pA. 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 a poly-silicon line with a width of 1pm and a sheet
resistance of 100 {}/square needed to make a 1 M) resistor. The sheet resistance
p,,» which is defined by the resistance ({}/square, or /OJ) of a square with
thickness ¢,,, (Fig. 1.13), is related to the resistivity p ({)-cm) [1] as follows:

nt

Ps =P/ lins- (1.11)
P lint lim
R= = py —H
ti"t Wi"[ ’ Winl
= Ps (lint = Wint)

R : wiring resistance
p : resistivity
p, : sheet resistance

= Wi —

FIGURE 1.13. Interconnect resistance. Reproduced from [42] with permission;
© 2006 IEEE.
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The resistance R of a poly-silicon line with a width of W,,, and a length of [,,, is

m

R = py (lim/sz)- (1.12)

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

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 [1]. 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 of DRAMs.

1.3. Leakage Currents

The leakage current issue is becoming increasingly important with device and
voltage scaling, because it is closely related to data retention characteristics
of memory cells, and standby and active currents of chips. The six kinds of
leakage currents must be taken into consideration for designing nano-scale LSIs.
They are subthreshold current, GIDL (gate-induced drain leakage) current, gate-
oxide-tunneling current, substrate current, and forward bias and reverse-biased
pn-junction currents. Subthreshold current and GIDL current are developed while
the gate is off (i.e., V5¢ = 0). The subthreshold current is a channel-leakage
current that flows from the drain to the source due to a weak inversion layer
in the channel region. GIDL current, which is very sensitive to the drain-gate
voltage (V;p), flows from the drain to the substrate, exemplified by a reduction
to one-tenth with reducing V,, from 1.5V to 1.0V for 1.3-um nMOST. On
the other hand, gate-oxide-tunneling current and substrate current are developed
while the gate is on (i.e., Vg5 > V,). The forward bias and reverse-biased pn-
junction currents always flow as dc currents. Of these currents, the following
four leakage currents are significant for low-voltage nanometer LSIs, although
GIDL and pn junction currents can shorten the refresh time of DRAM cells and
increase the retention current of SRAM cells, despite being small compared with
other currents.

1.3.1. Subthreshold Current

The high-speed operations of low-voltage CMOS circuits necessitate reducing
V,, because speed is roughly inversely proportional to V,, — V,. However, when
V, becomes small enough to no longer cut off the MOST, a MOST subthreshold
dc current is developed, which increases exponentially with decreasing V,, as
discussed below. To evaluate the current caused by V, scaling, the definition
of V, must be clarified. There are two kinds of V,[1] as shown in Fig. 1.14:
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FIGURE 1.14. The definition of V, [1]. (a) for extrapolation; (b) for constant current.

the extrapolated V, that is familiar to circuit designers, and constant-current V,.
The extrapolated V, is defined by extrapolating the saturation current on the
VIps — Vgs plane, and by neglecting the tailing current actually developed at
approximately V,. Our major concern is with the subthreshold current, which
is developed at Vg =0V. If V, is high enough, the subthreshold current is
negligible. With decreasing V,, however, the subthreshold current starts to be
developed at a V, higher than expected. This current is not expressed in the
definition. Thus, the constant-current V, is indispensable in evaluating the current.
The V, is defined as a V¢ for a given current density on the log I¢-Vig
plane. This constant-current V, is empirically estimated to be smaller than the
extrapolated V, by about 0.2V to 0.3V for a current density of 1nA/um.
The subthreshold leakage current [1], I, , is given by

1
I, =W--2.107"/$ (1.13)
Wo
kT, o)
Sz_f.(1+ﬂ>-1n10 (1.14)
q Cox

where W is the gate (channel) width of the MOST, I,/ W, is the current density to
define V,, S is the subthreshold slope(or swing), C,y is the gate capacitance, C,p
is the depletion-layer capacitance, and T} is the junction temperature. Obviously,
the subthreshold current is sensitive to V,, S, and Tj, and W.

The subthreshold current degrades data-retention characteristics of RAM cells
and increases standby/active currents of peripheral logic circuits in RAMs, as
discussed in Chapters 2 and 3. There are several ways to reduce the subthreshold
current, as summarized in the following, although the details are explained in
Chapter 4.

(1) Increase in V,. The subthreshold current is quite sensitive V,. For example, it
deceases by one decade with a V, increase of only 100 mV at 100°C. Thus,
even various reverse-biasing schemes can manage such a small increase in V.
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(2) Reduction of T;. This reduces the current with increased V, and decreased
S. Although liquid-nitrogen temperature (—196°C) operation [1] has been
proposed, it is not suitable for general-purpose CMOS LSIs.

(3) Reduction of the total channel width of low-V, MOSTs in a chip. In
particular, it is crucial for pMOSTs since the subthreshold current of
pMOSTs in a usual CMOS logic circuit is larger than that of nMOSTs due
to a larger W and a larger S in some devices (see Fig. 4.18).

(4) Reduction of S with new device structures. Unfortunately, however, S is
not sensitive to MOST structures. Even the fully-depleted SOI device with
reduced Cpp/Cpy reduces S from about 80mV/decade (dec.) of bulk MOSTs
to only about 60mV/dec. at room temperature. It never reduces S to less than
60mV/dec., because S is always larger than (k7;/¢)In 10(= 60mV /dec.),
independent of the values of Cpp and C,y, as seen in (1.14).

1.3.2. Gate-Tunneling Current

Reduction of the gate tunneling current is urgent because the gate-oxide thickness
(tox) has been rapidly decreasing to less than 2-3 nm [3], the point where the
gate current becomes prominent. The gate tunneling current flows from the gate
to the source for nMOST, or from the source to the gate for pMOST, via the
channel. Figure 1.15 shows the characteristics [9]. The gate current of nMOST
in inversion mode is a major source, which is usually 4 to 10 times larger than
that of pMOST for the same size. The gate current is quite sensitive to #,y, while
it is less sensitive to the junction temperature (7)) and gate voltage (V). For
example, a leakage reduction of one order of magnitude requires a ¢, increment
of only 2-3 A, while it requires a V4 reduction of as much as 0.5V in a low-
Vpp region, as shown in the figure. Such a large V,,,, reduction in the sub-1-V
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FIGURE 1.15. Characteristics of gate tunneling current (i) [9]. igy and igp are for
nMOST and pMOST, respectively.
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region is risky in terms of stable operations. Thus, this kind of reduction is the
intended responsibility of the process and device designers, and developments of
new high-k gate insulator materials are thus in progress. Even so, a few circuit
schemes to reduce the leakage have been proposed to date: A thick-7,, high-V,
power switch [10] to shut off the leakage path of the internal thin-z,, core in
the standby mode (although it is ineffective for the active mode); reduction of
the supply-voltage during standby mode [11, 12](although it is not effective
because the leakage is less sensitive to the voltage); circuit reconfiguration and
sleep-state assignment techniques for sleep mode [53] (although they involve
speed and area penalties); and dynamic control of the gate voltage with a floating
gate [9]. Of these schemes, dynamic control [9] is attractive in terms of circuit
designs despite an area penalty, since it is applicable to both active and standby
modes.

Figure 1.16 shows a gate-leakage-suppressed word driver [9]. For the conven-
tional circuit (a), the word line is fixed to OV by turning on the driver M,,
during inactive periods. Thus, a large gate tunneling current i,; continues to flow
due to a large M, ,-channel width that is necessary to quickly drive the heavy
word line. For the proposed scheme (b), at word-off timing, N, goes to “L”, and
M, is off, while N, goes to “H”, M, is off, and N, goes to “H” because M,
is still on. Thus, the word line is quickly discharged by a large M,,, and M,
is then turned off. Therefore, N, is left to a floating “H”, so N, continues to be
discharged by i, until the resultant reduced V,; finally cuts i;. After that, the
word line is fixed to O V with a small level-holder M,,, instead of the large M, ,,
thus enabling a small i;.

1.3.3. Substrate Current

As a MOST is scaled down for a fixed V, 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. 1.17. Some of the generated electrons flow into the drain. The others are

WL
(inactive)

oo e — X
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FIGURE 1.16. Conventional word driver (a) and gate-tunneling-current-suppressed word
driver (b)[9].
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FIGURE 1.17. The mechanism of hot-carrier injection [1].

injected into the gate insulator as gate current (/;) and trapped there, causing
a gradual change of V, and a decrease in the transconductance of the MOST.
On the other hand, some of the generated holes flow into the substrate, resulting
in a substrate current (Iz5). The Iy, of an nMOST is 3 orders larger than that
of a pMOST because of a larger impact ionization coefficient and a higher
electric field that results from a sharper impurity profile near the drain. Thus,
the degradation of nMOST device-parameters is more prominent. The maximum
Ipg, Ippyar> Which is usually developed at Vg = V),/2, is expressed as

IBBmaX X exp (_‘Y/VDS) > (115)

where 7y is a constant. The life time (7,.-) of an nMOST, which is defined as
the time when V, degrades by 100mV due to hot electrons, is given by

Tre & (IBBmax/W)in/(f'tSUB) ,n=25-3.0, (1.16)

where W is the channel width, tg,,; is the pulse width of an I, pulse with
amplitude of I,z,,,, and f is the pulse frequency. Obviously, the most efficient
way to reduce I is to lower V, (i.e., Vyp) because I, exponentially reduces

with reducing V). One-order reduction of I, .. extends the MOST life time
by 3 orders.

1.3.4. pn-Junction Current

The forward body-biasing of MOST bulk-to-drain or bulk-to-source diodes
[13, 50-52] is becoming a major concern with device and voltage scaling. It is
developed when substrate (well or body) control circuits such as dynamic V,
and gate-well connection circuits are used to achieve high speed or compensate
for variations in speed and leakage caused by design parameter variations.
However, MOST characteristics during forward body-biasing must carefully be
investigated because forward body-biasing always entails an excessively large
pn-junction current at high temperature. Figure 1.18 shows a schematic cross
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FIGURE 1.18. Forward pn-junction current at Vj, = 1.2V [13]. Solid line, calculated;
Markers, experimental.

section of devices on a 0.13-um CMOS test chip [13] composed of four 32-bit
ALU units (8,000 gates in total), and an experimental dc power-supply current
(Ipp) and dc n-well current (Ip) for pMOSTs on the chip. The solid lines are
for calculations. The same forward bias (V) is simultaneously applied to both
n- and p-wells with a fixed Vj, = 1.2 V. The currents increase exponentially
with temperature due to the parasitic bipolar transistors. A large drain current is
not acceptable for handheld equipment, and a large well current burdens on-chip
substrate (i.e. well) generators with excessive pumping currents. For example,
for a given well current of 10 wA, the bias must be reduced to 0.4V at 100°C.
For a drain current I, < 10pA, it must be as shallow as around 0.1 V at 100°C,
as suggested by an extrapolation of the data in the figure. This implies a strong
need for compensations for temperature variations.

1.4. Basics of CMOS Digital Circuits

The key issues of LSIs are low power, high speed, ease of design, and a
wide voltage margin. Low power, especially for inactive circuits, is crucial
for larger-scale integration. This is because almost all circuits in CMOS LSIs
are inactive, while only a limited number of circuits are active, thus calling
for an extremely low power for inactive circuits. CMOS circuits just meet the
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requirement. Without CMOS circuits, no LSI chip could have been designed
successfully, due to the ever-increasing power with large-scale integration. In
this section, basic circuits such as a CMOS inverter and NOR/NAND gates are
described. Special circuits, which are between digital and analog circuits, such
as a cross-coupled CMOS sense amplifier, level shifter, charge pump, and ring
oscillator are also discussed.

1.4.1. CMOS Inverter

Figure 1.19 shows a basic CMOS inverter and its schematic operations [1]. An
nMOST discharges the load capacitance quickly and completely, while it charges
up slowly, entailing a reduction in V,. On the other hand, a pMOS charges up
quickly without a reduction in V,, while it discharges slowly, which does entail
a reduction in V,. The CMOS circuit combines the advantages of the two kinds
of MOST, enabling the fast charging up by a pMOST and fast discharging by an
nMOST, with a full swing of V,,,. It features extremely low power (relative to an
all nMOST design, for example), since only one of the two devices is conductive,
depending on the input voltage, without any floating or boosted node. The simple
circuit configuration has another advantage of having no substrate bias effects,
because the MOSTs’ source-substrate voltages are always fixed. However, the
low-power advantage of CMOS circuits is diminished in the ultra-low voltage
nano-scale era, where V,,, and thus V, are lowered and subthreshold currents
rapidly increase. The threshold of the circuit (V) [1], at which the output is in
a critical condition at a high or low level, is expressed as

Vie= (Voo = Vil + Vir/Br) / (14V/Bx): (1.17)
BR = Bn/ﬁp’ Bn = (Wn/Ln)/*LnCOX’ Bp = (Wp/Lp)/‘LpCOX

where 8, and B, are the conductance of nMOST and pMOST, as shown in (1.4).
Vic = Vpp/2 for Br =1 and |V,,| = V,,. V;c becomes lower with a larger V,
while it becomes higher with a larger V,,,.
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R Vi D IN DD Vi N DD
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G
D) Your Viv 0 l 0 Vin
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FIGURE 1.19. The CMOS inverter [1].
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1.4.2. NOR and NAND Gates

Figure 1.20 shows static and dynamic NOR and NAND gates. The static gates (a, b)
are fast due to no additional clock despite a large area, while the dynamic gates (c, d)
are small despite a slow cycle due to the need for a precharge clock ¢p. In addition,
in general, a static gate is suitable for low voltage operations more than a dynamic
gate because it does not ever have a floating node. In particular, the operation of the
dynamic NOR gate(c) is quite sensitive to V,. When all inputs are at a low level, the
precharged floating-high level at the output tends to be discharged by subthreshold
currents from many OR’d nMOSTs if V, is low, requiring a level keeper (e) [14].
A dynamic NAND gate is relatively immune to subthreshold current due to the
stacking effects discussed in Chapter 4. Due to the low power advantage, the NAND
gate has been used for address decoders in CMOS memories [1] instead of NOR
gates, which were commom in the nMOS era. Discharging of only one of many
decoder outputs is responsible for the low power.

1.4.3. Cross-Coupled CMOS Sense Amplifier

The CMOS sense amplifier shown in Fig. 1.21(a) [1] has been used exclusively in
modern CMOS DRAMs because of its simple circuit configuration and thus small

VDD VDD

out

_|
out a _|
_|
(a) (b)

Vpp level keeper

0po—] b |
out D —[>°—

aj°_| 0—|§: :(ono 0—| 0
(e)

© (d)

FIGURE 1.20. Static NOR (a) and NAND (b) inverters, dynamic NOR (c¢) and NAND
(d) inverters, and dynamic NOR with level keeper (e).
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FIGURE 1.21. Operations of CMOS sense amplifier (a), nMOS sense amplifier (b), and
pMOS sense amplifier (c). V,, and V,, are threshold voltages of nMOST and pMOST,
respectively.

size, low power, and suitability for sensing and rewrite (restoring) operation. It
consists of cascaded nMOS and pMOS cross-coupled circuits, each of which
works as a sense amplifier. A small signal voltage (vg) developed on a pair of
data lines (DL, DL) at a floating V,,,/2 is amplified to a full V,, by the sense
amplifier. The amplified voltage is utilized as the rewrite voltage to the DRAM
cell. The amplification to V,,, results from successive activations of the nMOS
amplifier and the pMOS amplifier. Note that a simultaneous activation may cause
an increased dc current and an unreliable amplification caused by both offset
voltages of the nMOST and pMOS sense amplifiers. The operation becomes more
comprehensive if each circuit is explained separately. For example, the nMOS
amplifier (Fig. 1.21(b)) amplifies the small signal vg to V},,,/2 by activating SNL,
as a result of discharging one data line (DL) to ground with turned-on MOST
M,, and holding another data line (DL) at V,,,,/2 with turned-off MOST M,. To
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be more precise, the resultant amplified signal voltage is smaller than V,,/2 if
V, is low, because M, continues to slightly turn on and to gradually discharge the
data line (DL) that should remain floating until DL reaches the nMOST’s V,(V,,).
Similarly the nMOS amplifier, the pMOS amplifier (Fig. 1.21(c)) amplifies the
signal voltage to almost Vj,/2 by activating SPL, as a result of charging up
one data line (DL) to V,,,, and holding another data line (DL) at V,,,/2. Thus, a
combination of both amplifiers results in a full-V,,, amplification, as shown in
Fig. 1.21(a).

1.4.4. Level Shifter

A level shifter circuit has been indispensable for low-voltage LSIs in which many
internal supply voltages are used. Figure 1.22 shows a typical level shifter [1]
to shift from a low-level (V,p) pulse to a high-level (V, or V) pulse. Since
either of the cross-coupled pMOSTs may be turned on, depending on the input,
there is no ratioed operation with an nMOST. V), (or Vpp) is generated by the
charge pump.

1.4.5. Charge Pump

Quasi-dc power supply voltages generated by voltage up-converters are indis-
pensable in low-voltage LSIs that need high-speed, well-controlled raised pulses,
as discussed later. The basic idea for the power-supply generation is to use a
charge pump with MOS capacitors. Figure 1.23 shows the concept of the charge
pump [1]. Nodes N, and N, are charged to V,, —V, in the quiescent state.
The application of a pulse to P increases N, to (1+a) V,, —V, where « is
the boost ratio, which is determined by C, and the N, parasitic capacitance.
Thus, M, is turned on and N is charged up. This implies that part of the charge

T Vor (>Vpp)

out

R

{g‘;nu

FIGURE 1.22. A level shifter [1].
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FIGURE 1.23. The charge pump [1].

(i.e. CpVpp) injected to N, by Cp is transferred to N,. However, the charging
stops when the voltage difference between N, and N, reaches V,. The resultant
voltage change & at N, is small because, usually, C, > C,. When the pulse is
turned off, N, instantaneously drops to below V,, — V,, and then it is charged
up again to V,, —V, by M,. In this manner, successive pulse applications to P
allow N, to continue to be charged and to develop a higher voltage. When N,
reaches (1+«) V,p —2V,, however, N, stops being charged, thereafter enabling
to hold a stable raised voltage on C;. If there is a pulse load current at C,, the
increased voltage would be degraded. In this case, M, would again continue to
charge up C, until the resultant voltage reached a stable level. The stable level
is 7.5V for V,, =5V, V,=0.5V, and « = 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.

1.4.6. Ring Oscillator

Figure 1.24 shows a ring oscillator consisting of a odd number of inverter
stages [1]. It is used for charge-pumping in a voltage up-converter and in
substrate-bias generators. In addition, it is indispensable in the control of the
DRAM refresh time, via ps-ms interval pulses that are generated with the help
of counters. The oscillation frequency fosc [1] is given by [(2n+ 1) (¢, +1,)]7",
where 2n+ 1 is the number of inverter stages, and 7, and ¢, are the delay times
of each inverter for a high-input and low-input pulse, respectively.

1.5. Basics of CMOS Analog Circuit

1.5.1. Analog Circuits compared with Digital Circuits

Analog circuits deal with continuous signals, while digital circuits deal with a
finite set of signals, such as two voltages representing only “1” and “0”. An
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FIGURE 1.24. A ring oscillator [1].

inverter, which is a typical digital circuit, can also be used as an analog circuit
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(amplifier). Figure 1.25 shows a schematic diagram of an inverter composed
of an nMOST driver and an nMOST load, and its input-output characteristics.
The transition region B is mainly used in the analog circuit, while the saturation
regions (note that this is not the same saturation region as for a single MOST)
shown by A and C are used in the digital circuit. A positive DC voltage (bias
voltage) Vy,,s is applied to the gate of My, to use the inverter as an amplifier.

Vop  Vop Vour o B C

Transition

Saturation )
region
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Saturation region

M, G 3
Slope: - ’TD =—JBg
B

VDD - Vr

Vour A
v, Vour
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Vbias -
l Vbias \\>
T Vin
Vi Vsie

(@ (b)

FIGURE 1.25. Inverter circuit used as an amplifier; schematic diagram (a), and transfer

curve (b).
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The operating point is thereby moved to the center of the transition region.
If a small input signal Vj,; is superimposed on the bias voltage, the signal is
amplified by the slope of the transition region (—\/B_R) and appears at the output
terminal, as shown later. It is convenient to use an equivalent circuit for the
analysis of an analog circuit [38]. In this section, equivalent circuits and the
analysis of basic analog circuits using them are described.

1.5.2. Equivalent Circuits

Large-signal and small-signal equivalent circuits are used for the analysis of
analog circuits. The former is a model for large analog signals and is mainly
used for DC and transient characteristics. These equations are complex and often
incomprehensible, because the model must deal with wide-range voltage/current
conditions. On the other hand, the small-signal equivalent circuit deals with only
small signals, allowing the equations to be simple (linear) and more comprehen-
sible. This is used for the analysis of AC characteristics, such as loop stability
and PSRR (Power Supply Rejection Ratio). The analysis of basic circuits using
both equivalent circuits is shown here. The analysis of more complex circuits
will be described in Section 7.2.

Large-Signal Equivalent Circuit

The large-signal model of an nMOST shown in Fig. 1.26 is composed
of a voltage-controlled current source, resistors, capacitors and diodes.
Figure 1.26(a) is a complete model including parasitic capacitances and resis-
tances. Cgg, Cip, Cgp, Cpp, and Cgg are gate-source, gate-drain, gate-substrate,
substrate-drain, and substrate-source capacitances, respectively. Note that Cp,
and Cyg are added to the MOS-capacitor model shown in Fig. 1.8. Moreover,
r, and r, are the drain electrode resistance and the source electrode resistance,
respectively. Two diodes represent junctions between the drain diffusion layer
and the substrate, and between the source diffusion layer and the substrate. This

G
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S o—W\— Go—— Ip  |Vps
(source) \
Ves
S

(bulk)
(@ (b)

FIGURE 1.26. Large-signal model of nMOST; complete model (a), and simplified model (b).
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model is mainly used for transient analysis. On the other hand, Fig. 1.26(b)
shows a simplified model omitting the above-described parasitic elements. This
model is used for DC analysis. The value I, of the voltage-controlled current
source is expressed by Eq. (1.1) or (1.3), as described in Section 1.2.

Let us replace the MOSTs of the circuit in Fig. 1.25 with the large signal
model, and derive the relation between Vg,; and V,, in region B. Since all
MOSTSs operate in the saturation region, we have

VOUT = (VDD - Vz) - \/B—R(VBIAS - Vz) - \/B—RVSIG' (1-18)

Thus, it is found that V;; is —/By times V.

Small-Signal Equivalent Circuit

Figure 1.27 shows the small-signal model of an nMOST. Figure 1.27(a) is a
complete model including parasitic elements, and Fig. 1.27(b) shows a simplified
model omitting them. Here, g,, and g, are the equivalent values of the conduc-
tance for the substrate-to-drain and substrate-to-source junctions, respectively.
Since these junctions are normally reverse biased, the values are very small.
The former is used for frequency-domain analysis, while the latter is used
for DC or low-frequency analysis. The model includes only the small incre-
mental portions of voltages or currents, which are obtained by differentiating the
equations for the large-signal equivalent circuit at the operating point. Differen-
tiating Eq. (1.3) for the saturation region of a MOST results in the following
equation:

dl,,

=BVos— V). (1.19)
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FIGURE 1.27. Small-signal model of MOST; complete model (a), and simplified model (b).
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Here, substituting the equation obtained from Eq. (1.3), V54—V, = /21,8, into
Eq. (1.19) results in the following equation:
dly
dVss

=2I,B=g,. (1.20)

It means that the increment of the drain current, i,, is proportional to the
increment of gate-source voltage, v,,. The proportionality constant g, is called
transconductance and is an important parameter for small-signal analysis. The
drain current is expressed by the voltage-controlled current source g,,v,, in the
model. There is another voltage-controlled current source g, vy in this figure.
This is the change of the drain current by the change of the substrate-source
voltage. This is introduced by the change of V, in Eq. (1.5). However, this is
often disregarded because it is smaller than g, v, in usual usage. Moreover,
there is a conductance element g,, in parallel with the voltage controlled current
source. This is due to the channel-length modulation parameter A\, which is
explained in Fig. 1.28. The drain current of a MOST increases with the drain-
source voltage even if the gate-sources voltage is constant as described in
Section 1.2 (Fig. 1.6 and Eq. (1.10)). This effect can be expressed by inserting
a conductance g,, between drain and source in the small signal model. This is
derived as follows. Differentiating Eq. (1.10) by V¢ results in the following
equation:
dl, B IpA

=" (Vo= V)Y A= —L2" =5 x[ A\ 1.21
dVys 2( GS t) 1+ AV, 8as D ( )

This is called a drain conductance. It is found from the above equation that g,
is a nonlinear conductance dependent on I,,. However, g,, can be assumed as
linear because I, is constant as long as only small signals are considered. The
value of g, is generally about 107> — 107*S (Siemens) at L = 1 wm and I, =
I mA. This value is very small compared with 1072 —107*S of g,,. However,
it cannot be ignored in the analysis of high gain amplifier circuits, as described
later.

Let us analyze the circuit in Fig. 1.25 using the small-signal model of MOSTs.
Redrawing the circuit in Fig. 1.25 using this model yields Fig. 1.29. Note that
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Vesi
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N

FIGURE 1.28. Drain conductance and coefficient of channel length modulation effect A.
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FIGURE 1.29. Small-signal equivalent circuit of inverter.

Vpp line is changed to a ground line. This is because a constant voltage source is
equivalent to zero volts as long as only the incremental portions are considered.
Deriving the relation between vg,; and v, from this equivalent circuit ignoring
the drain conductance results in the following equations:

8t (=Vour) = &upVsic (1.22)
.UOUT:_gn_lD:_ &:_ /_B (1.23)
" Usig 8mL B .

This is the same as the result from Eq. (1.18). Thus, it turns out that the small
signal equivalent circuit simplifies the analysis, as far as the voltage gain is
concerned.

1.5.3. Basic Analog Circuits

The following basic analog circuits are extensively used in various voltage
converters discussed in Chapters 6 and 7. This subsection describes the basics
characteristics using the MOS models.

(1) Current Mirror Circuit

The current mirror circuit in Fig. 1.30 generates a constant current /,,;,; propor-
tional to the reference current Izr. This circuit exploits the fact that the drain
current of a MOST in the saturation region is almost constant independent of
the drain-source voltage. The currents /., and I, are given as
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FiGure 1.30. Current-mirror circuit.
1 2
Tppr = 551 (VG - Vz) ’ (1-24)
1
loyr = 532 (VG - ‘/t)z > (1 ~25)

where V; is the voltage of the common gates of M, and M,. From these equations

B
Toyr = B_leEF (1~26)
1

is obtained. Thus, I, is the product of the S ratio of M, and M, and Iz.
(2) Common-source Amplifier

Figure 1.31(a) shows a common-source amplifier composed of a driver
nMOST and a constant-current load. Redrawing this circuit using the small-
signal model in Fig. 1.27(b) results in Fig. 1.31(b). It should be noted that the
current source I, is not included in the equivalent circuit. This is because the
impedance of a current source is infinity and no signal current flows through
it. The relation between the input and output voltages of this circuit is obtained
from the equivalent circuit as follows:

8mVin + Vour8as = O’ (127)
W Vour = _&viw (128)
gdx

Thus, the voltage gain of this circuit is g,,/g,,-
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FIGURE 1.31. Common-source amplifier; circuit diagram (a), and small-signal equivalent
circuit (b).

(3) Differential Amplifier

The differential amplifier in Fig. 1.32(a) receives two input signals V,, and
V,x, and amplifies their difference. The circuit is composed of a pair of input
nMOSTs M, and M,, a current-mirror load composed of M; and M,, and a
current source Ig. The total current that flows through M, and M, is kept
constant by the current source. Thus, if the current of one MOST increases, the
current of the other decreases. If V,, rises and V,,, is constant, the current of
M, increases and the current of M, decreases. On the other hand, the current
of M, increases because M; and M, compose a current mirror. Therefore, the
voltage of the output node is raised due to a current difference between M, and
M,. Let us investigate the characteristics described above in more detail using
the equivalent circuit in Fig. 1.32(b). First, equations based on KCL (Kirchhoff’s
current law) are set up at the nodes of v,, v,,,, and v, as follows.

out?

— 8md (Uinl - Uc) — 8dsd (vl - Uc) - (gmlvl +gdslvl) = 0’ (129)
= 8ma Wiz = Ve) = 8asa Wour — Ve) — (&1 + &av2) =0, (1.30)
8md (vinl - Ur) + 8md (Umz - vc) +gdsd (Ul - vc) + 8dsa (vom - Uc) =0. (1 31)

Solving these equations for v,,, results in the following equations:

out

Emd8m
vout = # [2 (ga'sd +gmd) (vinl - vin2)] ’ (132)
D = (8450 + &ma) {8asa8ast + 28m1 (asa + &ast)} - (1.33)

Here, g,, << g,; is assumed. From Eq. (1.32) the differential gain of this
amplifier is given as

A= Vout — 2gmdgml (gdsd +gmd)

Vin1 = Vina D

(1.34)
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FIGURE 1.32. Differential amplifier; circuit diagram (a), and small-signal equivalent circuit
(b), where g,,,; is the transconductance of M, and M,, g, is that of M; and M,, g, i8
the drain conductance of M, and M,, and g, is that of M; and M,.

Assuming g,.;, & >> 8Sasa> Sasi» this is approximated by

8Emd

A= —"—,
8asa + 8asi

(1.35)

1.6. Basics of Memory LSIs

Figure 1.33 shows trends in memory cell size for various memories [1] which
have been presented at major conferences. Both DRAM and SRAM cells have
been miniaturized at a pace of about one-fiftieth per 10 years. Recently, however,
a saturation has occurred due to the ever-more difficult process for device
miniaturization. Flash memory has caught up with DRAM. Figure 1.34 shows
trends in the memory capacity of VLSI memories at the research and development
level [1]. DRAM has quadrupled its memory capacity every two and a half-
years, although it has quadrupled every three years at the production level. As
a result, standard (commodity or stand-alone) DRAMs have reached 4 Gb [15],
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FIGURE 1.33. Trends in the memory-cell size of VLSI memories.

and 512Mb to 2Gb at the volume-production level. In the early days, the
development of SRAMs was focused on low-power applications, especially with
very low standby and data-retention power, while increasing memory capacity
with high-density technology. After that, however, more emphasis had been
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FIGURE 1.34. Trends in the memory capacity of VLSI memories.
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placed on high speed rather than large memory capacity, primarily led by cache
applications in high-speed MPUs. Most recently, the memory capacity started
to increase again, reaching a 200-Mb cache [16]. Even a 256-Mb stand-alone
SRAM [17] using thin film transistors has been presented. The memory capacity
of flash memory has reached the 8-Gb level [18, 19] by using the two bits per
cell scheme. The market for flash memories has expanded now with 4-Gb chips.
They have become the key device for portable mass data storage applications
such as digital still cameras, cellular phones, handheld devices, USB memories,
and portable audio and video players, because of their exceptional feature of
non-volatility, low bit cost with inherently small cell structures, large memory
capacity, and high data throughput.

This section describes basics of memories in terms of the memory chip archi-
tecture and memory cells, exemplified by DRAMs, SRAMs, and flash memories.

1.6.1. Memory Chip Architectures

Figure 1.35 shows a typical memory chip architecture [1]. The chip is comprised
of a memory cell array and peripheral circuits. Peripheral circuits include
decoders and drivers for rows and columns, data-control circuits including ampli-
fiers, I/O circuits, control logic circuits to control all blocks, and on-chip voltage
converters. Here, the converters bridge the supply-voltage gap between the
memory cell array and peripheral circuits and realize a single power-supply
scheme. Due to its matrix architecture, the chip features iterative circuit blocks,
which govern the chip size, such as the cell array itself and the decoder blocks
and relevant driver blocks. Memory chip performance, as represented by access
and cycle times for RAMs or access, programming, and erase times for flash
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FIGURE 1.35. Architecture of a memory chip [1, 3].
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memories, is mostly determined by the memory array and its relevant circuits. For
example, low signal-to-noise-ratio (S/N) memory cells, the complicated timing
sequences necessitated by memory-cell operations, and the small current-driving
capabilities of the memory array circuits all degrade chip performances. The
memory cell array is especially problematic in terms of performance and stable
operations of the whole chip.

The memory array is usually large. For example, for stand-alone SRAMs, the
array occupies 60-70% of the total area of the chip, for high-end embedded
SRAMs it occupies about 50%, and for stand-alone DRAMs it is usually
55-70%, but for high-performance DRAM and protocol-intensive DRAMs such
as Rambus it is lower. Thus, the word and data lines are heavily capacitive.
In addition, they are resistive because those in high-density memory cells are
formed using refractory metals such as poly-Si, which are suitable for self-
aligned processing and fine patterning despite being resistive materials. Thus, the
memory array inevitably suffers from large RC line delays. To reduce the delays,
the multi-division of a memory array with full usage of multilevel metal wiring,
and small-signal transmissions on the lines are often used [1]. Large matrix-
structured memory arrays also generate various kinds of capacitive coupling
noises [1], destabilizing the operations of memory cells. This calls for a high-S/N
memory cell design. The overwhelming number of memory cells and/or decoders
and drivers of the memory array also determines the subthreshold current of the
whole chip, as discussed in Chapter 4.

1.6.2. Memory Cells

Memories can be categorized as volatile memories such as DRAMs and SRAMs,
and non-volatile memories such as flash memories. Figure 1.36 compares the cell
circuits and operating voltages with an assumption of a single external supply
voltage of 1.8 V. Obviously, DRAM and flash memory cells need many internal
voltages. The one-transistor one-capacitor (1-T) DRAM cell (a) consisting of
a MOST (M,) that works as a switch, and a capacitor for storing charge.
For example, the absence of charge (electrons for nMOST) at the capacitor
corresponds to “1”, while the existence of charge corresponds to “0”. In other
words, for the voltage expression, a high stored 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 high enough voltage to the word line (WL) to eliminate the V, drop.
The read operation is performed by turning on the switch. A resultant signal
voltage developed on the floating data line, depending on the stored data at the
capacitor, is detected by a sense amplifier on the data line. In principle, the cell
holds the data without power consumption. Actually, however, leakage currents
in the storage node degrade an initial high stored voltage, finally causing the
loss of information. The loss can be avoided by a “refresh” operation: The cell
is read before the stored voltage has become excessively decayed, and then it
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FIGURE 1.36. Memory cell operations of DRAM cell (a), SRAM cell (b), and NAND
flash memory cell (c). A single external supply of 1.8V is assumed.

is rewritten by utilizing the resultant read information, so that the voltage is
restored to its initial value. A succession of the read-rewrite operation at a given
time interval retains the data. The 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.

The six-transistor (6-T) SRAM cell consists of a flip-flop circuit (M,-M,)
that is constructed between a power supply voltage (V) and the ground (Vy),
and two switching MOSTs (M5, My). Data is communicated between a pair
of data lines, DL and DL, and the flip-flop by turning on Ms and M, with
an activating word line (WL). The write operation is performed by applying a
differential voltage between a high voltage (H) and a low voltage (L) to a pair of
data lines and thus to the storage nodes, N, and N,. For example, “1” is written
for a polarity of H at DL (N;) and L at DL (N,) while “0” is written for an
opposite polarity of L at DL and H at DL. The read operation is performed by



1.7. Basics of DRAMs 37

detecting the polarity of a differential signal voltage developed on the data lines.
No refresh operation is needed, because leakage currents at N; and N,, if any,
are compensated for by a static current from the power supply as long as V,, is
supplied. Thus it allows ease of use, although need for many MOSTs in a cell
increases the memory cell size to more than four times that of DRAM.

A typical flash memory cell consists of one transistor. The operation is based
on the floating-gate (FG) concept, in which the threshold voltage of the 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.
Unlike RAMs, a flash 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). After that, cells can be “written” into
either state “1” or “0” by programming method, which is achieved by either
injecting electrons to the floating gate or not doing so. For example, “0” is
written when electrons are injected, while “1” is written when electrons are
not injected (i.e., the erased state), resulting in the two threshold voltages. For
NAND cell, the read operation is performed by turning off the selected word
line, as explained later. For “0”, the transistor is kept off because electrons at the
floating gate prevent the MOST from turning on. For “1”, however, the MOST
turns on. Thus, a sense amplifier 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 by pure
insulators. Data retention is ensured even when the power supply is off, thus
realizing a non-volatile cell.

Memories can also be categorized as destructive read-out (DRO) memories
such as DRAMs, and the non-destructive read-out (NDRO) memories such as
SRAMs and flash memories. The DRO memory cell needs successive read and
rewrite (or restoring) operations to retain the data, causing a slow cycle time.
Since such operations are needed for each cell along the selected word line, a
detector (i.e., sense amplifier) and rewrite circuit must be placed on each pair of
data lines. Thus, the circuits must be small enough to meet a small data-line pitch.
Fortunately, for DRAMs, a simple cross-coupled CMOS circuit enables such
functions with negligible power dissipation. If coupled with a half-V,,, sensing,
no dummy cell is required to generate the reference level [1]. In contrast, in the
NDRO memory, only one detector for the whole array is sufficient, accepting
a larger detector. In general, the NDRO favors current sensing, while the DRO
favors voltage sensing. The current sensing needs more area and more difficult
circuit techniques than voltage sensing. Generation of an accurate reference level
is also more difficult.

1.7. Basics of DRAMs

Figure 1.37 shows a conceptual 1-T cell array of n rows by m columns. Plural
memory cells, a precharge circuit and equalizer (PC) and a cross-coupled CMOS
sense amplifier (SA) are connected to each pair of data lines (DLs) which
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FIGURE 1.37. A conceptual DRAM array (a), and an actual data-line configuration (b).
Reproduced from [1] with permission of Springer.

communicates with a pair of common data input/output lines (I/O and 1/0)
through a column switch (YL). The 1-T cell operation consists of read, write
and refresh operations, as described previously. All operations entail common
sub-operations: precharging (i.e. initializing) all pairs of data lines to a floating
voltage of a half-V),,, by turning off the precharge circuit and equalizer, and then
activating a selected word line. A memory cell has a capacitance Cy, and each
data line (or bit line) has a parasitic capacitance C,.

1.7.1. Read Operation

A stored data voltage, V,,, (“17) or 0V (“0”), at the cell node (N) of each cell
along the word line is read out on the corresponding data line, as shown in
Fig. 1.38. The available signal voltage component in the cell for “1” and “0”
is V,p/2 for the reference voltage of V,,,/2. As a result of charge sharing, the
signal voltage (+vy) developed on the floating data line (for example, DL) is
expressed by

C \%
Ug (: USmax) = - DD = Q_S . (] 36)
Co+Cs 2 CptCs
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FiGURE 1.38. The read operation [1].

Here the amplitude of the word-line voltage for the read operation is sufficiently
boosted, which is usually the same as that for the write operation. Otherwise
the high signal voltage (+vy) is degraded because the signal voltage component
(Vpp/2) at the cell node is not completely transferred to the data line. We
call it a full read operation, which is carried out by “word-boosting or word-
bootstrapping” (word-line voltage Vy, > V,,;,+ V,) so that the V, drop at the cell
is eliminated. Here, V, denotes the lowest necessary V, at the source-follower
mode, as explained previously (Fig. 1.5(a) and Eq. (1.7)) or in Chapter 2 (V,zy
in Fig. 2.10). Unfortunately, vy is inherently small (100-200 mV) because C),
is much larger than Cg. A small Cg and a large C;, come from the needs for a
small cell size and for connecting a large number of cells to a data line, respec-
tively. Hence the original large signal component (V,,,/2, usually s0.6-2.5V)
at the storage-node collapses to vg. Thus, the 1-T DRAM cell features the
destructive readout (DRO) characteristics, necessitating a successive amplifi-
cation and restoration for each of the cells along the word line, as discussed
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previously. This is performed by a cross-coupled (latch-type) differential CMOS
sense amplifier on each data line, with the other data line (DL) as a reference.
Then, one of the amplified signals is outputted as a differential voltage to the
I/O lines by activating a selected column line, YL.

1.7.2. Write Operation

The write operation (Fig. 1.39) is always accompanied by a preceding read
operation. After almost completing the above amplification, a set of differential
data-in voltages of V,,, and OV is inputted from the I/O lines to the selected
pair of data lines. Hence, the old cell data is replaced by the new data. Note that
the above amplification/restoration operation is done simultaneously for each of
the remaining cells on the selected word line to avoid loss of information.

[17]

[“071

Vipp/2
SN, sp—22
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yL—2 _

[0"] 10,170 — VoD 1o

0 1/0

FIGURE 1.39. The write operation for low-voltage (“0”) binary information [1].
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1.7.3. Refresh Operation

The initial high stored voltage, V,,,,, decays during a data retention period due to
charge losses by leakage currents, or a -particle or cosmic-ray neutron irradia-
tions. The resultant degraded voltage must be restored by a refresh operation that
is almost the same as 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 the cells retain the data for at least 74z, Here
rEFmax 15 the maximum refresh time for the cell, which is guaranteed in catalog
specifications, and is exemplified by fzgp,.. = 64 ms for a 64-Mb chip. Thus,
each cell is periodically refreshed at intervals of #zzf,,,,. Obviously, although
the read signal voltage is maximum (v,,,,,) just after the write operation, that is,
v given by (1.36), it becomes minimum just before the refresh operation, which
is expressed as

0, +0Qc

Ve . = — . 1.37
S min Us max CD+C5 ( )

For a successful refresh operation, vy,,;, must be larger than the data-line noise,
vy, that is caused by capacitive couplings to the data line from other conductors,
the electrical imbalance between a pair of data lines, and amplifier offset voltage,
as discussed in Chapter 2. Thus, vy,;, > vy. The formula can be changed with
the charge expression as

Os> 0+ Q0c+ Q. (1.38)

Here, Q; is signal charge (= Cg V) /2), Q, is leakage charge that is the product
of cell leakage current, i;, and fggg,,..» and Q. is the maximum charge collected
at the cell node by a -particle or cosmic-ray neutron irradiations. Q, is data-
line noise charge (= vy (Cp+ Cy)). To cope with cell miniaturization and V,,
reduction, vg,,;, must be increased. Consequently, increasing v, by maintaining
Qg and reducing C,, is essential. Reducing Q,, O, and v, are also crucial.
In other words, design and technology must be developed so that the charge
relationship in Eq. (1.38) is always maintained through high S/N techniques
aiming at a larger Q¢ and smaller effective noise-charges (Q;, Qr, Qy)-

There are two kinds of refreshing schemes, the distributed refresh and the
lumped (or burst) refresh, when each cell in a memory array configuration
with n rows by m columns shown in Fig. 1.37 is refreshed at the interval of
trEFmax- 1he distributed refresh, as shown in Fig. 1.40, is more popular, which
distributes the n refresh operations uniformly within #gg,,.., €nabling a refresh
time interval of fzgp,.../1- Thus, for example, the interval is 16 ws for n = 4096
and ggp,. = 04 ms, interrupting random operations with one refresh cycle every
16 ws. Hence,

REFmax = Nlgc/Ms

n= ntRC/tREFmax’ (139)
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FIGURE 1.40. The refresh operation. t,,;,» minimum cycle.

where n is the refresh cycle, #;. is the memory cycle time, and 7 is the refresh
busy rate that expresses the percentage of the time for which data is not accessible
from outside the chip. The lumped refresh repeats the n-word-line selections
at the fastest cycle (fz-). During a resulting period of nfg., the chip cannot
accept any random operation from outside. Instead, during the remaining period,
trermax—T1ge» it can accept any operation without needing to be paused for a
refresh operation.

1.8. Basics of SRAMs

Figure 1.41 shows an SRAM array using the 6-T cell that consists of transfer
MOSTs, My and Mg, driver MOSTs, M, and M,, and load MOSTs, M; and M,.
The 6-T cell has offered a wide voltage margin and noise immunity and ease
of fabrication with a process compatible with CMOS logic in MPUs (micropro-
cessors). Although a cache SRAM does not need a density as high as that of a
DRAM, the memory cell size is still a prime concern to reduce the fabrication
cost, especially for MPUs that have a denser on-chip cache.

1.8.1. Read Operation

It starts with activation of a selected word line after equalizing all pairs of data
lines to V,,,, as shown in Fig. 1.42. Each cell along the selected word line
develops a small signal voltage, vy, on one of data lines, depending on the stored
cell information. For example, for “1”, where cell node (N,) is at a low voltage
and cell node (N,) is at a high voltage, a cell read current that results from
turning on the transfer MOST (Ms) and driver MOST (M, ) discharges the data
line (DL). If the data-line load (Z) is a static circuit (e.g., gate-drain connected
nMOS circuit), the current develops a small static signal voltage on the data
line DL, as a result of a ratio of My, M, and Z. If it is a dynamic circuit
(e.g., pMOST circuit controlled by the precharge pulse P) that only precharges
the data lines during standby periods, as in DRAMs (Fig. 1.37), the current
continues to discharge the DL. In practice, the word pulse is turned off once the
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FIGURE 1.41. A conceptual SRAM array (a) and an actual data-line configuration (b).
Reproduced from [1] with permission of Springer.

signal is detected by a highly sensitive amplifier on the I/O line, so excessive
DL discharging is prohibited and thus a low DL charging power and a fast
cycle time are achieved. Note that N, is raised due to ratioed operation while
activating the WL. Another data line (DL) remains at the equalized voltage with
cutting off both M, and My, as long as the raised N, voltage is smaller than
the V, of M,. A read data from the selected pair of data lines is transferred
to a pair of I/O lines by turning on the column switch selected by a column
line (YL) activation. The polarity of the differential signal voltage is detected
and amplified by a sense amplifier on a pair of I/O lines, so as to be outputted
as the data output (D,,) from the chip. For “0” stored information, the same
operation is carried out, except that the opposite voltage polarity is applied.
Here, to ensure NDRO characteristics the M5 conductance is set to be about 1.5
times smaller than the M, conductance. Thus, the cell read current is almost
equal to the constant saturation current of M. NDRO characteristics allow a
sense amplifier on each pair of data lines to be eliminated. A possibly degraded
voltage difference between two nodes (N, N,) that is developed during the read
operation, finally recovers to a full V,,,, after the word-line voltage is turned off,
with the help of the cell feedback loop.
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1.8.2. Write Operation

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. 1.43. To quickly transfer the full differential
voltage to the data line and then to the cell nodes (N;, N,), each column
switch is composed of parallel-connected nMOST and pMOST. An nMOST can
fully discharge the data line with its high gate voltage, while a pMOST 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 information. Note that each of the remaining cells on the selected word
line continues to develop a signal voltage on the corresponding data line, in the
same manner as in the read operation.
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1.9. Basics of Flash Memories

1.9.1. The Basic Operation of Flash Memory Cells

The operations of flash memory cells [21] 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 either
state “1” or “0” by either “programming” or “erasing” method. One of the
two states is called “programmed,” the other “erased”. In some kinds of cells,
the low-threshold state is called “programmed”; in others, it is called “erased”.
Although this may induce 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. 1.44 helps in understanding the electrical
behavior of the flash memory cell. Consider the case when the charge, Qg;, is



46 An Introduction to LSI Design

| CONTROL GATE (CG)

L
[

| FLOATING GATE (FG)

|

| |

C S CB CD
_I_

SOURCE DRAIN

SUBSTRATE

FIGURE 1.44. A schematic of the cross-section of a flash memory cell [1].

stored in the floating gate (FG). Then,

Or = Crc(Vig = Veg) + Cs(Vig — Vs)
+CD(VFG - VD) + CB(VFG - VB) (140)
where Vy; is the potential at the FG, V,; is the potential at the control gate

(CG), and Vi, Vp, and Vj are potentials at the source, drain, and bulk (substrate),
respectively. Hence, the potential at the FG due to capacitive coupling is given by

Or¢  Crc Cy Cp Cy
Vie=—S 4 Xy + v+ Ly, + 2
e, T, e PG,

Cr = Cpe+ Cs+ Cp+ Cp.

Vg, (1.41)

If the source and bulk are both grounded, (1.41) can be rearranged as

Orc | Crc Cp
— 4+ ——YV, —Vps- 1.42
c, + c, €¢ + c, s (1.42)

Vi =
Here, we define V, (FG) as the threshold voltage of the FG transistor, the gate
of which is the FG. If V,; is lower than V, (FG) the FG transistor turns off,
while if it is higher than V, (FG) it starts to turn on. Consider another transistor
(i.e. CG transistor) with the same source and drain, the gate of which is the CG.
Obviously, the CG transistor also starts to turn on when Vy; =V, (FG). This
point is just the threshold voltage, V, (CG), of the CG transistor. Thus, V, (CG)
is derived from (1.42) with V,; =V, (FG) and V; =V, (CG), as follows:

C C
V,(CG) = C—TV; (FG) — Oro _ Ly, (1.43)

FC FC CFC
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Therefore, V, (CG) which is the memory-cell threshold voltage, depends on Q.
The V, (CG) shift, AV,, is thus given by

AQug

AV, =
Crc

(1.44)
where AQy; is the change in Qp;. This equation shows that the role of 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 V.; ~ 5V and Vg ~ 1V), the presence of charge
greatly affects the current level used to sense the cell state. Figure 1.45 shows
two curves: curve A represents the “0” state, while curve B is for the “1” state
with a V,(CG) shift. The current is approximately 100 pA for “0” while it is O for
“1”, when V. is chosen to be an appropriate voltage between the two threshold
voltages. It is indispensable for the normally-off transistor to start to turn on
only by the application of V,; 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:

Vi >1low V, (CG) > 0,
Ve < high V, (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 [22].
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FIGURE 1.45. The principle of the read operation of a Flash memory cell [1].
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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 generated
electrons are injected to the floating gate through the oxide by a transversal
electric field (between the channel and the control gate), while the generated
holes flow to the substrate as the substrate current. Figure 1.46 shows the
relationship between the gate current (/;) and the gate voltage (V) of an FG
transistor [1, 43]. The gate current starts to flow in accordance with the start of
the channel (source-drain) current flow when V is increased. It increases with
Vs because of the increase in the channel current. An excessive Vg for a fixed
Vs, however, decreases I; 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 12'V.

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

J = AE?exp(—B/E) (1.45)

where A and B are almost constant, and E is the electric field. Figure 1.47 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 I0MV cm ™.
Since the field is roughly the applied voltage divided by the oxide thickness, a
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FIGURE 1.46. The gate current caused by channel hot-election injection [1, 43].
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FIGURE 1.47. The Fowler-Nordheim tunneling current, as a function of the electric
field [1, 21].

reduction in the oxide thickness for a fixed applied voltage produces arapid increase
in the tunneling current. An optimum thickness, of about 10 nm with I0MV cm ™'
however, is chosen in present-day devices as the result of the trade-off between
performance constraints and reliability concerns. Thin oxides reduce the erasing
speed, but also increase power consumption and degrade the reliability of the oxide.
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 for device reliability at low fields,
either in the case of poor-quality tunnel oxides or when 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. Thus, tunneling requires a much lower oxide field than
10MV cm™'. The oxide defects, whose density increases with decreasing oxide
thickness, must be avoided to control the erasing and programming characteristics
and to ensure good reliability.

[l
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Many types of flash cells have used the above-described mechanisms. Some
of them differ in their charge-transfer mechanisms, their cell structures, and the
logical connections of their cells. Even multilevel schemes using these cells have
been proposed. Of the cells, the NOR cell and the NAND cell are explained
below in detail because they are popular.

1.9.2. The NOR Cell

The name of the cell is derived from the logical connection of the cells.
Figures 1.48 and 1.49 show the industry-standard one-transistor stacked-gate
flash memory cell [22] and its operation [1, 46]. 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 to achieve a lighter and deeper junction. Therefore, the source diffusion
is realized differently from the drain diffusion, which does not undergo such
high bias conditions. Oxide/nitride/oxide (ONO) interpoly dielectrics are used
to realize a high Cp.. The cell uses the FN tunneling current for erasing and the
hot-electron injection for programming (write).

The erase operation is performed by a combination of a 0-V control-gate
voltage and a high source-voltage, so that any electrons 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, 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. Note that 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 are programmed so that all
of the thresholds start at approximately at 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 a gate-oxide thickness variation.

Floating .
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INTERPOLY OX. —>
Word |
Line
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n
Source
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B Common
Source Line
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FIGURE 1.48. The NOR cell [1, 21]. (a) The layout of a typical double-polysilicon stacked
gate cell; (b) a schematic cross-section along line A-A’.
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FIGURE 1.49. The basic operation of the NOR cell [1]. (a) Erase; (b) write; (c) read.

Therefore, subsequently, the whole array/block is read to check whether or not all
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 range from 100ms to 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, “17)
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 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”), the floating gate remains at the previous
erasing state of having no electrons. Thus, after programming, the cell-threshold
voltage, V, (CG), becomes high or low. The shift in the threshold voltage, AV,
depends upon the width of the programming pulse. To have AV, =3—-3.5V, a
pulse width with typical values in the 1-10 s range must be applied. The read
operation is done by the application of 5V (V, = V) to the control gate and
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1V to the drain, as described before. An access time of 50-100ns 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 retention
characteristics is highlighted for flash memories. The following is an example
of programming disturbs [46]: there are two major disturbs when programming
the selected cell (e.g. cell A) in Fig. 1.49(b). One is due to the high voltage
(12V) applied to the control gates of the non-selected cells (e.g. cell 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 (e.g. cell 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
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 multiple power supplies internally, calling for on-chip
voltage converters. A voltage down-converter, which converts the high external
supply voltage to a low internal supply voltage, enables driving an internal
load with a large output current. On the other hand, a voltage up-converter, by
means of charge pumps, suffers from a small output current, as discussed in
Chapter 8. Thus, to achieve a single external supply, the current flowing into the
drain terminal at a voltage of 6 V that is generated by a pump circuit is limited
to a small avalanche-breakdown current by reducing the number of cells (for
example, 16 cells) that are written simultaneously. Thus, the drain voltage must
be generated from the external V,, (12V) through an on-chip voltage down-
converter. An on-chip voltage up-conversion from the external Vj,, (5V) to 6V
by using a charge pump fails to supply a high enough current. A read voltage
of 1V is also generated from V,,, using another voltage down-converter. Thus,
the cell needs two external power supplies, V,p and V.

A negative word-voltage erasing scheme [23, 43] allows even the NOR cell
to operate at a single external V,,,, as shown in Fig. 1.50. Here, there are minor
changes, caused by an advanced device, in the values of V,, and currents, from
those described so far. The scheme features a negative control-gate voltage and
a Vp, source voltage in the erase operation. The setting gives almost the same
tunneling current as that for the conventional setting shown in Fig. 1.49. The V,,,,
at the source can supply a large tunneling current of 5 mA, which is necessary
for a block erase. An on-chip negative voltage (—10V) generator from V),
which uses a charge pump, manages to drive its load despite the charge pump
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FIGURE 1.50. The negative word-line voltage scheme [1, 23, 43]. (a) Read, 60pA /cell;
(b) program, 0.5mA/cell (8 mA for 161/Os); (c) erase, 10nA/cell (5 mA for 64Kb block).

because of the purely capacitive CG load. Even for write and read operations,
single V,,, operation is realized: The external V), supplies a large enough hot-
electron current of 8 mA at the V,,,, 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.

1.9.3. 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 (8-32 transistors),
which constitutes a chain connected to the data line and to ground through two
selection transistors, as shown in Figs. 1.51 and 1.52 [20, 24, 47, 48]. This organi-
zation eliminates all contacts between word lines, which can be separated by their
minimum design rule, thus reducing the occupied area to 44%. Figure 1.52 shows
the cross section of an 8-bit elementary block for a NAND array with peripheral
circuits. The FN tunneling current is used for both erasing and programming.
The erase voltages are 20V to the n-substrate, the p-well2, and the drain (DL)
and source of the chain, and OV to all the control gates of the chain when the
selection transistors (Mg,, Mg,) are turned on. This biasing induces electron
tunneling toward p-well2 from the FGs, resulting in a low threshold voltage
for all of the cells. Note that a low 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 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 10V to all of the remaining control gates of non-selected cells,
with p-well2 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 such an electric field in
the oxide to induce electron injection from the channel into the FG, causing
a high threshold voltage(i.e., normally off). This is because the FG voltage of
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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 5 V.
This is justified by an exponential relationship between the tunneling current
and the electric field, as expressed in Eq. (1.45). If a “1” is to be stored, the data
line is biased at 10 V. Here, 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 low (i.e, negative/normally on). 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 (V,,g) 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 to a high voltage (& 1 V), 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 1.53 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 V,(CG) < 0 < high V,(CG),
Vpass > high V,(CG).

The raised supply voltages can be internally generated by on-chip charge-
pumps from a single external power supply, due to small tunneling currents. The
small currents also allow an increase in the number of parallel programmed cells
without increasing power consumption. Electron tunneling from whole channel
region is uniform through the oxide. This makes erasing fast, exemplified by 6 ms
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FIGURE 1.53. The principle of the read operation of the NAND cell [1].
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per block and around 100 ms per chip. However, the access time is slow because
of a small cell current of less than 1 wA. The chain structure is responsible for
the reduced drive current.

Nano-scale NAND flash memories necessitate noise reduction techniques to
cope with the data(bit)-line to data-line (DL-DL) and word-line to word-line
capacitive couplings [19, 25], which are common to all high-density memory
cell arrays in nano-scale technologies. The shielded DL sensing method [25] is
thus used to suppress the interference of neighbor DLs during read operation,
because 90% of DL capacitance is from adjacent DLs. In addition, they need
various on-chip voltage conversion techniques [19, 26] for stable memory cell
operations, as discussed above, and for realizing a single external supply voltage
compatible with the previous-generation voltage despite scaled devices. For
example, NAND flash needs four kinds of charge-pump circuits, which are a
5-V(V,,s) pump for non-selected word lines in read operation, a 10-V pump
for non-selected word lines in program operation and two 20-V pumps for the
p-well during the erase operation and for the selected word line during the
program operation. The pumped voltages are not scalable even if devices are
scaled down. For example, the read voltage, which is 5V, is hardly lowered
due to wide erased-V, distribution and the need for high-speed operation. The
FN tunneling current also requires an almost constant program/erase voltage
Vpp, as explained previously. The pumped voltages are all generated from one
internal supply voltage (e.g., 2.5 V) that is generated by an on-chip voltage down-
converter from a single external supply voltage (e.g., 3.3V) [19, 26]. Since the
external supply is gradually lowered, the voltage ratio of the pumped (boosted)
voltage to the external supply voltage increases with device scaling. Here, the
Dickson V,, charge pump and its switch [27, 28] are widely used because it takes
advantage of low power and smaller circuit area over the capacitor-switched
booster.

1.10. Soft Errors

The soft error issue has been important to high-density RAM designs since
the mid-1970s. There are two kinds of soft errors (i.e. non-permanent failures)
[1, 29]: alpha-particle induced soft errors and cosmic-ray neutron-induced soft
errors. The importance of the alpha-particle induced soft errors has long been
recognized, and the studies are thus quite advanced. Recently, cosmic-ray-
induced soft errors have been a serious problem even at sea level. A high-energy
neutron penetrates into LSI devices and has a nuclear reaction with a silicon
atom in the substrate, giving off secondary ions. As shown in Fig. 1.54 [30,
44], the secondary ions generate ten times as many free charges as an alpha
particle, so a single cosmic-ray incidence often induces soft errors in multiple
cells. A multicell error, however, cannot usually be corrected by an on-chip
error checking and correction (ECC) circuit, as discussed later. The ECC is only
capable of correcting one error at each address. That is, a multicell error where
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FIGURE 1.54. The schematic of charge generation by a cosmic ray [30, 44].

all of the affected cells belong to the same address is not corrected by the ECC
circuit. However, the circuit does correct a multicell error where the affected
cells all belong to different addresses. To increase the rate of multicell error
correction by ECC circuits, we need to arrange the cell addresses so that simul-
taneous cosmic-ray-induced multiple errors are most likely to occur at different
physical addresses. Thus, the mechanism responsible for multicell errors must
be clarified. The details are discussed in Chapter 3.

There is a critical charge (Q_) for failure that is the amount of charge required
to upset the information of the node, and thus equal to the signal charge (Qy)
of the node. Q. (i.e., Qy) decreases with down-scaling of devices and V.
In the past, the issue has been more serious for the RAM cells, especially for
SRAM cells having a small Qg, than for logic circuits. This is because Qg of
each RAM cell is enormously small due to tiny storage node, and the number of
such RAM cells is huge. Recently, however, the issue is becoming increasingly
important even for logic circuits because the Q. of logic circuit nodes has
drastically reduced, and ECC is not effective the way it is in memories. Thus,
in addition to adding an extra capacitance to the logic circuit node to increase
the critical charge, soft-error hardened latch circuits and level keepers have been
proposed [31]. FD-SOI devices are also effective to reduce the soft error rate
due to the thin SOI layer (see Fig. 2.27(c)).

1.11. Redundancy Techniques

Redundancy techniques have been widely used as effective methods of enhancing
production yield and reducing cost per bit of DRAMs since the 64-256-Kb
generations [1]. The techniques replace defective memory elements (usually
word lines and/or data lines) by on-chip spare elements. Figure 1.55 shows a
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well-known redundancy technique [1] 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 SW, —SW; and the same number of
address comparators AC, — AC;. If the addresses of the defective word lines
(WL, — WL;) have been programmed into the address comparators during
wafer testing, the address comparators allow one of the spare word lines
(SW,—SW,) to be activated whenever a set of input address signals(A, — A,_;)
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 elements 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 [1]. 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
for ever finer line widths. On the other hand, electrical 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 [1]. 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 small area and
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performance penalties, simplicity, assurance of cutting, and the ease of laying
out fuses.

1.12. Error Checking and Correcting (ECC) Circuit

On-chip error checking and correcting (ECC) is effective for correcting both
soft errors and hard errors (defects) of RAMs [39-41]. The principle of ECC is
shown in Fig 1.56. During write operation, the encoding circuit (EN) generates
check bits from the input data bits. The generation rule is determined by the
error-correcting code used. Both the data bits and the check bits are stored in
the memory array so that the stored data have a certain amount of redundancy.
If there is a defect in the memory array or a soft error occurs before reading,
the read data contains one or more errors. However, the error(s) can be detected
and corrected by the decoding circuit (DE) if the number of errors does not
exceed the correction capability of the error-correcting code. The operation of
DE is as follows. First, check bits are generated from the read data bits just
like the EN and are compared with the read check bits. If no error exists,
both are the same. If they are not the same, the position(s) of erroneous bit(s)
are detected by analyzing the comparison results and the errors are corrected
before outputting. The corrected data are usually written back to the memory
array to prevent the accumulation of soft errors. In DRAMs, checking and
correcting are performed during every refresh operation as well as during read
operation.

The key to designing an on-chip ECC circuit is the selection of a suitable
error-correcting code. Error-correcting codes are classified into single-error
correction (SEC) codes, single-error correction and double-error detection (SEC-
DED) codes, double-error correction (DEC) codes, etc., according to the error-
detection/correction capability. Table 1.1 shows the minimum number of check
bits, AN, required for N, data bits. Generally, higher error-detection/correction
capability requires more check bits. It should be also noted that the ratio AN/N,
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FIGURE 1.56. Principle of on-chip ECC for RAMs.
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TaABLE 1.1. Minimum number of required check bits, AN,
for single-error correction (SEC), single-error correction
and double-error detection (SEC-DEC) and double-error
correction (DEC) codes.

Number of data bits 8 16 32 64 128 256

No

SEC 4 5 6 7 8 9
SEC-DED 5 6 7 8 9 10
DEC 8 9 10 12 14 16

decreases as N, increases. Although a large N, reduces the memory-area penalty,
it results in both large circuit-area and access-time penalties. This is because the
number of gates n the encoding and decoding circuits is approximately propor-
tional to N, -log N, and the number of stages of the circuits is proportional to
log N,. Therefore, the design of an ECC circuit requires a compromise among
the memory area, circuit area and access time. The error correcting codes that
have been applied to RAMs until now include Hamming codes [41], modified
Hamming codes [40], and bidirectional parity codes [39]. The former one is an
SEC code, while the latter two are SEC-DED codes. A DEC code is not realistic
for on-chip ECC because of considerable enlargement of the encoding/decoding
circuits.

1.13. Scaling Laws

The performance of the above-described memory and logic LSIs has been
improved by scaling down of design parameters such as the physical size,
impurity, and V, of MOSTs, the physical size of interconnects, and the operating
voltage V), as shown in Fig. 1.57 [1, 46]. Scaling under a constant electric field,
as shown in Table 1.2 [46], is well-known as ideal scaling. There have been
two other scaling approaches that are modifications of ideal scaling; constant
operation-voltage scaling and the combination of the above two kinds of scaling
methods.

1.13.1. Constant Electric-Field Scaling

In this scaling method, the physical size and threshold voltage V, of MOST, the
interconnect in Fig. 1.57, and the power supply V,,,, are scaled down by a factor
k(> 1). The substrate doping concentration N of the MOST is increased by the
same factor. This is done to suppress the resulting short-channel effects, such as
drain-source punch-through, by decreasing the depletion length, which is propor-
tional to \/V,,,/N, to 1/k. As a result, the scaling factor of the MOST current
I55, which is proportional to (W/L)(Vy,, — V;)*/t,,, is also 1/k. This scaling
enables not only high density, but also high performance, while maintaining
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permission of Springer.

device reliability under constant electric field conditions: The delay, power dissi-
pation, and power-delay product of a circuit, ignoring interconnect capacitances,
are improved by 1/k, 1/k?, and 1/k>, respectively. The charging power of the
load is also reduced by 1/k>, with a reduction in the load capacitance of 1/k.
However, the drawbacks are as follows. The interconnect resistance is increased
by a factor of k, which makes the interconnect delay more prominent as compared
to the circuit delay. The voltage drop along a power-supply line cannot be scaled
down, which makes the voltage margin of the circuit narrow. The reliability of
the metal interconnect is degraded because of electron migration caused by the
increased current density.

In practice, there are some parameters that depart from ideal scaling. Because
of the issue of V,, standardization, the external supply V), cannot necessarily
be scaled down, as discussed later. To partly solve the issues regarding resis-
tance and the current density of the interconnect, the thickness and width are not
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TABLE 1.2. Various scaling approaches [46].

Approaches constant electric ~ constant external ~ constant external
field voltage voltage
\%4 \% \%
o
(scaled) Q (fixed) T (fixed)

I
%4 Vv YV’(scaled)

core

Parameters

Transistor

dimensions (L, W, t,., X;) 1/k 1/k 1/k
impurity (N) k k k
voltage (Vpp, Vs Vi) 1/k 1 1/k(V")
electric field 1 k 1
current (/) 1/k k 1/k
on resistance (Roy X Vpp/Ips) 1 1/k 1
delay (7, = RoyCq) 1/k 1/k* 1/k
power (P = IV) 1/k? k 1/k
power delay product (Pr,) 1/k3 1/k 1/k?
area (A) 1/k* 1/k* 1/k*
power density (P/A) 1 i k
Load

gate capacitance (C; & WL/1x) 1/k 1/k 1/k
interconnect capacitance 1/k 1/k 1/k
(Cw X Winlin/tins)

interconnect resistance k k k
Ry o Ly /Wi Hiyyp)

interconnect delay (1, = Ry Cy/) 1 1 1
time constant ratio (7y,/7¢) k k? k
current density (Ipg/Wiy,Hip) k K3 k
voltage drop ratio (RyIps/Vpp) k K k
charging power (ox CV2) 1/k3 1/k 1/k3

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, V,, and device-parameter fluctuations,
can also degrade the MOST driving current. In particular, excessive scaling
down of V, is not allowed because of an unacceptably large subthreshold current.
In addition, the ever-increasing V, variation with device scaling causes large
variations in speed and subthreshold currents. The details are described in
Chapters 4 and 5.

1.13.2. Constant Operation-Voltage Scaling

In the past, DRAM has maintained its power-supply voltage V,, at the same
level for as long as possible to solve the V,,,, standardization issue. For example,
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a 5-V Vj,, was used for four generations, 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 5-V V,,,, operation with the help of stress-voltage-immune
MOST structures such as LDD (Lightly-Doped Drain). In this scaling method,
the MOST delay is improved by a factor of 1/k>. However, the electric field and
power dissipation of the MOST, and the current density and voltage drop along
the interconnect are degraded by k and k>, respectively. The resulting serious
problems are velocity saturation, conductance degradation, degraded reliability
due to hot carriers, and the gate-insulator and pn-junction breakdown of the
MOST. In addition, electromigration in metal interconnect, CMOS latch-up, and
noise are also problems.

1.13.3. Combined Scaling

This scaling necessitates an on-chip voltage-down converter. The converter
adjusts the internal supply voltage V,y; (i.e., V' in the figure, and V,; discussed
later) to match the lowering of the breakdown voltage of the scaled devices,
so that the electric field of each device is held constant without changing V.
This scaling solves almost all of the problems involved in constant-electric-
field scaling. Thus, this scaling has been widely used in modern DRAMs, flash
memories, and low-end MCUs. However, a power loss by 1/k, as compared
with the constant electric-field scaling, is involved.

1.14. Power Supply Schemes

In principle, LSIs consist of a core and an I/O circuit. The supply voltage to the
core must be low to achieve a high density with scaled devices that have low
breakdown voltages, while the supply voltage to the I/O circuit must be high to
meet the high-voltage requirement of the I/O interface specification, inevitably
requiring large devices with fairly high breakdown voltages. Hence, LSIs operate
at the two supply voltages. To make them easier to use, however, some LSIs
are designed with a single external supply. Though it entails a power loss at the
converter, the chip internally generates a low supply voltage for the core with
an on-chip voltage down-converter. This can be done only if the core consumes
relatively low average and spike currents, so the converter can manage the current
with an acceptable power loss and area penalty. This is the preferred design of
stand-alone (i.e., general purpose) memories and low-end MPUs/MCUs, which
consume a relatively low current and whose design prioritizes ease of use and
thus a single external power supply. In contrast, high-end MPUs and embedded
(e)-RAMs, which always consume a large current and whose design prioritizes
high speed, generally have a dual external power supply. The resulting two
external power supply schemes are shown in Fig. 1.58 [1]. Here, ARRAY, PERI,
LOGIC, and I/0O are memory array, peripheral circuits, logic block, and 1/O
circuit, respectively.
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FIGURE 1.58. Examples of applications of a low-voltage memory circuit [1]. (a) Single
power supply; (b) dual power supply.

The voltage-down converter also plays an important role in the power-supply
standardization [1] in the nano-meter era. It bridges a voltage gap between the
high external supply (V) and the low internal supply (V,,) voltage tailored
below the break-down voltage. Thus, it maintains the external supply voltage,
which is dictated by systems, at the same level for as long as possible, even
if the breakdown voltage of devices in the core is rapidly lowered below the
external supply voltage with device scaling. In addition, the converter approach
eventually reduces the power dissipation to 1/k (k: device scaling factor, see
Table 1.2) despite a power loss at the converter by a voltage difference between
the two, and reduces cost because of accepting scaled devices. However, to
further reduce the power with reduced power loss, the external supply voltage
must be switched to a lower standard voltage when the devices are scaled down
to the extent that the power loss is intolerable due to an excessive voltage
difference. That is why the external supply has been reduced step by step from
5V (see Fig. 1.61).

Both power supply schemes need not only the voltage-down converter, but also
various on-chip voltage converters. They also need level shifters to accommodate
the voltage differences between the core and the I/O. In addition, two kinds
of MOSTs with different gate-oxide thicknesses (#,ys) and threshold voltages
(V,s) (i.e., thin-#,y and low-V, MOSTs for the core, and thick-7,, and high-V,
MOSTs for the 1/0), or single thin-f,y MOSTs coupled with a stress-voltage
tolerant circuit, mentioned in Chapter 9, are needed to ensure high speed in the
core and device reliability at the I/O.

Figure 1.59 [1, 36] shows an example of a single power supply scheme for a
stand-alone 16-Mb DRAM. The lowered supply voltage (V) ) is generated from
the single external V), by voltage down-converters using an on-chip reference
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voltage (Vgzr). The raised dc voltage (V) or Vyp) enables word-bootstrapping
to perform a full-V,, read and write of the high-V, cells by eliminating the
V, drop in the cell. The negative voltage (V) ensures the cells’ retention
characteristics by applying it to the substrate of an nMOS cell array to protect
it from forward biasing of the pn-junction at the cell-storage node, and/or to the
word lines during non-selected periods when low-V, cells are used (i.e., negative
word-line scheme). Here, the V,j, and V), circuits consist of a charge-pumping
capacitor and MOS diodes that function as rectifiers. A half-V,,, power supply
realizes a quiet and low-power array by precharging the data lines to the half-V},,
level, and double the cell capacitance for a given stress voltage by supplying
it to the cell-capacitor plate. At the I/O, in addition to a level shifter, even
analog delay-locked loop (DLL) circuits [32] is necessary to solve the high-
speed clocking problem when the output data timing of synchronous DRAMs
(SDRAMSs) is aligned with the input clock. A typical voltage down-converter
(VDC) for a 16-Mb DRAM [1, 36] is shown in Fig. 1.60. It consists of a current-
mirror differential amplifier and a pMOS-output, so the V, is well regulated
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internal supply (b), and circuits (c).

to a reference voltage of 3.5V (i.e., Vigpy) at the normal voltage of 5-V V..
The burn-in test at a high stress voltage of 8V is made possible by raising
the V,, with another parallel-connected converter operating at another reference
voltage, Vgprg. The W/L of the out-put pMOST was about 6,000 for a 16-Mb
load of R, =50hm and C, = 650 pF. By using a pole-zero phase compensation
of Rc =70hm and Cc = 650pF, a phase margin of about 53 degrees, and a
well-regulated V), of less than 5% despite a sharp spike current of 100 mA with
a pulse width of 20ns were realized with an area penalty of about 5% of the
total chip. The more detail is discussed in Chapter 7.

1.15. Trends in Power Supply Voltages

Figure 1.61 shows trends in the supply voltage of RAMs [3]. For stand-alone
DRAMs, the external supply voltage has been reduced from 1.8 V to 1.5V, and
further to 1.2V, along with reductions of the internal supply voltage V,,; (to be
more exact, for the data line and some peripheral circuits) using voltage down-
converters. This is also the case for embedded (e-) DRAMs. For stand-alone
SRAM products, the single external supply voltage, but without the down-
converter, has been reduced with almost the same pace as that for the stand-alone
DRAMs. For e-SRAMs, however, the external supply voltage has been reduced
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FIGURE 1.61. Trends in the power supply voltage of RAMs. Reproduced from [3] with
permission of IBM.

even more than that for DRAMs under the influence of MPUs, now reaching
below 1.2 V. For high-end MPUs, the supply voltage has been almost the same
as that of e-SRAMs which are usually used as on-chip cache memories. As for
low-end MCUs (Microcontroller Units), however, the single external supply has
dominated, allowing various supply voltages to be coexistent, reflecting wide
applications from high-end to low-end systems, as shown in Fig. 1.62. Note that
single 5-V MCUs for car-engine controls exist even in the nanometer era with
the help of a voltage down-converter. Stand-alone NAND flash memories have
used the same single external supply voltage as stand-alone RAMs and low-
end MPUs/MCUs, although various voltages are used internally, as discussed
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FIGURE 1.62. Trends in the power supply voltage of microcontrollers. Reproduced
from [45] with permission; © 2006 IEEE.
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previously. Embedded-flash memories also need various internal supply voltages
for stable memory cell operations.

1.16. Power Management for Future Memories

Many technical issues must be resolved to design ultra-low voltage nano-
scale memories. Designers must: ensure high signal-to-noise-ratio (S/N) in the
memory cells; reduce leakage currents, and variations in the voltage margin
of memory cells and the speed and leakage current of peripheral circuits and;
manage internal power-supply. A high S/N cell design is necessary because
signal charge and signal voltage of memory cells decrease and noise increases
as device size and voltage decrease. Reduction in leakage currents is also vital
because, for example, the subthreshold current increases exponentially as V,
decreases, eventually dominating even the active current of a chip. Examples
of this are the data retention current of a 1-Mb SRAM array (Fig. 1.63(a)) and
the active current of peripheral circuits in DRAMs (Fig 1.63(b)) [1, 3, 37].
Variations in the voltage margin of memory cells and the speed and leakage of
peripheral circuits must be reduced because they increase rapidly as device size
and voltage decrease. Management of internal supply voltages is the key to this
reduction.

Figure 1.64 is a schematic of a power management design that reduces the
subthreshold current (leakage) of the core using a low-actual V, MOST. The
basic design concept proposed to date (and illustrated in the figure) [1] is an
effectively high-V, MOST with various dynamic back-biasing schemes. One such
scheme is a high-speed, low-leakage LSI in which the V, is controlled so that it
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FIGURE 1.63. V, of cross-couple MOSTs versus subthreshold current of 1-Mb SRAM (a),
and active current of peripheral circuits in DRAMs (b) [1, 3, 37].
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is low enough in the active mode to operate at high speed but high enough in the
standby (or non-selected) mode for a low leakage. Obviously, the necessary low
V, in the active mode favors no back-biasing scheme, that is, directly connecting
the substrate and source of pMOSTs and nMOSTs during active periods, even
though they have a large subthreshold current. Gate-source (G-S) back biasing
and substrate SUB or well-source (SUB-S) back biasing reduces the subthreshold
current during the standby period. The G-S back bias provides a sufficiently high
V, by changing the source voltage from V,,, to V,,, — for a pMOST, and from
0V to 6 for an nMOST or by changing the gate voltage from V,, to V,,+ 0
for a pMOST and from OV to —& for an nMOST. In practice, § can be less than
0.3V, because even a small 6 greatly reduces the subthreshold current. SUB-S
back biasing provides a high V, due to the body effect, in which the source
voltage is changed by A with a fixed substrate voltage, or the substrate voltage
is changed by A with a fixed source voltage. However, to realize the same high
V, (i.e. the same &) as in the G-S back bias, A must be quite large, as shown by
the following equation

8=K<\/A+2¢/—\/ﬂ)

For example, a 6 of 0.2V that makes possible a two-order reduction in the
subthreshold-current for a MOST with S = 0.1V /dec. requires a A as large as
2.5V for K =0.2V'"/2. The pn-junction leakage of the resulting large A may
generate excessive stand-by power. Note that the G-S back biasing caused by
changing the source voltage by & also raises the V,. However, the effect is
negligible because of a small 6.
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Figure 1.65 shows schematics of three practical examples for memories [3]
applicable even to the active mode. These are the switched-source impedance
(SSI), power switch, and dual-static V, circuits. An SSI is stacked at the source
of the MOST that generates a subthreshold current. Thus, it is located at the
nMOS source for low input but at the pMOS source for high input. When the
switch is turned off, a voltage & is developed by a leakage, so the leakage
is automatically reduced, resulting in gate-source self-back biasing. The power
switch shuts off the power supply to the low-V, internal core, eliminating the
leakage. This circuit uses a negative supply Vj, or a raised supply V,, (or Vpp)
to cut off a low-V, nMOST or pMOST switch, resulting in G-S offset driving.
For high-speed random cycle switching, however, the gate voltage of the power-
switch MOST must be well regulated, particularly when it is generated by the
on-chip charge pump explained in Chapter 4. Dual-static V, also uses a Vyp
or Vpy to increase the V, of the nMOST or pMOST with a substrate biasing,
enabling a dual-static V.

Managing power is surprisingly difficult. Indeed, in the past, DRAM designers
have encountered many problems even in static or quasi-static controls of Vg
and V. In the following, the power-management designs [1, 3, 46] proposed
to date are briefly described.

1.16.1. Static Control of Internal Supply Voltages

It is well known that DRAM has been the only large-volume production LSI
using a substrate bias that is supplied from an on-chip Vj, generator. The on-chip



1.16. Power Management for Future Memories 71

Vg concept was firstly proposed in 1976 to suppress the V,-lowering developed
at a shorter channel [33, 34]. However, the 16-Kb nMOS DRAM, which was
intensively developed using a channel length of 5um as the most-advanced
DRAM at that time, did not use the on-chip Vg, approach. Instead, it used a
triple-power-supply of V,, = 12V for the internal core, V.- =45V for chip
I/O interface, and Vz; = —5V for stable operations of the single p-type substrate.
Despite the triple power supply, the 16-Kb DRAM was successful. It was in the
64-Kb DRAM generation that the on-chip Vg approach was first industrialized to
realize a single 5-V nMOS DRAM [1], where the generator supplied a quasi-static
Vg of about —3V to the p-type substrate of the whole chip (i.e., both array and
periphery) with Vj,, = V- = +5 V. Furthermore, a dual V, of 0.5V and 0.35V,
while a single V, of 1V in the preceding 16-Kb generation, was used to maintain
the circuit speed despite a drastic voltage transition from 12V to 5V. The low V,
was for circuits necessitating a higher speed. In this scheme, however, the values
of V,s at a steady state of Vy; = —0.3V and even V, were carefully chosen [1],
considering the current drivability of the generator and substrate currents at the
load, refresh-time characteristics of cells shortened by minority-carrier injection
to cells, and possible instabilities in unusual conditions, such as a surge current at
power-on due to a dynamically-changing V,during a shallow Vj; on the way to
the steady state Vyp, and degraded Vyg-level during burn-in high-voltage stress
tests. Even so, the DRAM designers were fortunate because both the static bias
setting of a deep Vg of about —2V to —3V, a sufficiently high V, of about 0.5V
and 0.35V, and slow cycle time of the DRAM allowed stable chip operations
with small changes in V, even with quite large quasi-static Vj variations and Vi
noise [1]. In the CMOS era, the substrate bias has been removed from peripheral
circuits to mainly eliminate the above-described instabilities involved in the
generator, and it has only been supplied to the memory-cell array to ensure stable
operations.

The on-chip Vg, approach has revived for LSIs in the nanometer era since
the mid-1990’s to reduce the subthreshold leakage with raised V,, and to
compensate for variations in leakage and speed caused by parameter varia-
tions in V,, voltage, and temperature. When Vy; is statically or quasi-statically
controlled based on parameter variations, inter-die leakage and speed varia-
tions of logic circuits can be suppressed although intra-die speed variations
remain unimproved. Controlling forward Vg, is more effective in reducing
speed variations because the V, — V,p characteristics are more sensitive to
Vpg. For example, it improved speed of operations by 10%. However,
additional current consumption, in the form of bipolar current induced by
the forward Vyg, is a matter that must be considered, as discussed previ-
ously. When compared with the above-described DRAMs, the smaller V,,
shallow Vg, and faster cycle time necessary for the nano-scale LSIs increase
instabilities although the lower V,,,, decreases instabilities. Thus, the require-
ments to suppress noises at the source and substrate lines become more
stringent, calling for a uniform distribution of the forward V,; throughout
the chip.
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1.16.2. Dynamic Control of Internal Supply Voltages

Although the dynamic control of V,, and/or Vg, reduces power dissipation
and/or subthreshold currents, it may cause instability problems. Such dynamic
controls are not welcome in terms of stable operations of LSIs, considering the
voltage bump test which was carried out in the mid-1970’s to guarantee the stable
operation of the 16-Kb DRAM against noises on the memory board. At that
time even a bump as small as £10% V,,;, made dynamic circuits unstable. The
instability was due to charge being trapped at floating nodes when voltage bumps
were applied, causing malfunctions at the next cycle. Unfortunately, almost all
peripheral circuits and DRAM cells had been dynamic in the nMOS era until
the early 1980’s. Thus, small diode-connected nMOSTS (i.e. level keeper) were
connected to floating nodes in peripheral circuits to allow trapped charges to
escape. However, bumps degraded the voltage margin of nMOS cells, calling
for grounded-plate cell capacitors [1] as a partial solution. Even in the CMOS
era, memory cells, sensing relevant circuits (such as data-line precharge circuits
and sense amplifiers), and row decoders/drivers have still been dynamic even if
other peripheral circuits have been static. Half-V,,,, (i.e., mid-point) sensing [1],
coupled with a half-V,,, cell plate using the same half-V,,, generator and coupled
with a boosted word line, has been a circuitry solution to maintain the wide
margins of DRAM cells and sensing relevant circuits despite voltage bumps. A
CMOS feedback level keeper that is familiar to logic designers has widely been
used for other dynamic circuits.

Such instabilities might extensively occur if supply voltages of low-V, circuits
are dynamically and widely changed. Nevertheless, a few approaches have been
proposed: Dynamic voltage scaling (DVS) [35], in which the clock frequency
and Vj,, dynamically vary in response to the computational load, is a good
example, although it is only applied to the logic blocks. It provides reduced
energy consumption per process during periods when few computations are
made, while still providing peak performance when it is required. Applying
DVS, however, would make dynamic circuits (e.g. e-DRAMS) unstable unless
level keepers are used, although resultant instabilities depend on the changing
rate of Vp, and clock frequency. Unfortunately, RAM cells and their relevant
circuits are incompatible with such dynamic controls, and thus at least they
should be “quiet”. Moreover, they must operate at a higher V,,,. Their inherently
small voltage margins are responsible for the requirements. Thus, as long as the
controls never give detrimental effects to RAM cells and their related circuits,
some of them could be applied to parts of peripheral logic circuits (e.g. static
circuits) in RAMs. SRAMs using the 6-T cell, however, may accept dynamic
voltage controls due to the cllI’s wide voltage margins as long as V,,, is quite
high, although care should be taken if dynamic sensing schemes are adopted.
Note that the highest V,, (V,,,,) and lowest V,, (V,,,) that DVS can accept
are eventually determined by the breakdown voltage of MOSTs, and the lowest
necessary Vp, in terms of the stability of RAM cells and speed variation of
logic circuits, as discussed in Chapters 2 to 5. Since V,,,, is lowered while V,

max min

is usually not lowered, with device scaling, the range across which it is possible
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to vary V,, becomes narrower. This implies that this approach becomes less
effective with device scaling. In addition, successful operations over a wide
range of Vj,,, require the accurate tracking of all circuit delays.

1.17. Roles of On-Chip Voltage Converters

On-chip voltage converters are becoming increasingly important for ultra-low
voltage nano-scale memories to accomplish the above-described challenges.
They include the reference generator, the voltage down-converters, the voltage
up-converter and negative voltage generator with charge pump circuits, and
level shifters. Key design issues in the converters are the efficiency of voltage
conversion, the degree of voltage setting accuracy and stability in the output
voltage, load-current delivering capability, the power of the converter itself
(especially during the standby period), speed and recovery time, cost of imple-
mentation, and reliability. The roles of the converters are summarized in the
following. More details of circuit configurations are described in Chapters 6 to 9.

The reference voltage generator must create a well-regulated supply voltage
for any variations of voltage, process, and temperature, because other converters
operate based on the reference voltage. The voltage down-converter allows a
single external power supply while standardizing the power supply, as explained
previously. Thus, the converter has made it possible to quadruple memory
capacity with the same V,,,, despite the ever-lower device breakdown voltage.
Moreover, it has realized successive chip-shrinking with scaled devices under a
fixed memory capacity and Vj,, enabling a reduction in bit-cost. In addition,
the converter provides the many advantages of a well-fixed internal voltage
regardless of the unregulated supply-voltages from various batteries, protection
of internal core-circuits against high voltages within a wide range of voltage
variations, and an adjustable internal voltage (V) in accordance with variations
in supply voltage (Vpp), temperature, and device parameters to compensate for
speed and leakage variations.

The voltage up-converter consisting of charge pump circuits has been widely
used to eliminate the V,-drop in DRAM circuits and to program and erase a
flash memory cell, as explained previously. The requirements for the converter,
however, are different for both memories. The raised-voltage (Vpp or Vpp)
necessary for DRAMs is much lower than that for flash memory. Instead, the
cycle time (¢,,,) of the V,,-pulse for DRAMs is much shorter: In modern memory
design with V,,, =3.3V or 5V, the DRAM-V,, ranges from 4V to 8 V with a
boost ratio (V,p/Vpp) of 1.3-1.5 while the flash memory-V,, is 10V to 20V
with a boost ratio of 2—-6. The cycle time is about 100ns for DRAMs while
for flash memories it is 1 s at most even for V,-verify operation. Thus, the
Vpp-generator for DRAMs must provide more charges to compensate for the
charge loss at the load every cycle, if the same load capacitance and conversion
efficiency of V,p—generator are assumed. The negative-voltage generator also
consisting of charge pump circuits has been widely used to generate a negative
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substrate bias (Vy;) for DRAMs to prevent nMOSTS from being forward-basing,
especially for cell-transfer MOSTSs in a noisy cell array. Coupled with a triple
well substrate, it protects the DRAM cell array from minority carrier injection
from peripheral circuits [1].

Even for ultra-low voltage nano-scale memories, both the up-converter and
the negative-voltage generator are indispensable to precisely control the V, of
MOSTs and power switches, and to compensate for the leakage and speed
variations. Unfortunately, however, the designs are more and more difficult
because of the ever-larger pumping current due to a poor pumping efficiency at a
low V. In addition, a deep understanding of the voltage generation scheme and
the load characteristics is required for successful designs. In particular, in low-V,
LSIs, special attention must be paid to instabilities involved in the floating nodes.
Indeed, floating nodes, especially heavily-capacitive floating node are sources
of malfunctions. For example, in unusual conditions [1], such as during power
on/off, and burn-in test with high stress voltage and high temperature, MOSTs
may fall into extremely low V, or even into a depleted state, despite a normal
low-V, in the normal operation, unexpectedly causing a large rush current [1, 3].

Level shifters are also necessary to bridge resultant voltage differences
between internal blocks, and the internal core and I/0 circuits. In addition to the
voltage up-converter, they call for stress voltage-immune devices and/or circuits
to ensure the reliability of devices.
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2

Ultra-Low Voltage Nano-Scale
DRAM Cells

2.1. Introduction

Ultra-low-voltage nano-scale DRAMs are becoming increasingly important [1-4]
to meet the need for low-power and large memory capacity memories from
the rapidly growing mobile market, while ensuring the reliability of nano-scale
devices. They could replace embedded (e-) SRAMs in MPUs (Microprocessor
Units) and MCUs (Microcontroller Units) because low-voltage nano-scale
e-SRAMs are more and more difficult to realize with a small enough memory
cell [5-7], as discussed in Chapter 3. Thus, sub-1-V DRAMs have been actively
researched and developed, exemplified by a 0.6-V 16-Mb e-DRAM [8], and
a 1.2- to 1-V 16-Mb e-DRAM [9]. To create such DRAMs, however, many
challenges remain with the memory cell and cell related circuits [1-4]. First, the
signal-to-noise-ratio (S/N) of the memory cell must be maintained for reliable
sensing despite lower voltage operations. Thus, noise components and their
generation mechanisms in the array must be intensively investigated, which is
especially important for the well-known mid-point sensing approach (i.e., the
half-V,,, data-line precharge) that always entails a slow speed. Second, the
leakage current and its variation in the memory cell must be reduced by using a
high enough threshold voltage (V,) for the transfer MOST to ensure sufficiently
long refresh time. Third, the memory cell must be simple and small enough,
especially for low-voltage e-DRAMs, since the memory block dominates the
chip size of many LSIs.

This chapter describes the state-of-the-art DRAM cells in terms of
ultra-low-voltage operations. First, trends in the development of various DRAM
cells including gain cells are reviewed with respect to S/N and cell size. Second,
the cell type and the sensing scheme are summarized comprehensively, focusing
on the one-transistor one-capacitor (1-T) DRAM cells. Third, the folded-data-line
1-T cell that has been the de-facto standard cell is discussed in detail, clarifying
limiting factors of low-voltage operations. Fourth, the open-data-line 1-T cell
that was popular in the 1970’s is investigated in terms of noise, because it
could revive due to the small cell size if noise is reduced sufficiently. Fifth, the
two-transistor two-capacitor (2-T) cell suitable most for low-voltage operations
due to minimized noise is discussed. Finally, low-voltage potential of double-gate
fully-depleted SOI cells is investigated.
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2.2. Trends in DRAM-Cell Developments

For large memory-capacity DRAMSs, reducing the memory-cell size, while
maintaining a high S/N high, is a prime concern [1]. Figure 2.1(a) compares
cell sizes of various practical DRAM cells [2] which have been used in the
products. With helps of a self-aligned contact (SAC), triple-poly silicon, and
vertical capacitors process, the 1-T cell has reached its minimum size of 8F?
(F: feature size) for the folded-data-line arrangement [1-4]. The cell becomes
larger when the contact is replaced by a non-self-aligned contact that a logic-
compatible process needs. The three-transistor (3-T) cell and the four-transistor
(4-T) cell, which were used for 1-4-kb DRAMSs in the early 1970’s, and the
six-transistor (6-T) SRAM cell are also shown in the figure. In principle, the
3-T, 4-T, and 6-T cells do not require special capacitors and can be fabricated
in a logic-compatible process with non-self-aligned contacts and single poly-
silicon. Numerous other memory cells have been proposed to reduce the cell
size. In fact, even a one-transistor gain cell has recently been proposed, as
explained later.

2.2.1. The I-T Cell and Related Cells

The 1-T cell has been dominating the DRAM market for the last 30 years
due to its smallest cell size. The cell, however, has taken different directions
for stand-alone DRAMs and e-DRAMSs since the 1990’s, in accordance with
the different requirements. Stand-alone DRAMSs have given the first priority to
a small chip with the smallest cell possible. Thus, a self-aligned contact for
memory cells is necessary despite the speed penalty inflicted due to the increased

SAC for stand-alone DRAM
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FIGURE 2.1. Cell area of RAM cells (a), and the effective cell area including overhead
area coming from shared sense amplifier (b). SAC; self-aligned contact. ny,; the number
of word lines connected to one pair of data lines to maintain a constant signal voltage of
200mV. Reproduced from [2] with permission of IBM.
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contact resistance. Moreover, a long data line is indispensable to minimize the
area penalty caused by the data-line division, thus calling for a large C process
and quite a high voltage for a given signal voltage, as discussed later. Leading
developments in the cell size are a 4-6F* (F: feature size) trench-capacitor
vertical-MOST cell [10, 11] and a 6F? stacked-capacitor open-DL cell [12]. In
contrast, e-DRAMs have given the first priority to the fastest and simplest cell
possible. Thus, a non-self-aligned contact (thus low contact resistance) cell and
a small subarray are essential, as also discussed later. The small physical size
of the subarray improves the array speed due to lower RC delay. In addition,
the resultant small data-line capacitance (Cp) allows the use of a small cell
capacitance (Cy) (e.g., 5 fF) and thus a logic-compatible simple-capacitor process
(e.g., a MOS-planar capacitor) for a given signal voltage. Coupled with high-
speed circuit techniques, such as multi-bank interleaving, pipelined operation,
and direct sensing [1], the array speed is maximized, solving the speed problem
in the row-cycle of DRAMs. If the resultant cell area is still significantly smaller
than the 6-T full-CMOS SRAM cell, such e-DRAM:s could replace SRAM cells
due to a faster cycle time than SRAMs for a fixed memory capacity. A good
example is the so-called 1-T SRAM™ [13] which incorporated a 1-T DRAM
cell with a Cg smaller than 10 fF using a single poly-Si planar capacitor, and an
extensive multi-bank scheme with 128 banks (32 Kb in each) that can operate
simultaneously. Somasekhar et al. achieved a row-access frequency higher than
300-MHz for a 0.18-pum 1.8-V 2-Mb e-DRAM with a planar capacitor cell [14].
Another example is a 1.2-V 322-MHz random-cycle 16-Mb e-DRAM in 90-nm
CMOS [9, 35], as shown in Fig. 2.2, in which a short data line connecting 32
cells (i.e., 64 cells per sense amplifier) and a small-RC delay cell (5-fF C, 10-Q
contact resistance) are used. A 5-fF C; was realized using a 0.24-pm? cell
(30 F?) with a Ta,O5 metal-insulator-metal (MIM) stacked capacitor under the
data line (DL). The refresh time was 32 ms, and data retention power was 60 uW
at V,, =1V and 85°C.

conventional

Thermal budget
Cell RC delay

Cell contact R

no impact on logic
W storage cont.
Co-salicided S/D
10Q

Structure
Logic i DRAM Logic | DRAM
Cells/DL 32 128
C, 5 fF (Ta,05; MIM) >15 fF (MIS)
Additional wire No local wire (MO)

intolerable impact
Non-metalized cell

10 kQ

FIGURE 2.2. e-DRAMs compared with the conventional DRAM |9, 35].
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2.2.2. Gain Cells

3-T and 4-T Cells. Gain cells are suitable for low-voltage operations [2], despite
a large cell size, because of a high enough signal voltage even at a low V.
In particular, 3-T and 4-T cells, which were industrialized in the early 1970’s,
may be candidates for e-DRAMs because they accept logic compatible processes
and simple designs. Their advantages become more prominent at a lower V.
Figure 2.1(b) compares effective cell areas for V. Here, the effective cell
area is the sum of the actual cell area and overhead area involved in data-line
(DL) divisions. Note that even a large-Cg 1-T cell requires more DL-divisions
at a lower V,, to maintain the necessary signal, causing a rapid increase in
the effective cell area with decreasing Vj, [2]. The lack of gain in the 1-T
cell is responsible for the increase. On the other hand, the 3-T, 4-T, and 6-T
cells are all gain cells. Thus, in principle, they can develop a sufficient signal
voltage without increasing the number of DL-divisions, even at a lower V), and
thus provide a fixed effective cell area that is almost independent of the V.
Actually, however, the V), has a lower limit for each cell. For the 3-T cell, it
would be around 0.3V, assuming a V, for the storage MOST of around OV, a
negative word-line scheme (see Fig. 2.11(b)) of V;;, = —0.5V for both read/write
lines, and a low V, for the read/write MOSTs of V,(r) =0 and V, (w) =0.3V.
An initial stored voltage (Vrore) of 0.3V for the cell, and even a decayed
Vsrore ©f 0.1V, can be discriminated because of the gain if an improved sensing
scheme is developed. The detection of and compensation for V,-variations and
an additional capacitor at the storage node would further improve stability and
reliability. For the 4-T cell, the V,, limit would be higher than 0.8 V, because
the V, of cross-coupled MOSTs must be higher than 0.8 V to ensure enough
trEFmaxs a0d thus the Vi, must be higher than this voltage. The 6-T SRAM cell
would be around 0.3 V if a raised supply voltage (V) (e.g., 1 V) were supplied
from an on-chip charge pump, as explained in Chapter 3. Consequently, the
effective cell area of the 3-T cell would be smaller than other cells at a V},,, less
than 0.7 V. In any event, in addition to the low junction temperature caused by
the ultra-low V,,,, the wide voltage margin provided by gain cells would meet
the specification of the maximum refresh time (7zgp,..)- Adjusting the potential
profile of the storage node to suppress the pn-leakage current further lengthens
the fgppmq. and preserves the refresh busy rate, even in larger memory-capacity
DRAMs [1], or it lowers the data retention current in the standby mode. Even
if the fzgpnq. 18 short, fast e-DRAMs, combined with a small subarray and new
architectures, would accept a drastically-shortened 7zgf,..» as discussed later.
However, a challenge is to suppress increase in area or process complexity
caused by adding a storage capacitor to address the soft error issue, and by
a multi-divided data-line array necessary for high-speed operations. Otherwise,
the advantage of the gain cells may be offset. In addition, the detection of
and compensation for V,-variations, and a high-speed sensing in such low-V,,
regions are real challenges.

1-T Gain Cells. Figure 2.3 shows the concept of the one-transistor gain cell
proposed recently [15]. The cell named the floating-body-transistor cell (FBC)
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FIGURE 2.3. Principle of the FBC. Reproduced from [15] with permission; © 2006 IEEE.

has the ability to achieve a 4F? cell with self-aligned contact technologies. The
nMOST forms on partially-depleted silicon-on-insulator (PD-SOI). The number
of majority carriers (holes for nMOST) is changed in write operations, and
different drain current is read and sensed due to the body effect that depends on
the number. To write data “1”, the nMOST is operated in saturation, leading to
impact ionization which injects holes into the body, as discussed in Fig. 2.17. To
write data “0”, the pn-junction between the body and the drain is forward-biased,
ejecting the stored holes from the body. Thus, the body (i.e., substrate) voltage
and the V, become different, depending on the data. To read the data, the nMOST
is operated in the linear region to keep the data state “0” from being violated by
impact ionization. This makes the drain current different due to the different V,,
enabling a successful read and sensing. The drain current difference A/, which
is the “1” current /; minus the “0” current /,, is a function of the WL voltage
during read, the body voltage difference between “1” and “0”, AV, , , the gate
oxide thickness, 7, and the acceptor concentration in the body N,. Figure 2.4
shows the cell array and the cross sections [15]. An n-doped poly-silicon pillar
is connected to an n-type diffusion layer spread under the BOX (buried oxide)
which is biased at —1 V. The pillar forms a capacitor coupled to the body which
accumulates holes. Thus, it serves as a stabilizing capacitor Cg which helps
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FIGURE 2.4. Layout of the cell array (a), and cross sections along a data line (DL) and
word line(WL) (b). Reproduced from [15] with permission; © 2006 IEEE.

increase the signal and the retention time as well. In other words, it is added
to increase the signal charge of the cell. The FBC, however, is volatile and
effectively a destructive read-out (DRO) memory cell [16, 17]. It needs to be
refreshed, because holes are generated in the body at “0” state due to the pn-
junction reverse-bias leakage current between the body and the source/drain [18]
(see Fig. 2.12). The resultant refresh time is around 100 ms at 85 °C. In addition,
a few holes stored in the body are eliminated in each WL cycle due to charge
pumping, calling for rewrite operations with a cross-coupled sense amplifier
on each data line. This is because a few electrons are trapped at the Si-SiO,
interface during inversion. After turning off the WL, a few holes recombine
with trapped electrons during accumulation, as shown in Fig. 2.5 [17]. This
implies that the cell current (/,) for “1” depends on the pumping count. In fact,
I, becomes different for reading continuously with one WL pulse, being held
without reading, and being pumped, as clearly seen in Fig. 2.6 [17]. Thus, the
cell is effectively a DRO cell, calling for almost the same refresh operations and
circuit configurations as those for conventional DRAMs. In addition, the small
and floating body is expected to increase the soft-error rate, as it did for PD-
SOI DRAM [18]. Such instabilities may be involved in the access and storage
MOSTS in two-transistor PD-SOI gain cell [19].

WL (+) WL (-)

e-h
T /e trap T recombination

AL LAY
R )Cm R jo"o@oao@

BOX

FIGURE 2.5. WL pumping mechanism [17].
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2.3. 1-T-Based Cells

Due to a small floating signal voltage that results from the absence of gain in
the 1-T cell, its operation is quite sensitive to various noise sources in the array,
which are inherently large because a large voltage swing simultaneously occurs
on a huge number of heavily-capacitive data lines in a high-density array. The
amount of noise that affects sensing depends on the data-line arrangement, the
cell structure, the data-line precharging scheme, and the array configuration and
layout. There are two types of noise that must be reduced; differential-mode noise
(vyp) and common-mode noise (vyq). The differential-mode noise degrades
the sensing stability by effectively reducing the signal voltage. It comes from
capacitive coupling to the data lines from many other conductors in the array.
Moreover, it effectively comes from the offset voltage 6V, (i.e., V,-mismatch
between paired MOSTs) of the differential sense amplifiers (SAs). The common-
mode noise slows down the sensing speed by effectively reducing the gate
voltage (V,;) (i.e., gate-over-drive voltage) of the turned-on MOST in the SA.
It comes from not only capacitive coupling but also from the V, variation of the
MOSTs in the SAs. The common-mode noise has been tolerated so far due to a
high enough V.

2.3.1. The Data-Line Arrangement

Differential sensing with differential sense amplifiers is always indispensable
for reliable sensing through rejecting a large amount of common-mode noise.
There are three types of sensing schemes, categorized in terms of the data-
line (DL) arrangement, as shown in Fig. 2.7. They are two types of folded-DL
arrangements (a) and (c), and the open-DL 1-T cell arrangement (b). Type (c) is
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(a) ()

()

FIGURE 2.7. The folded-data-line 1-Tcell (a), the open-data-line 1-T cell (b), and the
folded-data-line 2-T cell (c)[1].

the 2-T cell, which consists of twin 1-T cells and thus called the twin cell. For
the folded-DL arrangement, each pair of DLs runs on the same conductor (CD),
so any common-mode noise coupled to the data lines from the conductor via the
conductor-DL capacitance is canceled by the sense amplifier. On the contrary,
for the open-DL arrangement, each pair of DLs runs on the different conductors
(CD and CD). Since the voltage swing of the conductors can differ, the voltage
coupled to each pair of data lines can be different. Thus, a differential noise is
generated on the pair of data lines. In general, the open-DL cell (c) is smallest,
but the largest noise, while the 2-T (twin) cell (b) is largest, but the smallest
noise. The folded-DL cell (a) compromises the cell size with noise.

The folded-DL 1-T cell (a) has been the sole type of cell for the last 25
years. With the help of a self-aligned contact, triple-poly silicon, and vertical
capacitor process, this type of cell has reached its minimum size of 8F* (F:
feature size) [1], as mentioned previously. The greater difficulty of device minia-
turization and the increasing cost of fabrication in the nanometer era lead to a
requirement for new memory cells which are smaller than 8F2. Thus, a 6-F2
trench-capacitor folded-DL cell has been proposed [10, 11]. However, it requires
a vertical transistor along with an additional tight-pitch layer for its vertically
folded-DL arrangement. Recently, the open-DL 1-T cell, widely used in the
4-16-kb generations in the 1970’s, has revived due to its small (6F?) and simple
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structure [12], although reducing noise is the key to stable operations. The 2-T
cell is not only suitable for high-speed DRAMs [20, 21], but also most promising
for ultra-low voltage DRAMs. Despite the large cell size, the 2-T cell DRAM
may potentially replace the 6-T SRAM if its size remains much smaller than the
6-T SRAM cell, as discussed in Chapter 3.

2.3.2. The Data-Line Precharging Scheme

There are two types of data-line precharging schemes independent of the data-line
arrangement; the full-V,, DL-precharging scheme and the half-V,,, (midpoint)
DL-precharging scheme [1]. Full-V,,,, sensing was used in the nMOS era from
the mid-1970’s to the early 1980’s. However, it suffered from high power
consumption and large spike current, a large amount of noise in the array, and
a slow cycle time [1]. An inaccurate setting of the reference level was also
problematic, even if dummy cells and dummy word-lines were used [1]. Even
so, it was tolerated at that time because the memory capacity and V,,, were still
small and high (i.e., 12V in 4-16-kb generations), respectively, and the signal
voltage was thus relatively large. Mid-point sensing replaced full-V,,,, sensing
in the early 1980’s, with the help of cross-coupled (latch-type) CMOS sense
amplifiers, because it has unique features; that is, halving the data-line charging
power that dominates the total chip power, a quiet array with differential driving
of data lines, and automatic creation of an accurate reference level of a half-V,,,,
without any area and speed penalty [1]. Instead, it strictly limits low-voltage
operations due to a low-voltage sensing based on V,,,,/2.

2.4. Design of the Folded-Data-Line 1-T Cell

This section clarifies the limiting factors of low-voltage operation of the 1-T cell.
The folded-DL 1-T cell combined with mid-point sensing is cited as an example
because it has been the de-facto standard DRAM-cell circuit. Discussion here
includes investigations of the lowest necessary V, of the transfer MOST in the
cell, the lowest necessary word voltage for a full read/write, the necessary signal
charge and signal voltage, noise sources and noise reduction strategies, sensing
speed and gate over-drive voltage of sense amplifiers (SAs), and the lowest
necessary V, of the SA-MOSTs. They are all related to the minimum V,,, of
DRAMs for successful sensing.

2.4.1. The Lowest Necessary V, and Word Line Voltage

Each non-selected cell must hold its stored data for the #zp,,.. (i-€., the maximum
refresh time) by reducing leakage currents at the storage node. If the gate oxide
thickness of the transfer MOST is thick enough, there are two leakage currents
at the node [1]: the subthreshold current (i;) to the data line (DL), and the pn-
junction leakage current (i,) to the substrate, as we can see in Fig. 2.8. Thus, for
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FiGURE 2.8. Two leakage-current components of non-selected DRAM cell. Reproduced
from [1] with permission of Springer.

an acceptable signal-charge decay (AQy) of the cell, each leakage current must be
reduced to satisfy the specification of ¢, With i; (o< 1075) < AQg/trprmars
and i, < AQg/trprmax-

The subthreshold current is estimated by measuring the data retention time
under the condition where 0V is applied to the data line for as long as possible.
In practice, the condition is achieved by a set of successive low-level (“L”)
data-line disturbances that is done with successive operations of other cells
on the same data line, as shown in Fig. 2.9 [1]. The refresh time measured
under the disturbance is called the dynamic refresh time. The higher the V,,
the lower the subthreshold current. For a fixed cycle time, the lowest necessary
V.(=V,,.,) for the transfer MOST must be gradually increased with memory
capacity because the ?zpp,... must be longer to preserve the refresh busy rate
N(= ntre/trermar) [1]- This is true in a logical array configuration with n rows
by m columns, in which # is the refresh cycle, and 7. is the memory cycle time
(i.e., RAS cycle), as shown in Fig. 1.37. The V,,;, can be lower with a faster

min

“H” WRITE READ
Vop+V; “L” disturbance from DL
DL DL
wL -2
selection
W
other S I
-« N WL’s Vop \" no selection

FIGURE 2.9. The loss of stored data due to the data-line ‘L’ disturbances. O, = 0 and
v = 0 are assumed. Reproduced from [1] with permission of Springer.
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cycle time for a given m, as explained later. In contrast, the pn-current can be
estimated by measuring the date retention time while applying a static V,,, to
the data line and OV to the word line so that the subthreshold current to the
data line is eliminated (so-called static refresh time). It is becoming increasingly
difficult to simultaneously reduce both subthreshold current and pn-junction
current in the nanometer era. The need for a high enough V, requires increased
doping concentration for the ever-shorter channel-length MOST, and thus causes
increased pn-leakage current. Thus, non-planar MOSTs (e.g., a recessed MOST
and a FinFET [22]) and/or the negative word-line scheme are necessary to allow
lower doping concentration.

Let us investigate the lowest necessary V,(=V,,;,) in more detail, since it
eventually determines the lowest necessary word voltage of the 1-T cell. The
1-T DRAM cell needs a full-V,,;, write to store a full V,,;, from the data line to
the cell node without a V, drop. Thus, the word-line voltage, V,,, must be higher
than the sum of V,, (i.e., the data input voltage from the data line), V,,,,, the
V,-increase due to the body effect developed by raising the source (i.e., storage
node) by V,,,,, and the V, variation caused by narrow channel effects and process
variations. This raised word voltage necessitates a stress voltage-immune transfer
MOST. If the V, variation is neglected, V,,,;, is expressed as (see Fig. 1.5(a))

Ve > Vop + Virw

View = Vz0+K(V |VBB|+VDD+2¢’_V2¢> >
Vomin = Vo + K (VIVasl +20 = /20,

where V,py, is the lowest necessary V, for a full write, which is the sum of V,,;,
and the V,-increase by the body effect. Note that V,,,;, is defined as the V, at a
source (i.e., the data line) voltage of 0 V, which differs from V,,. Here, V,,,;, can
be different in a low-cost design and a high-speed design. The low-cost DRAM
needs a large number of memory cells connected to each DL-pair to achieve a
small chip by reducing the overhead caused by each DL-division. The resultant
long data line and associated large DL capacitance Cj, call for a large Cy, which
has been attained using sophisticated stacked and trench capacitors and high
dielectric constant (high-k) thin-films [1]. The requirement for a large Cy can
be relaxed by using a high V,,,,. That is why a high V,,,, is needed for low-cost
stand-alone DRAMs. In addition, the slow cycle time due to the large C), calls
for a long refresh time 4z, for a given refresh busy rate, necessitating a high
V.min» as €xplained previously. In contrast, the high-speed DRAM needs a short
data-line with small C,,. The resultant fast cycle time accepts a shorter fzzp,qx
for a given refresh busy rate, allowing a low V,,;,. Accordingly, the lowest
necessary word voltage can be different. Figure 2.10 [3] shows the calculated
values of tgprmars Vimins Virw» and Vi, for a hypothetical low-cost 64-Mb DRAM
that operates at #p- = 100ns and V), =2V with a pair of data lines connecting
1,024 cells. They are 8ms, 0.7V, 1.3V, and 3.3V, respectively. However, they

are 1.3ps, 0.3V, 0.7V, and 1.7V for a high-speed design that operates at
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FIGURE 2.10. Maximum necessary refresh time (fgzzp...) and necessary cell V,.
Reproduced from [3] with permission; © 2006 IEEE.

tge = 1ns and V,,, =1V with a pair of data lines connecting 64 cells. Here,
M =5%, Cy=30fF, k=05V'2, AQs;/Qs; =0.1 as an acceptable signal-
charge decay, S = 120mV/dec (100°C), and V,(25°C)=V, (100°C)+0.15V,
and the V, defined at a constant current of 10 nA per cell and 25 °C are assumed.

In the past, the word-line voltage has not been scaled down at the same pace as
the data-line voltage, due to a large V,,;, and V. On the contrary, the data-line
voltage, V), has been scaled down to reduce the power dissipation of the chip.
Note that DRAM’s power dissipation is almost governed by the data-line voltage
rather than the word-line voltage, since only one selected word-line is activated
while a huge number of heavily-capacitive data lines are simultaneously activated
at V. It should be noted that the boost ratio, Vy,/Vpp > (1+ Ve /Vpyp), must
be increased as the data-line voltage (V) is lowered, which charges the voltage
up-converter with a larger boost ratio.

As for the word boosting scheme, three alternatives [1] are well known.
Figure. 2.11(a) shows the conventional word boosting (or word bootstrapping)
scheme for a high-actual V, (> V,,,,) MOST. The word-line high level is usually
generated by a boosted power supply, V,, (i.e., Vpp). Figure 2.11(b) shows
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FIGURE 2.11. The conventional word boosting (a), the negative word-line scheme
(NWL)(b), and the boosted sense-ground (BSG)[23, 24].

the negative word-line (NWL) scheme for a low-actual V, MOST, in which the
word-line low level is negative (—8) to cut the leakage with an effective high
V(= V,,in + 6). Figure 2.11(c) depicts the boosted sense-ground (BSG) scheme
for a low-actual V, MOST [23, 24]. The NWL and BSG are the gate-source
offset driving schemes, as discussed in Chapter 4. V,,,; and 6 are generated by
charge-pump circuits, as discussed in Chapter 8, while the boosted ground level
is generated with a similar circuit configuration as a voltage down-converter
explained in Chapter 7. The BSG has not been so popular as the word boosting
and NWL because the signal voltage is reduced due to the lower data-line
voltage (by 6).

2.4.2. The Minimum V,

The minimum V,,(=V,,,) of DRAMs is usually determined by the S/N of
cells or the gate-over-drive of sense amplifiers (SAs). For the mid-point sensing
shown in Fig. 2.12(a), the differential signal voltage v, with the positive or
negative polarity is approximately expressed as vy = (V,;,/2)Cs/(Cp+ Cy). The
effective signal voltage vg, ., taking the differential noise vy, and the offset
voltage 6V, (i.e., V, mismatch between paired MOSTs) of SAs into consideration,
is expressed as v, = Vg — vy — 8V,. Thus, the minimum V,,, for a successful
discrimination of the signal, V,, (D), is given as

Vin(D) = 2(vpp + 8V )(Cp + C) / Cs. (2.1

On the other hand, the gate-over-drive voltage (V) (i.e., effective gate voltage)
of the turned-on MOST in the SAs depends on the signal polarity. For a positive
signal the turned-on MOST is M,, while for a negative signal it is M,. The V
is thus expressed as Vo (M,) = Vg —V, = Vpp/2 — (vg+vpe) — (V,p +AV,) for
the positive signal, and V;(M,) = V;,,/2 — vye — (Vo + AV,) for the negative
signal. Here, vy is the common-mode noise, and V,, and AV, are the average



92 Ultra-Low Voltage Nano-Scale DRAM Cells

J\ﬁw Vou

WL
[l kel
T‘iMC'
1
1
1 _g 1 4
| S ——
(a)
PL PLWL  SNLSPL PL PL WL SNL SPL
(31 oif/f (x} on on on off on on on
VDD ¢ ¢ VDD VDD¢ ¢ ¢ * ¢ VDD

(b) ©

FIGURE 2.12. Data-line relevant circuits of the 1-T cell (a) and waveforms on a pair
of data lines for a positive read signal (b) and a negative read signal (c), referred to a
reference voltage (i.e., Vp/2)[1].

threshold voltage and its variation in a chip, respectively. Hence, the minimum
Vpp for a successful activation of SA, V.. (C), is for the negative signal, which
is expressed as

in

Vouin(C) = 2{vpe + (Vi + AV ) 1. (2.2)
Note that the V,,;,, of DRAMs is determined by the higher one of the two V,;,
values; V,,;,(D) and V,,;, (C). Thus, reducing 6V,, (V,,+ AV,) and noise through
investigating the S/N of the cell and noise generation mechanisms in the array
is essential for low-voltage operations.

2.4.3. Signal Charge and Signal Voltage

The voltage at the storage node just after writing a full V,, (i.e., ‘H* write)
from a data line decays due not only to cell leakage, i, but also to « -particle or
cosmic-ray irradiation to the cell node, as shown in Fig. 2.13. Thus, the signal
charge Qg of DRAM cells [1] is time dependent. To be more exact, noise coupled
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FIGURE 2.13. The operation of a DRAM cell. Reproduced from [1] with permission
of Springer.

to the data line before and during sensing must be taken into consideration in
the expression of Qg, even if Qg is for non-selected cells. This is because the
necessary Q, is determined as a result of a successful sensing. Eventually, the
signal charge that is minimized at the maximum refresh time (¢ggp,...) 1S given as

QSZQSO_QL_QC_QN7

where Qg, is the initial signal charge (= C,Vpp/2), Q, is the leakage
charge(= itggpnaxs | =1;+1,), Q¢ is the collected charges at the cell node by
irradiation, and Q, is the noise charge (= vy,(C, + Cs)). The signal voltage
for a ‘H’ read, vg(H), is thus minimized at 7z, aS

vs(H) = (Q50 — Q1 — Oc — Q) /(Cp + Cy).

Thus, requirements for high S/N designs are summarized as follows. vy (H) must
be at least positive and large enough for reliable sensing. This implies that Qg
must be larger than the total effective noise charge, Q; + Q.+ Qy., although Qy,
usually decreases as V,,;, and Cs are reduced with device scaling [1] (Fig. 2.14).
Moreover, C;, must be minimized.

It should be noted that if a low voltage (i.e., 0 V) is written to the cell node
(i.e., ‘L’ write), the voltage stays at almost the original value during non-selected
periods. This is because a pn-junction leakage in the cell node, which makes the
store voltage decay, is compensated for by a subthreshold current from the data
line at a half-V,,,,. Thus, the signal voltage for a ‘L’ read (vg,(L)) that is larger
than vg(H) is given as

vs(L) = (Vpp/2)Cs/(Cp+ Cs) = Qs0/(Cp + Cy).

2.4.4. Noise Sources

The signal voltage developed on the data line is small and floating, and the
subsequent sensing operation is thus sensitive to noises coupled to the data lines
before and during sensing. In addition, some kinds of noise components slow
down the sensing speed, especially for mid-point sensing. Since noises increase
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FIGURE 2.14. Trends in Qg and the DRAM cell size. Reproduced from [1] with permission
of Springer.

with device scaling, reducing noise is a key to low-voltage nano-scale DRAMs. In
the past, many noise reduction techniques have been applied to the products. Of
the techniques, the folded-DL cell, the half-V,,, DL precharge, and the triple-well
structure [1, 36], as shown in Fig. 2.15, are extremely important. The folded-DL
cell cancels various differential noise components on a pair of data lines. The
half-V,,, DL precharge discriminates a positive-going or negative-going signal
referred to the half-V,,, without dummy cells [1]. Coupled with the folded-DL
cell, it enables low-noise low-power array by minimizing common-mode noises,
although it suffers from a slow amplification because the sense amplifier must
operate at the lowest voltage (i.e., the half V) in a chip. A 1-V 1-Gb DRAM
with C;, = 100fF gives an example in which 64k to 128k pairs of data lines are
simultaneously activated. For the V,;, DL-precharge, a total capacitance as large
as 6nF to 13 nF must be charged and discharged to a 1-V V,, within 20ns,
while the signal voltage is as small as 100 mV. Thus, it couples large voltages
to all non-selected word lines (WLs) in activated sub-arrays, through many DL-
WL coupling capacitances (Cy,p). It also couples a large voltage to the p-well
substrate at a floating substrate-voltage (V). These are common-mode noises.
The coupled voltages to the word-lines and substrate re-couple differentially
to data lines [1]. In contrast, the half-V,,, DL-precharge enables a quiet array,
because the voltages coupled to the word lines and substrate are canceled due
to an almost differential driving of pairs of data-lines. In addition, it halves the
DL charging power, which dominates the total power of a chip, by halving the
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FIGURE 2.15. Noise-reduction techniques for DRAMs [1, 36].

voltage swing of data lines. Here, the deep n-well in the triple well structure
eliminates the array-periphery coupling noise via the p-well sub, and works as a
barrier against soft errors [1].

Noise that still remains despite such techniques gives detrimental effects to
sensing operations. There are two kinds of noises, the differential (-mode) noise
and the common (-mode) noise, as explained earlier. The differential noise
coupled to the pair of data lines effectively reduces the signal voltage, causing
unreliable sensing. The common noise couples the same voltage to the pair of
data lines, and, although it is thus cancelled with a differential sense amplifier,
it can make the subsequent sensing and amplification slow due to reduced gate-
over drive, V;(= V;g—V,) in the sense amplifier. In the ultra-low voltage era,
the common noise that has been neglected due to a high V,,,, must also be taken
into consideration, as mentioned previously. Let us investigate noise sources to
the 1-T nMOST cell (MC) on the data line (DL,) in an array shown in Fig. 2.16.
Here, each pair of data lines has a precharger and equalizer (PC) and a CMOS
sense amplifier (SA). After all data lines have been precharged to a half-V,,,
by activating PL to a high level, they are left to a half-V,,, floating level by
turning off PL. Then, a word line is activated by applying a high enough voltage.
The resultant signal voltage is amplified by activating SNL of the nMOS SA
from Vj,,/2 to 0, followed by rewrite or restoring by activating SPL of the
pMOS SA from V,,/2 to V,,. The voltages coupled to the pair of data lines
from other conductors during the floating period prior to sensing works as a
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loss (subtractive) or a gain (additive) to the signal, depending on the polarity
of the signal when referred to the V,,,/2 level. Here, a positive going signal is
developed when a cell with a V,,,,-stored voltage is read (i.e., ‘H’ read), while a
negative going signal is developed when a cell with a 0-V-stored voltage is read
(i.e., ‘L’ read). The following noise sources exist for the differential mode and
the common mode.

Differential-Mode Noise Components. There are the following four kinds of
differential noise components.

A(Cy,) and A(Cyy,)). These are positively-coupled voltages, via Cy,p, and Cyyp,
from the word-line to a pair of data lines when the word-line is activated. A(Cy,p)
is larger than A(Cy,,,) due to the existence of the gate capacitance of the transfer
MOST. Thus, their voltage difference acts as a differential noise. Since a large
gate capacitance starts to be developed when the word pulse reaches V,,, /2 +V,,,,
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they are given as A(Cyp) = (Vyy —Vpp/2—=V,))Ceun/(Cp+ Cs+ Cgyy), and
A(Cyp) = Vy Cyp/(Cp + Cyp), where Vy,, V,,,, and Cg,, are the amplitude
of the word pulse, and the V, and gate capacitance of the transfer MOST,
respectively. A(Cy,p) is usually negligible. Assuming that Vy, =V,,+V,,,
the ratio to the signal voltage, vy = (V;,;,/2)C/(Cp + Cy), is given as

A(Cyp)/vs = (Cou/Cs)(Cp+ Cs)/(Cp+ Cs+ Copy).- (2.3)

For stand-alone DRAMs with a large enough Cy and Cj, the ratio becomes
negligible. For e-DRAMs with a small Cy and C,,, however, it grows as Cs
reaches Cg,.

A(Cpp)- This noise comes from the DL-DL capacitance C,,;, whenever a voltage
swing occurs on adjacent data lines. It randomly couples to each of the pair of
data lines. Thus, it can work as a differential noise or even a common noise. In
particular, it can be intolerably large when a large voltage swing occurs on the
adjacent data lines, as discussed later.

A(Cp). This is an effective coupling voltage due to a capacitive-imbalance by Cs
between a pair of DLs during sensing. It works as a loss for a ‘L.’ read signal, but
a gain for a ‘H’ read signal. This is because the additional C prevents the nMOS
amplifier from amplifying the ‘L’ read signal, while it helps the ‘H’ read to stay at
a high level. If the conductance of the transfer MOST in the cell is large enough,
the noise is approximately given [1] as A(Cp) = (1/2)(C,K/B)"* Cg/Cp, where
K is the slope with which the SNL voltage is decreased, and B is the nMOST’s
conductance. The noise becomes larger with a larger K; that is, faster activation
of the amplifier.

0V,. The offset voltage of the sense amplifier works as an effective random
noise during sensing, due to its random variation. It should be noted that &V,
increases with device scaling.

Common-Mode Noise Components. There are the following three kinds of
common noise components.

A(Vpp/2). This noise is generated by inaccurate setting of the V,,/2-level,
which is caused by output level fluctuations of the V,,,/2-generator, as discussed
in Chapter 7. It can take a positive or negative value that is equally coupled to
a pair of data lines.

A(Cp). This noise is a negatively-coupled common-mode voltage to the DLs
from PC when the precharge pulse PL goes low. Since a large gate capaci-
tance starts to be developed when the pulse reaches V,,/2+ V,p, it is given
as A(Cp) = (Vp = Vpp/2=V,p)Cqp/(Cp+ Cgp), Where Vp, V,p and Cgp are
the amplitude of the pulse, the threshold voltage and gate capacitance of the
precharge nMOST, respectively. Assuming that V, =V, +V,p, the ratio to the
signal voltage is given as

A(Cp)/vs = (Cgp/Cs)(Cp+ Cs)/(Cp+ Cqp)- (2.4)

For stand-alone DRAMs, the ratio becomes negligible, while for e-DRAMs it
grows as Cs reaches Cgp.
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AV,. The V, variation (AV,) in a chip effectively works as a noise that prevents
high-speed operations of sense amplifiers. Here, V, = V,,+AV,, and V,, is the
average threshold voltage in a chip.

2.4.5. The Effective Signal Voltage
and the Gate-Over-Drive of SAs

The effective signal voltage and the gate-over-drive of the sense amplifier (SA)
on the pair of data lines (DL, and DL,) are analyzed using the memory-cell
array shown in Fig. 2.16. Here, the effective signal voltage, vg, ., stands for
the available signal voltage which results from subtracting the noise and the
offset of the sense-amp from the original signal voltage, as mentioned earlier.
To simplify the analysis, the two components A(V,,/2) and AV, are neglected
because A(Vpp/2) can be reduced with a laser trimming of resistors in the
generator [9], and AV, can be compensated for by controlling the substrate-bias
(Vyp) with an on-chip charge pump, or reduced by using the largest MOSTs
possible. In the following formula, the absolute value is used for each parameter.

A. The ‘H’ Read

Voltages of the pair of data lines (DL, and DL,) just before sensing are given as

V(DL,) = Vpp/2 = A(Cp) + A(Cyp) + vs(H),
V(DL,) = Vpp/2 = A(Cp) + A(C;vn) +A(Cpp)-
Note that the turned-on nMOS is M,, in this case, and only the signal voltage
on one adjacent data line (DL,) couples a A(Cp,) to DL, because another
adjacent data line (DL,) is quiet. The “H” read signal vg,;r(H) on DL, becomes
minimum, if the memory cell is about to be refreshed, M;, has the maximum
positive 0V, with V, = V,,+ 6V,, and the signal polarity on DL, is positive. Here,
the signal on DL, works as a loss for the differential signal of the pair of data
lines. The gate-over-drive V;(H) of M,, also becomes minimum for the above
V,. Thus, they are approximately expressed as
USeff(H)min =V(DL,) — V(DL,) + A(Cp) — 8V, = vg(H) + vyp, (2.5)
Vo(H)min =V(DL;) = V,(My,) = Vpp/2 + vg(H) + vy, (2.6)
vs(H) =(Qs0 — QL — Qc)/(Cp + Cy),
Unp =A(Cyp) — A(Cyyp) — A(Cpp) +A(Cp) — 8V,
Une == A(Cp) +A(Cyp) = Vi(Myy),
ViM;p) =Vig+6V,, Vi(My)) = V.

Here, A(Cp) is simply added to vy, (H) since it is additive to the signal.



2.4. Design of the Folded-Data-Line 1-T Cell 99

On the other hand, they become maximum for the memory cell just after
writing a “H” data, if M;, has a negative 0V,, and the signal polarity on DL, is
negative. Thus, they are given as

Vsesr (H) oy =V(DL) — V(DL) 4+ A(C)p) — 8V, = vg(H) + vyp. (2.7)
Vo (H)max =V(DL) = V,(My,) = Vpp /2 + v5(H) + vyc, (2.8)
vs(H) =Qs0/(Cp +Cs),
v =A(Cyp) = A(Cyyp) +A(Cpp) +A(Cp) +8V..
Une == A(Cp) +A(Cyp) = Vi(Myy),
Vi(Myp) =V,y = 6V,, V(M) = V.

B. The ‘L’ Read
The voltages of the pair of data lines are given as
V(DL) =Vpp/2 — A(Cp) +A(Cyp) — vg(L),
V(D_Ll) =Vpp/2—A(Cp) + A(C;VD) +A(Cpp),
vs(L) =Q50/(Cp + Cs).

In this case, the turned-on nMOST changes from M,, to M,. The v, (L) and
V(L) become minimum, if M, has a positive 6V,, and the signal polarity on
DL, is negative. Thus, they are approximately expressed as

Vsesr (L)min =V(DL) — V(DL) + A(Cp) 4+ 8V, = —vg(L) + vyp, (2.9)
Ve (L)in =V(DL) = V,(M,}) = Vpyp/2 + v, (2.10)
unp =A(Cyp) — A(Cyyp) +A(Cpp) +A(Cp) +6V,, (2.11)

Une == A(Cp) + A(Cyp) — A(Cpp) = V,(My)), (2.12)

Vt(Mll) =V + 5Vw VI(MIZ) =V

On the other hand, they become maximum, if M,; has a negative 8V,, and the
signal polarity on DL, is positive. They are given as

Usesf (L) max =V(DL) — V(ﬁ) +A(Cp) +6V, = —vs(L) +vpp,
V6 (L)ax =V(DL) = V,(My) = Vppp/2 + e,
vwp =A(Cyp) = A(Cyp) — A(Cpp) +A(Cp) +8V,
une == A(Cp) +A(Cyp) + A(Cpp) = Vi(Myy),
V.(M,,) =V,, —6V,, V.(M,,) = V,,.

It should be noted that vy, (L) is always smaller than vy, (H), and V(L) is
also smaller than V;(H). Thus, v, (L), and V5 (L),,;, must be increased by
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reducing their noises vy, and vy, for high S/N and fast sensing. This is done by
reducing each noise component of vy, and vy, as discussed later.

The V,; differences (= V;(H) — V(L)) causes a sensing problem: In practice,
the sensing starts with a successive driving of the common source line SNL
from V,,p/2 to OV and then SPL from V,,,/2 to V,, by activating large driver
MOSTSs connected to SNL and SPL lines, each of which is shared with, for
example, 8 pairs of data lines, as shown in Fig.2.17. The sharing is necessary to
accommodate a sense amplifier (SA) within a small data-line pitch. However, it
varies the starting time of activation for each SA. When sensing, the nMOST
with V;(H) starts to amplify the signal earlier than that with V;(L) due to the
V. differences, even if the impedance consisting of the wiring and the driver
MOST (Mgy;.) is neglected. In practice, the ‘H’ read current flowing into the
impedance raises the SNL voltage, making the amplification for a ‘L’ read
signal further delayed due to the resultant reduced V;. The delay depends on the
above-described noise and the read data pattern along the selected word line. It
is maximized when all turned-on MOSTs in SAs(SA-SA¢) have the V;(‘H’) .
given by Eq.(2.8), except the one turned-on MOST(SA,) with V;(‘L’).in

Voo
2\ /
0
SNL WL
' SA, +vg DL,
{ DL
-V,
SA, +Vv DL
] 1
x8 E —
DL,
-V,
: sA, :
+6V, —v, DbL
;
{ DL,

(m—1)i ;
_/__| MSNL

FIGURE 2.17. Dependence of activation delay of sense amplifiers on read data pattern
along the selected word line.
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given by Eq.(2.10). The delay has been reported to further increase A(Cpp)
noise [1, 25, 26]. Rapidly-discharging voltages on adjacent data lines that result
from earlier activation couple large noises to the pair of data lines that is still at
a small and floating voltage. The delay problem caused by the ever-increasing
noise and V,-variations may be fatal in the ultra-low voltage nano-scale era.

2.4.6. Noise Reduction
A. Differential Mode

The differential noise vy, in (2.11) is reduced as follows. A(Cy,p) is usually
negligible. A(C,;,) becomes negligible by twisting DLs [1] without an area
penalty [9], or by shielding data lines by means of devices and circuits. A(Cp)
can be reduced to some extent with a slow activation of the sense amplifier [1].
Reduction of 8V, is difficult as long as bulk MOSTs are used. However, it can be
reduced in various ways: lithographically symmetric layout for sense amplifiers,
as exemplified by a circle-gate layout shown in Fig. 2.18 [33], is essential to
reduce the extrinsic 6V, caused by process variations and mask-misalignments.
In addition to a stringent control of the channel length and width, using the
largest MOSTSs possible is a straightforward solution to reduce the extrinsic
and intrinsic 8V,. Fortunately, enlarging MOSTs (e.g., to 10-20 F?, F; feature
size) is possible for DRAM sense amplifiers, as discussed in Chapter 3 (see
Fig. 3.23). Even so, 0V, increases with device scaling, as shown in Fig. 2.19,
because the intrinsic V, variation increases. Even the typical offset for the 100-nm
process generation is reportedly as large as 30-40 mV [27]. Thus, new circuits
and/or new MOSTs to cope with the problem are necessary. However, many
oV,-compensation circuits proposed since the end of the 1970’s have suffered

DL,

DL,
DL,

DL,

Circle-Gate

FIGURE 2.18. Circle-gate sense amplifier. Reproduced from [33] with permission;
© 2006 IEEE.
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FIGURE 2.19. Standard deviations of V, variation, o(V,), and intrinsic (o,,) and extrinsic
(0ey) V, variations. Reproduced from [29] with permission; © 2006 IEEE.

from area and speed penalties. Redundancy and/or on-chip ECC circuits [28]
are thus essential to compensate for 6V,, although they are almost invalid for
an excessive 6V,. A fully-depleted double-gate SOI [29] is reportedly a strong
candidate despite expensive wafers, because the ultra-thin and lightly-doped
channel of the SOI structure suppresses the intrinsic AV, and thus 6V, (see
Fig. 2.19). The details are described in Chapter 5.

B. Common Mode

A(Cp) can be reduced to some extent by differentially driving the
precharger/equalizer (PC) [9]. A(Cpp) can be negligible as in the differential
mode. A(Cy,,) is also negligible. The remaining problem is to reduce the V, of
the turned-on nMOST in sense amplifiers. In fact, there is the lowest necessary
V, which is determined by considering the different functions of sense ampli-
fiers; sensing and holding of the amplified signal. A low V, is better for fast
sensing. An excessively low V,, however, may collapse a floating signal voltage
before activating the pMOS SA for further amplification. Figure 2.20 [1] shows
waveforms on the data lines with solid lines for the high enough V,, and with
the broken lines for the too low V,. For the high V,, the turned-on MOST M,
starts discharging DL while another MOST M, also gradually discharges DL.
When the resultant DL-voltage reaches the V, (point A), however, M, stops
discharging (point A’) and the discharged voltage is held on DL, and M, thus
continues discharging with the held voltage. After DL has completely discharged,
M, (with Vg = 0) does not have significant subthreshold current because of the
high enough V,. For the low V,, however, both data lines are rapidly discharged.
Even when the DL has been discharged completely to point B, DL at point
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FIGURE 2.20. Dependence of data-line waveforms during amplification on the V, of
nMOSTs in the sense amplifier.

B’ continues to be discharged by M,/s constant subthreshold current until DL
is completely discharged. This implies that the signal is lost, and the read has
failed. The pMOS amplifier should be activated while the signal component is
still larger than the offset of the pMOS amp (8V,,), that is, before point C'.
The lowest necessary V, at the sensing stage can be estimated as follows. If
the signal voltage component after point B’ can be degraded by 50mV (=6V,,)
during 5 ns (= t5) on the data line with a 100-fF C,, at 120°C, the SA’s nMOST
with a channel width of 1 wm can have a subthreshold current of 1 wA at V5 =0.
The V, defined at a 1-pwA constant current is thus around 0.2V at 25°C, with
an assumption of AV,/AT; =2mV/°C. It corresponds to around —0.1V at the
commonly used current density of 1nA/um for S = 100mV /decade, which is
around 0.2V by the extrapolated V, definition. In practice, the drain-induced
barrier lowering effect must be considered for the estimation because the sensing
is carried out at a small V)¢ region. Although the details remain unclear, the
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V, was reportedly lowered to 0.2V, coupled with power switches, to achieve a
0.6-V-V},, sensing for a 16-Mb e-DRAM with a 40-fF Cy [8].

Such an excessively low V,, however, causes large subthreshold currents from
the many CMOS SAs during the data holding period after amplification, thus
calling for a higher V, only for the period. The V, is estimated as 0.5V at
25°C, assuming that each of the SA’s nMOSTSs can have only 1-nA subthreshold
current to confine the accumulated leakage from 128-k SAs in a 1-Gb DRAM to
0.1 mA. The current difference by three orders (i.e., 1 A and 1 nA) of magnitude
makes a V,-difference of 0.3V for § = 100mV /decade. Thus, it is ideal if a
low V, is used at the initial stage of sensing, while a high V, limits leakage
during data holding periods. Thus, a dynamic-V, sensing with a partially-depleted
(PD) SOI [1, 30, 31] and a sense amplifier controlled by a power switch [8]
(see Fig. 4.22) are needed.

2.4.7. The Minimum V,

This section investigates the minimum V,, (=V,,;,) of DRAMs, assuming
that A(Cpp), A(Vpp/2), AV,, and A(Cy,,) are negligible with noise reduction
techniques. For stand-alone DRAMs with a large enough Cs and C,), both A(C})
and A(Cy,p) are negligible, as mentioned earlier. Thus, V,,;,s for the differential
mode and the common mode are given by using vg, (L), and Vg (L),
expressed as Eqgs.(2.9) and (2.10), as

Vouin(D) =2{A(Cp) + 8V }(Cs+ Cp)/Cs;, (2.13)
Viin(C) =2(V,y +8V,). (2.14)
For e-DRAMSs, both A(Cp) and A(Cy,,)) become significant. Thus,
Vin(D) = 2{A(CWD) +A(Cp) + sz}(cs + CD)/CS’ (2.15)
V,in(€) = 2{A(Cp) + Vg 48V, ). (2.16)

The V,,, of DRAMs is determined by the higher one of the two V,,,
values expressed by Eqs.(2.13) and (2.14) for stand-alone DRAMs, and
Eqgs.(2.15) and (2.16) for e-DRAMs. For example, for A(Cy,p) = 10mV [34],
A(Cp) =10mV [34], A(Cp) = 5SmV [34], 6V,=50mV (see Fig. 5.6),
(Cs+Cp)/Cg =5, and V,, =200mV, the V,,, is equal to V,,;, (D) and is 0.55V
for stand-alone DRAMs. It is also V,,,(D) and is 0.65V for embedded(e-)
DRAMs. This implies that reduction of 8V, is a key to low-voltage operations.

This is the case for bulk CMOS.

2.5. Design of the Open-Data-Line 1-T Cell

The open data-line cell is attractive due to a small cell size of 6 F 2 as discussed
previously. Unfortunately, it generates a large noise in the array, which is unpre-
dictable and quite sensitive to the cell structure and the layout of the array.
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The noise is always larger than that of the folded-data-line cell, because each of
a pair of data-lines is laid out in two physically-separated subarrays. The noise
cancellation by using such two subarrays is quite difficult, while the folded-data-
line cell can cancel any noise at the two cross points in each cell in one array.
The best way to reduce the noise is to suppress the voltage difference between
the two arrays, which is realized by dividing an array into multiple copies of
the smallest subarray possible and bridging between the two relevant subarrays
with low impedance interconnects [12]. Even so, there is a residual noise that
eventually may prevent low-voltage mid-point sensing. The noise generation
mechanism of the cell array with the stacked-capacitor 1-T cell and the noise
reduction are briefly described in the following.

2.5.1. Noise-Generation Mechanism

Open data-line cells with stacked-capacitors are shown in Fig. 2.21. The cell
size is 6F? at the word-line (WL) pitch of 2F and the data-line (DL) pitch of
3F. The cell-plate (PL) on the storage node (SN) overlays the entire array, and
the p-well (PW) and deep n-well (NW) on the p-substrate (SUB) are common to
all memory cells of the array. The tilted active area allows a wider transfer gate
and smaller data-line contacts (DCT). The storage capacitance (Cy) is 25 fF. The
capacitances related to the data-line are the DL-WL capacitance (Cpy, = Cyp),
DL-storage node (SN) capacitance (Cjg), DL-p-well (PW) capacitance (Cpp),

2F
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[ & .00 @ |

el CD[l)__ 1 sl 3F

4 Q Tl bt Q

| S |
WL

active area
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FIGURE 2.21. 6F? open-DL memory cell. (a) Top view. (b) Cross-sectional view.
Reproduced from [12] with permission; © 2006 IEEE.
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TaBLE 2.1. Data-line related capacitances of the open data-line array in 0.13-pm
technology. Reproduced from [12] with permission; © 2006 IEEE.

(aF/cell) Simulated (measured)
Cow DL to WL 59 (56)
Cps DL to SN 71 (73)
Cop DL to PW 47 (58)
Cop DL to DL 1(2)
Con PW (—0.7V) to NW (3.1V) 43
Cxs NW to SUB (0V) 12
Cell size 0.109 pum?
Cs 25{F
V, of cell transistor 1.1V @ Vg =—-0.7V

and DL-DL capacitance (Cp,p,). Table 2.1 gives, for comparison, the values as
simulated by using a 3D capacitance-extraction tool along with values measured
with the test chip. In the open data-line cell, a wider data-line pitch and the
shielding effect of denser storage-node contacts (SCT) than in the folded data-
line cell lead to a reduced Cjyj.

Figure 2.22 shows an open-DL-cell array where each of a pair of data lines
is arranged in two adjacent arrays (MA,, MA,) that are separated by sense-
amplifiers (SA). Four kinds of conductors work as noise sources in each array;
the p-well, the plate, the group of non-selected word lines, and adjacent data-lines.
The above-described capacitors that are related to the conductors generate noise

1

selected WL Cq _|_ non-selected WLs: n—1 - non-selected WLs: 1

.

— : —
DS/ / %V %J
..W

DLs: m

m=1024
SUB n=512

FIGURE 2.22. Open-DL cell array with stacked-capacitor cell. Reproduced from [12] with
permission; © 2006 IEEE.
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against the cell-signal voltage on the pair of data lines whenever the voltages on
the conductors are changed. Cj,, generates the well-known inter-data-line coupling
noise [1]. The other capacitances generate noise due to the differential voltage
swing on each of the m pairs of DLs when the mid-point sensing scheme is
applied. The generation of noise can be conceptually explained by a simplified array
(Fig. 2.23), in which two separate noise sources (NS, NS,) represent p-wells,
plates and groups of non-selected word-lines, R, is the resistance of each noise
source and Ry, is the connection resistance, C represents Cpp, Cpy, and Cpy, and
C, and Cp, are the capacitances of the noise source and data line, respectively.
The simultaneous development of a large voltage swing (V) on the background
data-lines couples a voltage oV to the noise source (NS;). The magnitude of 6V
depends on the data-pattern of the cells along the selected WL. The value of 6V
is maximized when (m — 1) DLs in an array are driven with the same polarity.
The maximum voltage (6N) is then re-coupled to the target data-line in the same
array through C. Since the two groups of (m — 1) DLs and (m — 1) DLs are
differentially driven, the maximum differential voltage 26N is generated across
the target pair of data-lines. The 26N acts as differential-mode noise when its
polarity is opposite to the cell-signal polarity on the target data-line. When both
polarities are the same, it is added to the signal. The above-described noise
is generated whenever a large voltage swing is involved. Thus, it is generated
after precharging data-lines and when cell-signals are sensed and amplified.

2.5.2. Concepts for Noise Reduction

One guiding principle for reducing the level of noise is to reduce the impedance
R, (Fig. 2.23). This enables suppression of the noise peak and quicker recovery
to the original voltage level because of the lower time constants of the conductors.
Bridging of noise sources NS, and NS, with a low-impedance (Rj) conductor

MAg

MA;

SA
|4 7N -V
background{ 3 @ . }background

(m—1)sDLg . P (m—1)s DL
C== eee = C== eee =
R - Ry - R,
NS, 8V Fw—iNs, -8V e
Co= C_l Co= C_l
e TVvN e Tv-ON _
: @ : target DL,

target DL, = —
& 0 CDO; CDO;

NS: WL, PL, PW

C: Cpp, Cps, Cpw
Cy: NS capacitance
Cpy : DL capacitance

FIGURE 2.23. Noise-generating mechanisms in an open-DL array. Reproduced from [12]
with permission; © 2006 IEEE.
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provides a further reduction in the voltage difference, even though the respective
voltages remain coupled to each noise source. The low-impedance array shown
in Table 2.2 was thus proposed [12]. Here, the original array featuring simple
Vgg-supply and plate layouts was cited as a reference, which has been accepted
for the folded data-line cell because of its inherently low-noise features. A row
of Vgp-supply contacts is placed at one end of the p-well surrounded by the SA’s
n-well and the deep n-well. Both plates are composed of TiN, and they are only
connected, with Al wiring, at the ends of the arrays. In the proposed array, however,
arow of Vgg-supply contacts is placed at each end of each p-well region with an
area penalty of only 0.6%. Moreover, the impurity concentration of the p-well is
increased to reduce the p-well’s sheet resistance from 2k} /] to 500€2/0]. This
increase is applied only to the middle part of the p-well to avoid detrimental effects
on the memory-cell MOSTs and to keep the p-well to deep n-well breakdown
voltage constant. The plate layer itself provides the bridge over the SA region
between the pair of adjacent plates without area penalty. The tungsten (W), which
isused for DLs, is also utilized to reduce the sheet resistance from 20} /[ to 2} /[J
by placing it on the TiN. The WL’s sheet resistance is reduced from 10€2/C] to
202 /0 by using a W and poly-Si dual layer instead of the WSi and poly-Si dual
layer of the original array. Noise of the above-described low-impedance array was
evaluated by means of circuit simulations. Figure 2.24 shows dependence of the
noise level on array size. Here, all conditions except the DL’s length are kept the

TABLE 2.2. Proposed open-data-line array and the original array. Reproduced from [12]
with permission; © 2006 IEEE.

original array proposed array

contact RB

p-well Reian
p-well (2 k/O) p-well (500Q/00)
R, =620Q, Ry, =70Q dual contact (64 contacts/row)
A e R,=70Q, Ry =600
cell plate

TiN-cell plate (20 Q/cT)
Ry,=16Q,R;=5Q

W on TiN-cell plate (2Q/0)
bridging (128 lines/array)
R,=03Q,R;=04Q

WSi / poly-Si WL (10Q/0)
word-line R,(WL, WD) =16Q
Ry(Vgg) =1Q

W / poly-Si WL (2Q/00)
Ry(WL, WD) = 8Q
Ry(Vs9) =1Q
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Number of WLs, n, in the array

256

512 :::
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Total noise (mV)

44
0.13 pm
tsa=3.3ns
tna=0ns
tpc = 10 ns
1024
DLs
H_/
neWLs
60

FIGURE 2.24. Dependence of the noise level on array size. Reproduced from [12] with
permission; © 2006 IEEE.

same as in the basic proposed array. Obviously, the noise becomes smaller with
a smaller array size, because a smaller array can be considered as, in a sense, a
reduced impedance array. Furthermore, the array noise was compared with that of
the 8F? folded-data-line cell, as shown in Fig. 2.25 and Table 2.3. Consequently,
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FIGURE 2.25. 8F? folded-DL memory cell. (a) Top view. (b) Cross-section view.

Reproduced from [12] with permission; © 2006 IEEE.
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TaBLE 2.3. Data-line related capacitances of the folded-DL array in 0.13-pm technology.
Reproduced from [12] with permission; © 2006 IEEE.

(aF/cell) simulated

c Cowo DL to WL (w. MC) 104

bW Cpwi DL to WL (w/0.MC) 4
Cps DL to SN 119
Cpp DL to PW 34
Cpp DL to DL 18
Cpx PW (—0.7V) to NW (3.1V) 53
Cys NW to SUB (0V) 15
Cell size 0.135um?
Cs 28 {F
V, of cell transistor 1.1V @ Vgg=-0.7V

the low-impedance 512-n array was expected to reduce the array noise
to 22 mV, which was comparable to 23 mV for the twisted-folded-data line cell.

2.5.3. Data-Line Shielding Circuits

An arising problem with device scaling is the ever-increasing C,,-coupling
noise that cannot be cancelled with the open-data-line cell, although the above-
described example fortunately has a small enough Cj;, due to a wider DL pitch
and the shielding effect of the storage-node contacts (SCT). Thus, a data-line
shielding circuit is needed.

Figure 2.26 shows a good example applied to a 4-Gb DRAM [32] using a
stacked-capacitor 8F? cell that is probably similar to that in Fig. 2.25. Two
data-lines (D;, D,), each of which is in the two adjacent arrays, are twisted at
the sense amplifier to create a pair of data lines. Alternate selection of data lines
in the same array allows each selected data line to be shielded with quiescent
adjacent data lines which are biased at the half-V,,, precharge voltage. Here,
the equalizing MOST in the conventional scheme is removed since the DL
equalization signals can be merged with the isolation signals (ISO; and ISO;)
using the boosted voltage (V) or V,p) without degradation of the DL precharge
time. The circuit has been reported to achieve a coupling noise of 3 mV, which
is quite small compared with 17 mV of the non-twisted folded-data-line cell.

2.6. Design of the 2-T Cell

The 2-T cell (twin cell) is ideal as the highest-speed cell circuit despite the
large cell size, if the low-noise characteristics and the differential sensing and
driving capabilities are fully utilized. In fact, a 4.8-ns access 144-Mb DRAM
with 16-F? cells [20] and a 9.6-ns cycle 288-Mb DRAM with 12-F? cell [21]
have been reported. It is also ideal as a low-voltage cell circuit, because noise
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FIGURE 2.26. Concept of the twisted open data line (a) and actual circuits (b). Reproduced
from [32] with permission; © 2006 IEEE.

can be minimized and the reference level is always equal to the signal voltage
on another data line.

The data-line voltages for a ‘H’ read on DL and a ‘L’ read on DL are given
as V(DL) = V,,,/2 + vg(H), and V(DL) = V,,,,/2 — vg(L), assuming that the
differential noise A(Cpp) =0 with the shielded data line [34], A(Vpp/2) =0
after a laser level-trimming, A(Cp) = A(Cy,p) with adjusting the parameters
and/or voltage levels, and AV, = 0 with compensation circuits. Thus, the effective
signal voltage v, and the minimum gate-over-drive (Vj,,;,) of a turned-on
nMOST that is realized by vg(H) and the highest V, are given as

Vs =vs(H) +vs(L) =8V, (2.17)
Ve (W)min =Vpp/2+vs(H) — (Vo +6V,), (2.18)
vs(H) =(Qs0 — QL — Qc)/(Cp + Cy), (2.19)
vg(L) =Qg0/(Cp + Cy). (2.20)

If vo(H) = vg(L), V,i,(D) and V., (C) are given as

Vmin(D) = (SV[(CD + CS)/CS’ (2'21)
Vauin (C) =2(Vg+8V,) /{1 + C5/(Cp + Cs) . (2.22)



112 Ultra-Low Voltage Nano-Scale DRAM Cells

Thus, they are eventually determined by three parameters,
oV,, (Cp+Cy)/Cs, and V,,. For example, for 6V, =50mV, (Cp+Cy)/Cs=5,
and V,, =200mV, V_,,(D)=0.25V and V,,,(C) = 0.42V. Thus, the V,,, of
this DRAM is 0.42 V.

2.7. Design of Double-Gate Fully-Depleted SOI Cells

The ultra-thin buried-oxide (BOX) double-gate FD-SOI MOST [29] shown in
Fig. 2.27(a) is one type of ultra-low voltage DRAMSs. The ultra-thin, lightly-
doped channel suppresses V, fluctuations caused by deviations in dopant distri-
bution in the channel region and SOI-layer thickness, as shown in Fig. 2.19.
Hence, the offset voltage of sense amplifiers, which is derived from the intrinsic
V, variation (;,,) and is reportedly as large as 30-40mV even in the 100-nm
bulk MOST [27], is negligible. Since the wells are isolated from the diffusion
regions by the BOX layer, very little current flows from the diffusion layer
to the well, even when forward bias is applied, as shown in Fig. 2.27(b).
This design has the additional expected advantage of drastically reducing the
soft-error rate, as shown in Fig. 2.27(c) [38]. This is because, in addition to
a few collected charges generated by the extremely thin silicon layer, most
of the electron-hole pairs generated by alpha-particle or cosmic-ray irradia-
tions are blocked by the BOX and do not affect the extremely thin silicon
layers. These characteristics are extremely important in designing ultra-low
DRAMs.

The FD-SOI 2-T cell [34] minimizes V,,;,(D) because Q, = 0, Q. =
0, and because of the already small 6V, and noise. For example, V,, (D)
is as low as 25mV for V,, = 200mV, 6V, = 5mV, and (C, + Cy)/Cy =
5, although V,_, (C) is still as high as 0.34V, as seen in Egs. (2.21) and
(2.22). If the full-V),, date-line precharge (Fig. 2.28) is applied to a data-line-
shielded FD-SOI 2-T cell [37], V,,;,(C) can be minimized by maximizing the
gate over-drive of the sense amplifiers. In this precharge, a complementary
voltage, 0 and V), is stored at two nodes, and, therefore, the signal voltage

nMOST pMOST ”

G G
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So—%\—oD soJ3¥L oD

- P (Vg (V)
i

Junction 0.5

o Leakage

Leakage current (uA/m)

Soft error rate (normalized)

(gox<10mm) | [ Well STI 0™

-1.0 0.5 0.0 0.5 1.0

Back-gate voltage V_ (V) SOI film thickness (um)
(a) (b) (©)

FIGURE 2.27. Structures of double-gate FD-SOI and its characteristics [29, 38].
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FIGURE 2.28. Data-line relevant circuits (a) and waveforms (b) of the 2-T cell using the
full-V,,, data-line precharge.

from one of the twin cells is always negative for the reference level of V.
Since Userf = (Qs0— 01— 0c)/(Cp+Cs) = 8V,, Qg9 = CsVpp, and V(L) i, =
Vop = (Vig+8V)), V,;,(D) and V,,,,(C) are given as

Viuin(D) = (14 Cp/C5)8V, + (01 + Qc)/ Cs, (2.23)
V,in(C) = Vg +8V,. (2.24)

Figure 2.29 compares V,,;,(D) and V,,;,(C) for the bulk CMOS and the FD-SOL.
For the bulk CMOS, 6V,s for a repairable percentage (r) of 0.1 % in Fig. 5.6(a)
are used, and the tolerable decay of the stored voltage (Q, + O.)/Cj is assumed
to be 0.2V,,. Thus, V,,,(D) = (1+ Cp/Cy)8V,/0.8. For the FD-SOI, O, =0,
Qc=0,and 6V, =5mV are assumed. Obviously, for the bulk CMOS, the V,,,, of
the chip is determined by V, ;. (D) in the 65-nm generation and beyond, resulting
inaV,,;, of 0.43V in the 32-nm generation. For the FD-SOI, however, V,,,, is
taken over by V,,,(C), and is as low as about 0.2 V. This is due to a drastic
reduction in V,

i (D) with negligible Q, and Q. and small §V,.
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FIGURE 2.29. V,.. (D) and V,,;,(C) for the bulk CMOS and the FD-SOI [37] using the
2-T cell and the full-V,,;, DL-precharge.

It should be noted that V,,;, (D) can be increased by increasing C,,/C until it
is equal to V,,;,(C), while maintaining the V,,;, of DRAMs at the same level. This
leads to (Cp/Cs)6V, =V, and thus C,/Cs =V,,/6V, =40 for V,, = 0.2V, and
0V, = 5mV. Thus, the FD-SOI makes sensing possible even with an extremely
small C; (e.g., one-eighth that of conventional designs) for a fixed Cp, making it
possible to use a simple logic-compatible planar capacitor. Figure 2.30 shows the
structure of such a cell structure [34, 37], which fully exploits the advantages of

the FD-SOL. It uses a MOS planar capacitor, the plate (PLT) of which is usually

WL PLT Diffusion
(a) (b)

FIGURE 2.30. Cross section and layout of a FD-SOI 2-T cell [34, 37].
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at a half-V,,. To maintain extremely low junction-leakage characteristics in the
MOST, no implant is added to the stored node. Thus, the work function of the
capacitor plate material is different from that of the MOST gate materials, so the
MOS capacitor is depleted even when a full V,,, is written from the data line.
The V, of the cell MOST can be adusted by implanting ions under the BOX
and/or well bias voltages V,. To avoid coupling noise from adjacent data lines,
each data line is shielded with quiescent data lines by alternate activation of
paired data lines, allowing Eq. (2.23) without noise components to be justified.
The SER is negligible because the collection area of the SOI is very small. The
cell size is 30 F?, making possible a Cy of 0.5fF for a 1.3-nm ¢, /(electrical)
32-nm technology. Thus, for a C,/Cy of 40, at least 128 cells can be connected
to one sense amplifier thanks to accepting a large Cj, of 20fF.
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3

Ultra-Low Voltage Nano-Scale
SRAM Cells

3.1. Introduction

Low-voltage nano-scale SRAMs are becoming increasingly important [1-4] to
meet the needs of the rapidly growing mobile market, and to offset the sky-
rocketing increase in the power dissipation of high-end MPUs (Microprocessor
Units), while ensuring the reliability of miniaturized devices. Thus, sub-1-V
SRAMs have been actively researched and developed, exemplified by a large
26.5-MB SRAM cache in a 0.8-V to 1-V MPU [5]. To design such SRAMs,
however, the following challenges concerning the memory cell [1-4] must be
accomplished. First, leakage currents of SRAM cells must be reduced because,
for example, the subthreshold current exponentially increases with reducing
threshold voltage (V,) of MOST, eventually dominating even the active current
of an SRAM chip. Second, the voltage margin of SRAM cells must be improved
by high signal-to-noise-ratio (S/N) designs because it dramatically decreases
with device and voltage scaling, causing degradations of the soft-error charac-
teristics and sensing margin. Third, performance variations of memory cells
caused by variations in processes, voltage, and temperature (PVT variations)
must be reduced, because, for example, the ever-increasing V, variation with
device scaling increases leakage and degrades the voltage margin of SRAM
cells. Fourth, to accomplish the above-described challenges, management of
internal power-supply voltages with on-chip voltage converters is required. Fifth,
the memory cell size, especially for low-voltage embedded memories, must be
reduced since the memory block will dominate the chip size of various LSIs.
In this sense, a comparison between SRAM cells and DRAM cells in terms of
low-voltage potential and cell size is a serious concern.

This chapter describes ultra-low voltage nano-scale SRAM cells, focusing on
the six-transistor full-CMOS cell (6-T cell). After explaining trends in SRAM
cell-developments, the 6-T cell is discussed in detail in terms of leakage currents,
the voltage margin with respects to the lowest necessary V, and V, variations for
the cell, and the signal charge that is closely related to the soft error rate. After
that, improvements of the voltage margin of the 6-T cell are outlined. Finally,
a comparison between the 6-T SRAM cell and the one-transistor one-capacitor
(1-T) DRAM cell is made, focusing on the low-voltage limitation. Here, the
leakage, variability, and power management issues for the SRAM peripheral
circuits are described in Chapters 4 to 9 in detail.
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3.2. Trends in SRAM-Cell Developments

In the past, many kinds of SRAM cells, such as an enhancement MOST-load
cell, a depletion MOST-load cell, a full CMOS cell (i.e., 6-T cell), a high-
resistive poly-silicon-load cell, and a thin-film-transistor (TFT) load cell, have
been proposed [1]. The 6-T cell, however, has become vital for use in cache
memories. 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 fabri-
cation, with a process compatible with CMOS logic in MPUs. Although a cache
SRAM does not need a density as high as that of a DRAM, the memory cell
size is still a prime concern to reduce the fabrication cost, especially for MPUs
that have a large on-chip cache. Denser cells have been realized by using the
following technologies: multi-level interconnects to form a flip-flop, source-drain
silicidation, and trench isolation. Recently, advanced TFT and four-transistor
(4-T) SRAM cells have been proposed to reduce the cell size.

Stacked-TFT SRAMs cells [6-8] are promising for tiny cells comparable to
DRAM cells. In the conventional TFT (pTFT) load cell, the polycrystalline Si
channel film of the pTFTs made it difficult to operate the cells below 3V due to
a high V, of over 2.5V that comes from a large S-factor and a poor on-off current
ratio. Using an almost single crystal TFT is one solution, although details of
the fabrication process remain unknown. However, the drain current is still two-
thirds that of the bulk, and the S-factor of pTFT is as large as 140 mV/decade [6].
Thus, it seems that the TFT is not suitable to make a low-voltage high-speed
embedded (e-) SRAM. Nevertheless, it has the great advantage of having high
density for stand-alone SRAMs. A conventional 84-F2 (F: feature size) 6-T
SRAM cell using a high-density SRAM process was reportedly reduced to 45 F?
by using load pTFTs stacked over the bulk driver and transfer nMOSTS [7],
eliminating the n-well. It was further reduced to 25 F? by using load pTFTs
and transfer nTFTs double-stacked over bulk driver n-MOSTSs [8] in different
levels of layers, as shown in Fig. 3.1. Resultant cell sizes were comparable to
the sizes of 1-T embedded (e-)DRAM cells. The cells made it possible to realize
record-setting high-density stand-alone SRAMs, with 80-nm SRAM processes,
such as a 1.3-V 28.5-mm? 49.2-ns access 64-Mb chip with 0.288-um? (45 F?)
cells [7], and a 1.8-V 61.1-mm? 144-MHz 256-Mb chip with 0.16-um? (25 F?)
cells [8]. For both SRAM cells, the voltages for word-line and/or cell power
supply were selectively boosted to compensate for the limited current driving
capability of the TFT described above.

The 4-T cell [9, 10] consists of cross-coupled nMOSTs and transfer pMOSTSs
working as loads during standby, as shown in Fig. 3.2. When the cell is accessed,
the selected word line goes down from V,,, to 0, so a differential read signal
is outputted on the data lines which were precharged to V,,. The cell size
is smaller by about 30% than the 6-T cell. However, the voltage margin and
stability may not be sufficient for ultra-low voltage operations: To ensure the
data retention characteristics, the leakage current (subthreshold current, /,.;,)
of the off-nMOST must be compensated for by a large enough load current
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FIGURE 3.1. SRAM cell using thin-film-transistor (TFT) [8].

of the off- pMOST (/,;,). This requirement must be met even for the worst
cell with the largest V, of pMOS and the smallest V, of nMOST within their
V, distributions in a chip. If their V,s independently vary by £100mV, and
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FIGURE 3.2. 4-T cell and its data-retention characteristics [9, 10].
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a V,-difference of 100 mV is needed for the worst cell to hold data, the average V,
of pMOST must be smaller by 0.3 V than that of nMOST, as shown in the figure.
This ensures a 10-fold difference in the leakage even for the worst cell with an
assumption of § =100mV /dec. Note that to ensure a retention current of 0.1 nA
for a low-power 1-Mb array, the smallest necessary average V, of the nMOS
is around 0.7V and thus 0.4V for pMOST, as explained later (see Figure 3.4).
Such high V,s eventually limit the low-voltage operation. In addition, the cell
may result in a slow cycle because the precharge time must be long enough
so that non-selected cells are ‘refreshed’ within every cycle. Otherwise their
pMOSTs cannot supply large enough load currents while the data line stays low,
eventually causing data destructions of the cells during successive activations
of other cells along the same data line. Moreover, any voltage coupling to non-
selected word lines may degrade the retention characteristics with increased or
decreased subthreshold currents. This may occur via the word-line to data-line
capacitance when many data lines simultaneously swing at a large voltage.

Note that fully-depleted SOI SRAM cells [ 14, 15] enable lower-V/,,, operations
with a much lower subthreshold current thanks to reduced V, variation and the
back-gate controls of MOSTs. The 7-T cell [11] has also been proposed to
enable a 0.5-V V,,, operation with cutting the inverter loop dynamically despite
increased area.

3.3. Leakage Currents in the 6-T SRAM Cell

The data retention current of the 6-T SRAM cell consists of many components,
as shown in Fig. 3.3, which is an example of a 0.13-um 1.5-V SRAM cell [12].
Two gate-tunneling currents, five GIDL (gate-induced drain leakage) currents,
and three subthreshold currents are developed in each cell. The gate-tunneling
and GIDL currents are reduced by using new high-k gate insulator materials and
lowering Vj,, respectively. The subthreshold current is reduced by increasing V,.
Because the subthreshold current usually dominates the data-retention current,
increasing V, is the key to achieving a small data retention current. The increase,
however, requires raising V), to maintain the S/N of the cell constant. Thus, to
determine the low-voltage limitation, the lowest necessary V, (V,,.;,) specification
on the data-retention current must be investigated.

Subthreshold currents from the cross-coupled MOSTs are unavoidable because
the MOSTs always form feed-back loops. These loops dramatically increase
the data retention current with decreasing V, and increasing temperature, as
exemplified by the 1-Mb array current in Fig. 3.4 [3]. This identifies the V,,,,, that
satisfies the specification [1-4]. If a low-power 1-Mb SRAM needs a leakage
of 0.1 .A at junction temperature 7},,, = 75°C, the V,,,;, at 25°C might be as
high as 0.71 V, while if a high-speed 1-Mb SRAM tolerates a leakage of 10 LA
at Ty = 50°C, it can be as low as 0.49 V. Such high-V, MOSTs, however,
degrade the read signal voltage and static noise margin [34-36], eventually
preventing downscaling of the V. Note that the V, used in the Fig. is close
to the average V, (i.e., V,y) because it is the average that usually determines the
retention current of the chip. For transfer MOSTs, a low-actual V, may cause read

min
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FIGURE 3.3. Standby-leakage current components of the 6-T SRAM cell [12].
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non-selected cells selected cell

DL i w—

FIGURE 3.5. Read failure of SRAM cell [13].

failures [13], as shown in Fig. 3.5, if the subthreshold current accumulated(ni)
from the transfer MOSTs of many non-selected cells along the same DL becomes
larger than the read current(/,,;,) of the selected cell. The subthreshold current,
however, can easily be reduced because the MOSTs work as switches, as in
DRAM cells. The use of a high enough or effectively high V,, as in DRAM
cells (Fig. 2.11), resolves the problem by isolating the selected cell from other
non-selected cells.

3.4. The Voltage Margin of the 6-T SRAM Cell

The voltage margin of the SRAM cell for a given V,,,;,, must be clarified in terms
of the S/N (i.e., read/write and soft-error characteristics) to determine the lowest
necessary V,,, (V) for a successful operation.

in

Vg =V,,=Vi—AV,=6V,

FIGURE 3.6. SRAM cell circuit. V,y; average V, in a chip, AV,; V, variation in a chip, 8V,;
V,-mismatch between paired MOSTs.
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3.4.1. Read and Write Voltage Margin

There are two kinds of voltage margins of the cell (Fig. 3.6) that we have to pay
attention to; the read margin and write margin [34-36]. The rapidly-reduced read
current of the cell with device and voltage scaling decreases the read voltage
margin. For example, the read current of the turned-on nMOST(e.g., M) in the
cell is proportional to the gate-over drive voltage (V,;) that is approximately
expressed as Vg = Vp, — V,, — 0V, — 0V, if we can assume that the voltage
margin is determined only by cross-coupled driver nMOSTs. Here, V,,, 8V,, and
0V, are the average V, and V, variation in a chip, and the V,-mismatch between
paired nMOSTs in the cell, respectively. Thus, even for a fixed (V, — V,, —8V,),
each cell can have a different read current that depends on 8V;. Here, this
difference becomes most prominent when V,,,, reaches V,, + 8V,, which occurs
at quite a high V,,, since V,, must be quite high (e.g., 0.49-0.71 V) and 6V, is
also high in the nanometer era. For example, for V, =0.71V and 6V, =0.1V,
the lowest necessary V,, (V,;,) for a successful operation must always be
higher than 0.81 V. In other words, the signal voltage is rapidly reduced as
Vpp 1s lowered to below 1V, entailing a large cell-to-cell variation of the read
current. Since both 6V, and &V, increase as the device gets smaller, as shown
in Fig. 3.7(a), the V,,, that is defined here as the V), corresponding to a static
noise margin (SNM at read) of 0 becomes higher with device scaling, as shown
in Fig. 3.7(b) [14, 15]. Note that a 1-V operation of a 90-nm bulk SRAM is
expected to be impossible even for a low V, of 0.4V, if 60 of V, variation
is taken into consideration. The write margin is determined by various ratio
operations of MOSTs in a cell, as discussed later (see 3.5 and 3.6).

T 40—
90-nm [0, E o(V,) : 65-nmbulk | V=04V
bulk [0 0.8 Vop=10V
65-nm|[ 20 £06 ‘. o
bulk | Z _
32-nm I = 00
20F 00 02 04 06 08 L0,
bulk I § V,(V) 90-nm
65-nm [0, v bulk
FD-SOI [ o, oV
45-nm E 10
FD-SOI _p2
32-nm E tLW:_lz.gnm k\,
FD-SOI o L
i 0 1 1 ¥ 2
0 1 2 0 0.6 0.8 1.0 1.2
Standard deviation of V, Variation (a.u.) Supply voltage Vpp, (V)

(a) ()

FIGURE 3.7. Standard deviations of V, variation, ¢(V,), and intrinsic (o3, ) and extrinsic
(0u) V, variations (a) [3, 14, 15], and SNM of the 6-T bulk-CMOS SRAM cell taking
60 of V, variation into consideration (b) [14]. Reproduced from [14] and [15] with
permission; © 2006 IEEE.
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3.4.2. Signal Charge

The signal charge (Qy) of the SRAM cell must be maintained to ensure good
soft-error characteristics [1, 2]. Unfortunately, Qj is usually reduced with device
and voltage scaling, causing a rapid increase in the soft error rate (SER). This
is because Qg is given by (C,+2C,) V,, by using the cell-node capacitance
(C,) and node-to-node capacitance (C,) [16] (Fig. 3.6), and it is almost equal
to the soft-error critical charge in a low-V,, region where the feedback and
pull-up speeds in a SRAM cell are much slower than the soft-error phenomena.
Here, C;, and C, are usually parasitic and thus small, and they decrease at
a rate of 1/k with a scaling factor k (Table 1.2). For alpha-particle strikes,
chip coating and purification of materials are effective in reducing the number
of alpha-particles from materials in a chip and the package. Another remedy
is to add a large capacitance to (C, +2C,), even though this requires more
complicated processes and results in a slow write speed of the cell [17]. Fewer
charge collection structures, such as p+barriers and triple well structures for
shielding the cell array, as a soft-error barrier, are also effective [1]. Neutrons
are the main contributors to the soft-error phenomena in recent SRAMs as
well as DRAMs. This is because neutrons can generate about ten times as
many electron-hole pairs as alpha-particles generate (see Fig. 1.54). Thus, it is
almost impossible to reduce the resultant soft errors by means of increasing
the signal charge. The ECC circuit is most effective not only for alpha-
particle-induced soft errors, but also for cosmic-ray neutron-induced soft errors.
The ECC is capable of correcting one error at each address, as discussed in
Chapter 1.

A single cosmic-ray incidence often induces soft errors in multiple cells. The
resultant multicell (multibit) error, if all of the affected cells belong to the same
address, is not corrected by the ECC circuit. However, the circuit does correct a
multibit error if all the affected cells belong to different addresses. To increase the
rate of multibit-error correction by the ECC circuit, we need to arrange the cell

Node hit by secondary ion
generated by cosmic ray

v INV, INV,
Wod line ol Sé r pM\6 S
g e ~.
2 Well tap
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n+ n+ PR, n+ +
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(NRy) (NL))
INV INV )
0 M ' R:ﬁf i Ve Rwell
1 hN - nMOS
DL DL DL DL wen el
Cell, Cell, tap <« Parasitic bipolar current

(a) (b)

FIGURE 3.8. Models used in circuit simulation (a) and device simulation (b). Reproduced
from [18] with permission; © 2006 IEEE.
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addresses so that simultaneous cosmic-ray-induced multiple errors are most likely
to occur at different physical addresses. Thus, the mechanism responsible for
multibit errors, which means that multiple cells fail due to a cosmic ray, must be
clarified. Figure 3.8 shows the models [18] used in circuit and device simulations
for two adjacent memory cells (Cell,, Cell,). Nodes NR, and NL, are initially
at a high voltage. The pMOST in one inverter (INV,) is replaced by a resistance
(R,) and the nMOST is replaced by n™ diffusion regions (D, and S). Analogous
replacements are made in the other circuit. Substrate nodes of nMOSTs are tied
together and connected to a parasitic p-well resistance (R,,,;), which is connected
to a well tap. The parasitic bipolar device between D, and S is formed. Figure 3.9
depicts simulated waveforms [18] at nodes in Cell, and Cell,, and p-well, when

1.5+
NL( (CIFC. SIM.) . oeeeememmsnmesemssmsssesssseenens
~ lof o (clrc. SiMm,).....
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FIGURE 3.9. Nodes and well voltages in device and circuit level simulation. Cell hit by
the cosmic ray, Cell, (a), the adjoining cell (b), Cell,, and p-well voltage, i.e., voltage at
V, between D, and S (c). Reproduced from [18] with permission; © 2006 IEEE.
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a secondary ion generated by a cosmic ray hits the node NR,. The voltage
relation between NL, and NR, is inverted within 100ps of the cosmic-ray
strike, implying a soft-error occurrence. The voltage relation between NL, and
NR, is also inverted within 700 ps, implying a further soft error occurrence.
The mechanisms can be explained as follows [18]. After the secondary ion hits
NR,, the funneling effect [40] leads to the very rapid collection of electrons in
NR,. This lasts for 10 ps and lowers the NR-voltage to zero. On the other hand,
the holes generated by the ray remain in the p-well. The p-well voltage (V)
thus floats up to 0.9V, as shown in the figure. This V, switches the parasitic
bipolar element on, which leads to a current flow from NL, to node S. Thus,
NL, voltage slowly falls. The maximum number of multibit errors has been
reported to depend on the number (N,) of cells between well taps in the word-
line direction, as shown in Fig. 3.10 [18]. This assumes R, = 1kQ/cell and
C, = 1fF/cell. Here, the cell is a conventional one (Fig. 3.12(a)), in which the
p-well and n-well run along the word line. For N, = 16, three errors occur. For
example, when a cosmic ray hits the center cell, (7), funneling [40] causes an
error in cell (7), and the parasitic bipolar effect induces errors in the adjoining
cells (Fig. 3.10(b)). The key to correcting multicell errors through an ECC circuit
is to avoid simultaneous reading out from multiple cells in which a multicell
error might occur. For N = 16, for example, the maximum number of errors
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FIGURE 3.10. Error generation along the word line (a, b), the maximum number of errors
as a function of N, (c), and column selectors applied to the read path (d) [18].
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in the word-line direction is three, so an ECC circuit can correct almost all
of the errors if the data are simultaneously read out from the cells in every
third column. This is done by 3-to-1 column selectors in order to select one
of three pairs of data lines. Figure 3.10(d) shows actually used 4-to-1 column
selectors for the read path, which have been reported to reduce the SER to
about 100% [18].

In the LS cell shown in Fig. 3.12(b), in which a p-well is shared with the
adjacent cell, a two-cell error might occur, so 2-to-1 column selectors [41] can
be used.

The SER reduction by using a single-error correcting code is as follows. The
reduction is expressed by the equation E = (N>T/2N,*W) E,?, [19], where E
is SER with ECC, E, is SER without ECC, N is the number of bits of an
ECC word including check bits, N, is the number of data bits of an ECC word,
T is the correction period, and W is the number of ECC words in a RAM
(i. e., W = M/N,, where M is the memory capacity). Figure 3.11 shows the SER
reduction using a code of N = 136 and N, = 128 [43]. Even if SER without
ECC is as high as 10° FIT (i.e., one upset per 1,000 hours) and the errors are not
corrected at all during a ten-year period (T = 10 years), the SER is improved
by four to five orders of magnitude through ECC. If periodic error correction
(one ECC word every 7.8 us) is performed like a DRAM refresh operation
(T =7.8 s x W), the resulting SER becomes as low as 107 FIT.
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FIGURE 3.11. SER reduction through on-chip ECC [19, 43]. Reproduced from [43] with
permission; © 2006 IEEE.
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3.5. Improvements of the Voltage Margin of the 6-T
SRAM Cell

For non-selected cells, the soft error problem is resolved with the ECC
although it becomes ineffective when soft error events excessively increase.
For the selected cell, since the write margin is improved by the power supply
controls during write operations, as discussed later, the read margin eventually
determines the minimum V,, (V,,,) for a successful operation, which is
approximately given by V,, =V,,+ 6V, +8V,. For a given leakage, that is,
for a given V,,, there are several approaches to improve the voltage margin
of the selected cell. First, ECC circuits and redundancy [20, 42] can avoid
the fatal cells, enabling a lower V,;, for the whole chip, as discussed in
Chapter 5 (Fig. 5.6). Second, increasing the memory-cell size lowers V.,
despite losing bit density. Note that the smallest cell using minimum feature
sizes available at the process generation makes V,,;, highest with the largest
6V, +8V,. This is clearly seen in the recently presented dual-V,,,, processor [21]
using a 65-nm CMOS technology, in which V,, is 1.0-1.1V for a 136Mb/cm*
array density, while it is 0.6-0.7V for a 95Mb/cm* density, as discussed
later (Fig. 3.26). Third, an on-chip substrate bias (V) control reduces the
inter-die 8V,, as explained in Chapter 5. Fourth, a lithographically symmetric
cell layout reduces the extrinsic variations, 6V, and 8V,. Fifth, controlling the
cell power supply widens the voltage margin and/or reduces the subthreshold
current, although there is a limitation to lowering V,,,. Sixth, fully-depleted
SOI greatly reduces inter-and intra-die V, variations. The following describes
the lithographically symmetric cell layout, power-supply controlled cells, and

fully-depleted SOI cells.

3.5.1. Lithographically Symmetric Cell Layout

In addition to the intrinsic 8V,, there is the extrinsic 8V,. Pattern deformation
after processing, mask-misalignment, and size fluctuation are major sources of
extrinsic 6V, in the conventional cell layout shown in Fig. 3.12 (a). Unfor-
tunately, they become larger with device scaling, causing a larger 6V,. The
simple patterns of the lithographically symmetric layout cell (LS cell) [22]
(Fig. 3.12(b)), the so-called ‘thin’ cell, almost solves the problems. As shown in
Fig. 3.13, it enables an advanced lithography, called optical proximity correction
(OPC), to be applied to every layer to reduce pattern deformation. The cell is
immune to mask misalignments and the resulting excellent electrical balance
and scalability make low voltage operations possible. Moreover, it reduces
the data (bit)-line capacitance and the capacitive coupling noise from adjacent
data lines. This is due to the short and wide data-line pitch, and shielding
effects by V,,, and Vi, (ground) power lines running along the data line with
the same metal layer. Thus, the LS cell has become a de-facto standard cell
layout.
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FIGURE 3.12. Comparisons between the conventional SRAM cell (a) and a lithographical
symmetrical (LS) SRAM cell [22].

3.5.2. Power-Supply Controlled Cells
(1) Raised Power Supply Cell

Figure 3.14(a) shows a cell with raised power supply (Vp, =V, +68V,) and
dual-V, cell [3, 23] that maintains a low data-line voltage (i.e., V,p). It has been
reported that the originally proposed V), [23] was reduced to as low as 0.3V for
a full-V,,,, data (or bit)-line precharging, while the V,,, was dynamically raised
up to 1.2V with a dynamic load. The cell features static high-V, cross-coupled
MOSTs that reduce the subthreshold currents. The V,,, is necessary to offset the

Conventional cells LS cells
Cell aspect ratio (height/width) >1 <1
Well layer Parallel to WL Parallel to DL
Diffusion layer Bended Straight and parallel to DL
Poly-silicon layer Two directions Straight and parallel to WL
T -
Pattern fluctuation Large Small
Immunity to mask misalignment Poor Good
Electrical balance Poor Good
Scalability Poor Good
Low voltage operation Difficult Possible

*OPC: Optical Proximity Correction

FIGURE 3.13. Comparisons between conventional SRAM cell and LS cell [22].
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FIGURE 3.14. Power controls of SRAM cells [4]. Reproduced from [43] with permission;
© 2006 IEEE.

high-V, and the V,-mismatch (6V,) of cross-coupled MOSTs, so the signal charge
Qg and drivability of cross-coupled MOSTs are maintained, despite the need
for high-stress-voltage-immune MOSTs. Here, the V,,, is generated by a charge
pump or a voltage down-converter using the I/O power supply. It also features
the negative word-line scheme (NWL) (Fig. 3.15) coupled with low-V, transfer-
MOSTs to increase the cell read current, as in DRAMs, to cut leakage during
non-selected periods. The word boosting applied to high-V, transfer MOSTs [37]
also produces the same effect. Note that the 6V, not only makes the cell read
current (I,,,;) small, but also makes the static noise margin (SNM) imbalanced
and thus narrower on the so-called butterfly curve for the worst combination of
V.s, as exemplified by a 6V, of 0.1V in Fig. 3.15. Even with a small boost of
0V, =0.1V for 6V, =0.1V both I, and SNM are greatly increased for both
a high-speed design of V, =0.49V (Fig. 3.16(a)) and a low-power design of
V,=0.71V (Fig. 3.16(b)) [3]. Thus, the V), scheme is likely to make 1-V V,,,
operation possible even under a design condition of a 100-mV SNM and 20-pA
cell current, while the conventional V, scheme (i.e., no raised power supply
and fixed high-V, transfer MOSTs) makes 1-V V,,, operation at V, =0.71V
impossible. This V,,;; scheme can maintain the data-line (DL) voltage low (V).
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FIGURE 3.15. Raised power-supply 6-T SRAM cell and the butterfly curve [3, 23].
Reproduced from [3] with permission; © 2006 IEEE.

Thus, even if a high voltage V, is supplied to cells, increase in power dissipation
of the chip is negligible. This is because the data-line voltage determines the
power of column relevant circuits which are major sources of SRAM power.

(2) Offset Source Driving Cell

Figure 3.14(b) shows a typical offset source driving cell, in which the ground
line is raised to 6V,. A raised cell-source line by 6V, during standby periods
increases the V, of off-nMOST due to the body effect. This is an application
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FIGURE 3.16. Static noise margin (SNM) and cell read current (I,,;) of raised power-
supply cell at 1-V V,, for low V, (a) and high V, (b). Reproduced from [3] with
permission; © 2006 IEEE.
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of (B2) in Table 4.1 to the SRAM to achieve a dynamic high-V, cell, since the
same circuit configuration is realized with the gate-source connection through
a turned-on MOST. It was applied to a 1.5-V, 27-ns access, 6.42 x 8.76 mm?,
16-Mb SRAM [12]. At ambient temperature, the measured total current per cell
of the conventional scheme was 95fA, as shown in Fig. 3.17. The largest
component was the sum of the subthreshold current and the gate-induced drain
leakage (GIDL) from nMOSTs and pMOSTs, although the V,s were as large as
0.7V and —1V. The gate-tunneling current of the nMOST was comparable to
this, despite an electrical ¢,y as thick as 3.7 nm. The scheme greatly reduced the
total current to 17 fA. Offset source driving by 0.5V applied to the driver and
transfer nMOSTSs, and relaxing the electric field of all MOSTs by 0.5V were
responsible for the reduction. The reduction was more remarkable at a higher
temperature. At 90°C, the total current of conventional scheme was drastically
increased to 1,244 fA because the subthreshold current is quite sensitive to
temperature, unlike GIDL and gate-tunneling current. The scheme reduced the
total current to 102 fA. A drawback of the cell, however, is that the signal charge
is reduced by 6V, in the standby mode. To cope with the resultant increased
SER, an ECC was incorporated with a speed penalty of 3.2ns and an area
penalty of 9.7%.

Various offset source driving schemes to control the common source-line
of the cells have been proposed. Of the proposals, switched-source impedance
schemes (SSI) [1, 2, 21, 24], as shown in Fig. 3.18, are noteworthy. The SSI
shown in Fig. 3.18(a) is composed of a switch (MS), a diode (MD), and a MOS
resistor (MR). Here, MR has a long gate and is normally on, so a constant
resistance is available regardless of process variations. When the cell V, is low
and the memory-cell leakage is thus large, the cell-source-line voltage (6V)
is raised, so the subthreshold current is reduced. However, an excessive 6V is
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FIGURE 3.17. Leakage current components (a) and measured retention current per cell
(b) [12]. i; and i, : gate tunneling current and subthreshold current.
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FIGURE 3.18. Switched-source impedance schemes applied to the common source-line of
SRAM cells, using a resistor (a) [24] and a comparator (b) [21].

hazardous since there is the minimum V,, in the standby mode, V,;,(STB), to
retain the stored data of all cells in the SRAM array. Although 6V is determined
by the total leakage of the array and thus by the average V, (i.e., V,)), the
voltage margin of each cell is determined by its own (V,, 4+ 6V, + 6V,). Thus,
an excessive 6V may destroy the stored data of the cells with a high value for
Vo406V, +8V,. It is MD that clamps the voltage to a low enough level. The
SSI applied to a 0.13-pm 1.2-V 1-Mb SRAM module achieved 25p.A/Mb in
the standby mode and 50wA /Mb in the low-leakage-active mode at 100 MHz.
Another SSI, shown in Fig. 3.18(b), was used for a 1.2-V 65-nm 512-Kb SRAM
core [21]. The circuit configuration is quite similar to the boosted sense ground
(BSG) scheme for DRAMs, as discussed in Chapter 2 (Fig. 2.11(c)). It uses
a comparator to ensure V,,, (STB). If the reference voltage Vi, is set to be
Voo — Vouin(STB), 6V, is always well regulated to V,, —V,,.,.(STB). If the V,
distribution of cells in the array is represented by the average V,(=V,,) and the
maximum V,(=V,,,.), the V. (STB) is set to be nearly equal to V,,,. with
Vin(STB) > V,, . The difference between V, and V,,,. is 6V,. Thus, a lower
V,, results in a larger 6V and deeper body bias, enabling to reduce the leakage
with increased V.

(3) Dynamic Control of Cell-Power Line

Figure 3.14(c) shows a power-supply switching cell [25] for a wider write
margin. A low level of the power supply during write widens the write margin
with reduced conductance of load MOSTs, while maintaining the wide voltage
margin by using a high level during read. The voltage difference between read
and write was reportedly 200mV at V,, = 1.1 V. Figure 3.14(d) shows another
one [26] that leaves the supply line to a floating level during write.

3.5.3. Fully-Depleted SOI Cells

A fully-depleted (FD) SOI structure [14, 15, 30] widens the voltage margin
or lowers V,;, of SRAM cells with reduced V, variation. It also reduces

min
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the soft error rate and pn-junction currents. FD-SOI MOSTs using the tradi-
tional poly-silicon gate, however, become depleted (i.e., normally on) and
thus loses advantages of flexible circuit designs provided by enhancement
MOSTs, although it is applicable to DRAM word lines with the negative
word-line scheme (NWL) [31]. Thus, different gate materials [32] that can
adjust the V, to be normally off (i.e., enhancement) have been proposed. The
following FD-SOI is a good example to achieve an enhancement MOST with
multi-static V,.

Double-gate thin-BOX FD-SOI MOSTs [14, 15] are shown in Fig. 3.19(a).
The MOSTs consist of an upper thin-film SOI MOST and a lower thin BOX
MOST, the well of which is the gate. The features are as follows. First, the ultra-
thin and lightly doped silicon channel achieves a higher mobility and suppresses
the short channel effects and V, variations that come from deviations in dopant
distribution in the channel region, and from variations in SOI-layer thickness.
Second, a combination of a fully silicided NiSi gate and ion implantation into
the substrate beneath the thin BOX achieves the desired V, values. Third, since
the BOX layer is very thin, V, can be controlled by changing the voltage of
the underlying well (back gate, p* well for nMOST and n* well for pMOST),
if the gate and well are disconnected. Since the wells are separated from each
other by STI (shallow trench isolation), the back-gate voltage of each MOST
is individually controllable. Since the wells are also isolated from the diffusion
regions by the BOX layer, very little current flows from the diffusion layer to
the well even when forward bias is applied. This differs from a partially depleted
(PD-) SOI [27]. The PD-SOI DT MOST always involves a rapidly increasing
forward pn-junction current, especially at a higher temperature, as suggested in
Fig. 1.18. This strictly limits V,,, to an extremely low value of around 0.1V
at 120°C.

One of the exceptional features of this design is that it creates many innovative
low-voltage SRAM cells. If the back-gate bias voltage is applied so as to turn

nMOST pMOST
G G
T i 02

0.1

z
%]
V,@nA/um (V)

SOI
(t55,<20nm) 0.0
BOX V@v,=1.0V
(1505 <10nm) to,=20nm
-0.1 L L L
-1.0 0.5 0.0 0.5 1.0

Back-gate voltage V,,,;,(V)

(a (b)

FIGURE 3.19. An ultra-thin BOX double-gate FD-SOI MOST (a) and its
V,-characteristics [14, 15]. Reproduced from [14] with permission; © 2006 IEEE.
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on the lower BOX MOST, the sum of currents of the upper SOI and lower
BOX MOSTs is available. This implies that the V, is effectively lowered, as
shown in Fig. 3.19(b). If it is applied so as to turn off the MOST, only the
upper SOI MOST’s current is available, implying effectively raised V,. The
bias control is especially useful for flip-flop circuits such as SRAM cells.
Figure 3.20 shows how this is applied to 6-T SRAM cells [28]. In Fig. 3.20(a),
turned-on driver MOSTSs in a cell increase their currents (that is, effectively
increase their V,s or channel widths) due to the gate-well connections, while
the currents of the transfer MOSTs remain the same because they have no
back-gate bias. Thus, the read voltage margin of the cell is widened by the
increased conductance ratio of the transfer and driver MOSTs. Boosting the
power and word-line [29] (Fig. 3.20(b)) further enhances performance. The SNM
and cell read current are increased, enabling the data line (DL) to be more
quickly discharged. Figure 3.21 shows another SRAM cell [29] to widen the
read and write voltage margin. During read, the well biases of the accessed
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FIGURE 3.20. Double-gate FD-SOI SRAM cells [28]; ST cell (a) and HP cell (b), and
DL-discharging waveform (c) and SNM (d). 90-nm process, 128 cells/DL, V, = 0.4V and
30 of V, variation are assumed.
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FIGURE 3.21. Double-gate FD-SOI SRAM cell [29]. Memory cells (a), pulse timing (b),
and cell layout (c).

column (Vbn[n], Vbp[n]) are controlled to 0V, so the currents of pMOSTSs
(M;, M,) are increased. For example, when a cell with an N, voltage of
0V and N, voltage of V,, is read, the N, voltage that is increased as a
result of a ratio operation of My and M, tends to decrease the N, voltage.
However, M, prevents the decease by increasing current, enabling SNM to
improve. During write, the well biases are controlled to a high voltage, so
the currents of nMOSTs (M;, M,, M;, M) are increased, while the currents
of My and M, are decreased. Thus, the above voltage combination for N,
and N, is more easily changed to the opposite one when OV and V), are
applied to DL and DL, respectively, because N, is more easily discharged with
increased Mg current and decreased M, current. During standby, the nMOST
source line (V) and the Vbp[n] are raised to 0.3V and 2.5V (the I/O supply),
respectively, so subthreshold currents of nMOSTs and pMOSTs are reduced
with increased V,. (see Fig. 3.19(b)). The examples described above are for a
BOX thickness of 10nm. The performance is further improved with an even
thinner BOX.
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3.6. The 6-T SRAM Cell Compared with the 1-T
DRAM Cell

This section summarizes essential differences between the 6-T SRAM cell and
the 1-T DRAM cell, focusing on ultra-low voltage circuit designs. Low-voltage
limitations of peripheral logic circuits that are common to DRAMs and SRAMs
are also discussed.

3.6.1. Cell Operations

Figure 3.22 compares cell operations of the 6-T SRAM cell and the 1-T DRAM
cell. The 6-T cell has unique features despite a large cell size; gain and feed-
back functions, differential-operation capability, and non-destructive read-out
(NDRO) capability, which completely differ from DRAMs. The gain function

DRAM Cell SRAM Cell
(1-T/1-C) (6-T flip flop) Vpp
wL Vbp
DL "1
Circuit ’_,_|__L/ { ..............
S
T ——
Cell size Small Large
No Yes
i i — Unreliable sensin - Rpliable sens@ng
Gain function small and floating signal (static or large signal)
subject to noise
No Yes
Feedback — Refresh required with a — No refresh required
function CMOS sense amp on each self refresh with the load
pair of DLs current
No Yes
Differential Possible with helps of Utili_zing tbe built-in paired-DL
operations paired-DL configuration, word configuration
boosting, mid-point sensing, — Fast access and cycle
and CMOS sense amp
DRO NDRO
DRO/NDRO — Restoring required — No restoring required
(slow cycle) (fast cycle)

FIGURE 3.22. Comparisons of cell operations between DRAM and SRAM cells.
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of driver MOSTs in the cell enables a reliable sensing with a static or large
read signal voltage developed on the data line. The feedback function of the
cross-coupled MOSTSs requires no refresh operation because the data is retained
by a leakage-compensation current from the load in the cell. In other words,
the cell is continuously “self-refreshed”. The differential operation capability
utilizing the built-in paired data-line configuration enables fast read/write opera-
tions even if the word voltage is not boosted. Despite a V, drop at the
transfer MOST, a new write data from the data line is quickly amplified
in the cell to the power supply (V) level, with the help of the feedback
function of cross-coupled MOSTs. Moreover, NDRO characteristics achieve
a fast cycle time by eliminating a restore or rewrite operation, and allow a
CMOS sense amplifier on each data line to be eliminated. Some of these
features eventually restrict low-voltage operations of the cell, as discussed
later.

The 1-T DRAM cell has no gain, no feedback function, and no differential-
operation capability in the cell itself despite a small cell size. In addition,
the cell does not have non-destructive read-out (NDRO) characteristics. No
gain function tends to cause unreliable sensing with a small and floating read
signal voltage on the data line that is subject to various noises, as discussed in
Chapter 2. No feedback function in the cell requires refresh operations to retain
the data using one sense/restoring circuit connected to each pair of data lines. The
sense/restoring circuit is composed of a cross-coupled CMOS sense amplifier
similar to the SRAM cell in circuit configuration. Note that a huge number of data
lines and sense amplifiers must simultaneously be activated to reduce the refresh
busy rate. Although differential operation is impossible as the cell, it is possible
with the help of the paired data-line configuration, word-bootstrapping (i.e. raised
word voltage), mid-point sensing (i.e., half-V,,,, data-line precharge), and CMOS
sense amplifiers. DRO necessitates the sense/restoring with the CMOS sense
amplifier on each data line, causing a slow cycle time. A write operation is
quickly performed with the help of the feedback function of the CMOS sense
amplifier.

3.6.2. Flip-Flop Circuits

The flip-flop circuit eventually determines the voltage margin and thus the
minimum Vp;, (V,,;,) for a successful operation of RAMs. RAMs use flip-flop
circuits that SRAMs use for cells, while DRAMs use for CMOS sense amplifiers,
each of which cascades an nMOS amplifier and a pMOS amplifier, as shown in
Fig. 3.23. Their flip-flop circuits are similar in circuit configuration. However,
they are quite different in operation: The flip flop in SRAMs is always turned
on, independent of active or standby periods, operating in static and ratio modes.
Thus, all MOSTs in a cell affect the voltage margin of the cell. In contrast, the
flip flop in DRAMs is turned on only during active periods, operating in dynamic
mode by an activation of the nMOS amplifier, followed by an activation of the
pMOS amplifier. Thus, only paired nMOSTs affect the voltage margin of the
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DRAM SRAM
(sense amp) (cell itself)
SPL Vop
Y
DL DL
Flip-flop
circuit and Vin/2
operations SNL ~ \0_
Turned on only during active periods, Always turned on, operating in static
operating in dynamic mode by nMOS and ratio modes.
amp activation, followed by pMOS All MOSTs affect the voltage margin.
amp activation. Only paired nMOSTSs
affect the voltage margin.
Size of MOST 2 )
in flip-flop 10-20 F 1.8-28 F
M/64-1,024 M
64-1 ,024{ Array
No. of flip-flops
in a chip M
Relaxed
SA layout
V, variation Small Large
Lowest necessary Small Farge
Vo (Vi) 0.2 V when sensing 0.7 V for low power
0.5 V during holding data 0.5 V for high power
Voltage margin Wide Narrow
Vi Low (= V,,;, + AV, + &V) High (= V,,;, + AV, + V)

FiGure 3.23. Comparisons of flip-flop circuits in a chip between DRAMs and SRAMs.
M ; memory capacity.

cell. For SRAMs, the flip flop must be small for a high density because the
number of flip-flops equal the number of cells, while for DRAMs the size can
be large because the required number of flip-flops is less. The differences in
the size and number make the V, variation of the SRAM flip-flop larger than
that of the DRAM flip-flop. Furthermore, the SRAM flip flop needs a large
V, to reduce the data retention current, unlike the DRAM flip flop. Eventually,
the static/ratio-mode operations, the large V, variation, and the high V, of
SRAM cells prevent SRAMs from voltage down-scaling. The details are in what
follows.

(1) Voltage Margin

SRAMs: The voltage margin of the 6-T SRAM cell (Fig. 3.23) is quite sensitive
to design parameters, such as V,,, V,, W/L, temperature, and their variations.
For example, during non-selected periods with My and M, off, and N, low and
N, high, it is worsened when one inverter has a high-V,M, and low (small)-V,M,
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and another inverter has a low-V,M, and high (large)-V,M,, since the combi-
nation tends to raise the N, voltage. During read/write, the margin is further
degraded by additional ratioed operations of the transfer MOSTsS to driver MOSTs
or load MOSTs. During read operation, for example, the margin is degraded by
a low-V,Msdue to a raised N, voltage. During write operation, the situation is
more complicated. For example, when N, is changed from low to high with a
high (V) to DL and a low (0V) to DL, N, quickly becomes low, so M; is
turned on for charging up N, because the conductance of M, is usually much
smaller than that of M. Since M; is always in the source-follower mode, it cannot
quickly charge up N, because of its small conductance. However, a combination
of one inverter with a high-V, My and a low (small)-V, M, and the other with
a low-V, M, and a high-V, M; worsens the voltage margin, because it tends
to prevent N, and N, from changing. In addition, the voltage margin strongly
depends on variations in W/L and V,, and the mismatch between the two of the six
MOSTs in a cell, making the worst-case design of SRAM cells more complicated.
DRAMs: The operation of the DRAM cell and its related circuits are fully
dynamic without static and ratioed operations. Each DRAM cell during standby
or non-selected periods can continue to store the data at the cell capacitor without
any current compensation, unlike the SRAM cell, although an extremely slow
read/rewrite (restore) cycle of 8-64 ms is necessary for refresh operations of each
cell. Except during refresh operations the sense amplifiers continue to be cut off
for a long time. Fortunately, each sense amplifier operates almost dynamically:
A CMOS sense amplifier never operates in static and ratioed modes at the
initial sensing. The well-known mid-point sensing is performed by a successive
activation of nMOS and pMOS amplifiers, as discussed in Chapters 1 and 2. After
a small cell signal has been amplified to a certain level by the preceding activation
of the nMOST amplifier, the signal is further amplified to a high enough voltage
(i-e., Vpp) by subsequent activation of the pMOST amplifier. Thus, the sensing
is not influenced by the V, variation and offset voltage (V,-mismatch) of the
pMOST amplifier, but only by those of the nMOS amplifier. After amplifying
the signal to V},,, the CMOS sense amplifier consumes subthreshold currents,
as the 6-T SRAM cell does, despite a short period within one cycle time. For
write, the node voltage of the selected cell can be changed more easily, with the
help of word-boosting, than the SRAM cell. Note that the SRAM cell suffers
from a narrow write voltage margin due to the existence of load MOSTs.

(2) Variations in V,-Relevant Parameters

The size of each flip flop and the necessary number in a chip are quite different
for SRAMs and DRAMs, as mentioned previously. Due to the differences,
variations in V,-relevant parameters of SRAM cells are larger, physically and
statistically, than those of DRAM sense amplifiers. This is because SRAMs
must use the smallest flip-flop (i.e., cell) possible with small MOSTs for a
high density, exemplified by channel areas (LWs) of about 2.0 F? for transfer
MOSTs (Ms, M), 2.8F? for driver MOSTs (M,, M,), and 1.8 F* for load
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MOSTs (M;, M,) in a cell by usually using the minimum channel length L = F
(F: the feature size) to all MOSTSs. Thus, a wide V, variation is involved in a
chip. Moreover, the range of V, variations is statistically large because a large
number of flip-flops are used in a chip. In contrast, DRAMs sense amplifiers
can use the largest MOST possible, as long as the data line (DL) capacitance
does not increase intolerably, exemplified by channel areas of about 10-20 F?
with a larger channel width of 1.5 F for all MOSTs. This is because only one
sense amplifier suffices for a pair of DLs and the layout can be relaxed with the
alternate placement [1]. Thus, a narrow V, variation is realized. Moreover, the
range of V, variations is statistically small because a smaller number of flip-flops
are used due to one sense amp shared by 64 to 1,024 cells. Therefore, the V,
variation (6V,) and the V,-mismatch (6V,) for SRAM cells are larger than those
for DRAM sense amplifiers, thus more preventing SRAM cells from voltage
down-scaling. Unfortunately, 6V, and &V, increase as the physical size of MOST
decreases. More details are explained in Chapter 5.

3.6.3. The Minimum V;, of RAMs

There are differences in the minimum V,,(=V,,,), which is defined as the
lowest necessary V;,, for a successful operation, between DRAMs, SRAMs, and
peripheral logic circuits.

(1) Cell and Sense Amplifier

Investigating V,,;, is vital, although the actual operating voltage V), must be
set to be higher than the V,,,, since the speed must be taken into account. The
V.,.inS for DRAMs and SRAMs are different. The V,,;,, for DRAMsS is usually
determined by the larger one of the two V,,, values; V,,, (D) derived from
the S/N of the cell and V,,;,(C) derived from the gate-over-drive of turned-on
MOST in the sense amplifier, as discussed in Chapter 2. V,,,,(D) and V,,,(C)
are different for memory cells, data-line precharging schemes, sensing schemes,
and S/N. They are drastically reduced by data-line-shielded twin cells [38, 39]
if these cells are coupled with a full-V,,,, data-line precharge [1], due to the
increased S/N and gate-over drive. They are minimized using the FD-SOI design,
as discussed in Chapter 2 and shown in Fig. 3.24(a), for a repair percentage
of 0.1%.

For the 6-T SRAM (Fig. 3.6), the V,, is expressed as V,;, = V,,i, + 0V, 00
assuming that the voltage margin is determined only by cross-coupled nMOSTs.
Here, V,,;, is 0.49V for a high-speed (HS) design, and 0.71 V for a low-power
(LP) design, as discussed earlier. the 8V,,,, is also given in Fig. 5.6. Thus, the
V..in 18 as high as around 0.7V for HS design and 0.9V for LP design in the
32-nm generation (Figure 3.24(b)), because of 6V,,,,, = 180mV for r = 0.1 %.
In practice, however, the actual V,,;, becomes much higher because the margin
of the cell is determined by combinations of V,s of all MOSTs in the cell. In fact,
the V,,;, has been reported to be as high as 1.1V even for a 65-nm high-speed
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FIGURE 3.24. The minimum V,, (=V,,,) of DRAMs (a) and SRAMs (b) [38]. V,,;,(D);
V,.in derived from the SN of cell, V,,;,(C); V,,;, derived from the gate-over-drive of sense
amplifier. HS; high-speed design, LP; low-power design. A repairable percentage (r) of

0.1 % is assumed in Fig. 5.6.

design, as also discussed later. For the FD-SOI, a smaller V, variation reduces
the V,,;,, as shown in the figure. The FD-SOI also widens the voltage margin of

min»

SRAM cells with well-voltage controls, as mentioned previously. In any event,

the V,,;, of SRAMs is much higher than that of DRAM:s.
To be more exact, the V,,;, of DRAMs is not equal to V,;,(D) or V,,.(C),

but equal to the lowest necessary word voltage, Vy,.;,,» because Vy,,.., is usually
higher than V, (D) or V,,;,(C). Thus, the V,,, is expressed as

min min min

me - VWmm - ( min (D) orV, min (C)) + VIFW’ (31)

where V,, is the lowest necessary V, of the transfer MOST (not for sense ampli-
fiers) for a full V,,, write, as discussed in Section 2.4.1. V,, needs to increase in
each successive generation of memory capacity to preserve the refresh busy rate
constant. Thus, the V,,,, of DRAMs given by Eq. (3.1) increases more rapidly
than that in Figure 3.24(a). Even if such a high Vj,,,;, is needed, DRAMSs have
solved the high voltage problem by using a small transfer MOST with a thick gate
oxide coupled with high-voltage tolerant word drivers, as discussed in Chapter 9.
Eventually, DRAM designs focusing on V, ;. (D) or V, . (C) in Figure 3.24(a) are
essential.

In general, the V,,;, of SRAM cells is lower than the V,;, because, unlike
DRAM cells, SRAM cells accept a larger subthreshold current, and have no
source-follower mode in the cells. The V,,;,, however, must also be gradually

increased with memory capacity to maintain the retention current of the chip
to the same, regardless of memory capacity, for low-power designs. This stems

min min
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from the data retention current specification. Thus, the V,,;,, of SRAMs also
increases more rapidly than that in Figure 3.24(b).

(2) Peripheral Logic Circuits

Figure 3.25 compares the V,;,, of bulk-CMOS SRAMs and bulk-CMOS logic
gates in peripheral circuits, using Figs. 3.24(b) and 5.8. This assumes that the
average V, (= V,,) of logic gates is kept at a constant value of 0.3V to ensure a
low enough subthreshold current and that the acceptable intra-die speed variation
AT is between 1.2 and 1.3. Obviously, the V,,;, of SRAMs is higher and increases
more slowly as device size decreases than the V,;, of the logic gate does. This is
mainly because, in contrast with logic gates, the lowest necessary V, (i.e., V,,.;,)
of SRAM cells is much higher than the V,, described above, and increase in
OV,.x 15 suppressed by repair techniques. As a result, the V,,,, of logic gates

tmax
may surpass the V,,;, of SRAMs as device size decreases.

Figure 3.26 shows a dual-V),,, approach applied to a 65-nm MPU [21]. An
MPU core consisting of logic gates and three level caches (LO-L2) that use
smaller capacity memories with lower density cells operates at a low voltage
(Veore) that can change from 0.6 (standby)-0.7V (V,,;,) to 1.2V (V,,..), based

on the dynamic V), and frequency (DVF) approach. In contrast, the last level
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FIGURE 3.25. Expected V,;, of SRAMs and logic gates using the bulk CMOS.

SRAMD:V . in the worst case combination of all MOSTs in a cell. SRAM?;V, . deter-

> Y min min

mined only by cross-coupled nMOSTs.
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FIGURE 3.26. Dual V,, processor. Reproduced from [21] with permission; © 2006 IEEE.

cache (LLC) using the largest capacity memory with the highest density cell
(136 Mb/cm?) operates at a high constant V,,, (V,, ) of 1.2V. The difference
in the operating voltage is as follows. The active V,,;, of the SRAM array, which
is susceptible to speed variations, depends on the bit density (i.e., cell size), as
exemplified by 0.7V and 1.1V for 95Mb/cm? and 136Mb/cm?, respectively.
This is because a smaller SRAM cell for a high density needs a higher V,, to
offset the higher V,,;, caused by the wider variation in V, and V, mismatch. Here,
a 1.2-V V,, is the reliability-limited maximum V,,, (V,,,,) for 65-nm devices.
As device size continues to decrease, the V, . for the logic gate might become

min

higher than that for LO-L2 and LLC, as described above.

3.6.4. Soft-Error Immunity

There are two kinds of soft-error modes; the data-line mode (or bit-line mode)
and the cell mode. The data-line mode occurs only on the selected data lines
for only a short period holding a floating signal, thus depending on the cycle
time. It never occurs during standby and on many non-selected data lines, since
the data lines are fixed to a given voltage. In contrast, the cell mode can always
occur for all the non-selected cells. Thus, the data-line mode is not so serious as
the cell mode. The soft-error rate (SER) of the data-line mode is reduced with
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FIGURE 3.27. Soft error rate of RAMs [33].

reducing diffused area of the data lines. The cell mode strongly depends on the
signal charge Q. The Q¢ of SRAM cells has rapidly decreased with device and
voltage scaling, as mentioned previously, while that of DRAM cells has been
gradually decreased despite device scaling to maintain a large enough signal
voltage, as mentioned in Chapter 2. Hence, SRAM’s SER rapidly increases with
device down-scaling despite spatial scaling that reduces the collected charge, as
shown in Fig. 3.27 [33], while DRAM’s SER gradually decreases. Thus, ECC
circuits are particularly important for SRAMs, as mentioned earlier.

3.6.5. Memory Cell Size

The memory cell size of the above-described twin (2-T) DRAM cell is 12-37F2,
as expected from the previously reported DRAM cells [39, 42]. The FD-SOI
might accept a planar capacitor, as discussed in Chapter 2, and is reduced
to 6-8F? if a folded or open data-line arrangement is used, although vertical
capacitors may be needed in some cells to offset noise despite using the FD-SOI.
For SRAMs, the size is about 120 F? for the standard cell (Figure 3.12(b)) for
the bulk and FD-SOI. Because of this, existing SRAMs might be replaced by
DRAMEs in large-capacity low-voltage applications.
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4

Leakage Reduction for Logic Circuits
in RAMs

4.1. Introduction

Low-voltage RAMs, especially embedded RAMs (e-RAMs) using nano-meter
technology, are becoming increasingly important because they play critical roles
in reducing power dissipation of LSIs for power-aware systems. Thus, research
and development aimed at sub-1-V RAMs has actively been done, as exemplified
by the development of a 0.6-V 16-Mb e-DRAM [1]. However, we face many
challenges to achieving such e-RAMs [2-4]. Of the challenges, reduction of
the subthreshold leakage current of MOSTs is a key. Thus, circuit develop-
ments for leakage reduction even for the active mode have been investigated
since the late 1980’s. To the best of our knowledge, almost all basic reduction-
circuit concepts had been proposed by around 1993 mainly through develop-
ments in exploratory DRAMs [5-14]. The proposals are summarized as static
and/or dynamic realizations of high threshold-voltage(V,) MOSTs or effectively
high-V, MOSTs through various reverse-biasing schemes such as substrate (V)
reverse biasing [8], gate-source (V) reverse biasing [9], or Vg self-reverse
biasing [10, 11]. The resulting high-V, was proposed for use not only in RAMs
but also in logic LSIs in the form of applications to all MOSTs in a chip, a
limited number of MOSTSs on non-critical paths in a chip [12], a power-switch
(i.e., power gating) MOST [8], a buffer [9], various logic gates and an inverter
chain [11], and iterative circuit blocks [10, 11]. All these applications were
initially to reduce leakage in the standby mode. As early as 1993, however,
they were quickly followed by attempts to reduce leakage in the active mode
of a hypothetical 16-Gb DRAM [13, 14, 25]. Numerous attempts have subse-
quently been made to reduce leakage in logic LSIs [15], independently of RAMs,
although RAM and logic designers must cooperate to develop reduction schemes
for memory-rich LSIs.

To realize low-voltage RAMs, subthreshold leakage currents of both RAM
cells and peripheral circuits must be reduced. For RAM cells, the leakage
is reduced by raising the threshold voltage (V,) of MOSTs, as discussed in
Chapters 2 and 3. For peripheral circuits, it cannot be reduced unless the reduction
circuit meets some requirements, which are similar to those for LSI logic designs.
First, the reduction circuit must be fast enough to be able to control even the
leakage in the active mode [2—4]. Once such a high-speed circuit is available, it
can also be applied to the standby mode, making its design much easier as it can
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be applied to both. Even if the scheme can be applied to the standby mode, it
may not be able to be applied to the active mode if it is too slow. Therefore, the
leakage in each block must be reduced within one active cycle, ready to reduce
the leakage of any block in the next active cycle. This necessitates a better
reduction efficiency that allows a smaller voltage swing for a given leakage
reduction, smaller load capacitance, and simpler control. Second, the reduction
circuit must confine activated circuitry to a minimum fraction of total peripheral
circuits at a given time, so a faster control is possible. It is desirable if the circuit
simultaneously reduces the leakage in the remaining inactive (i.e., non-selected)
circuitry, which dominates the total leakage in peripheral circuits. Fortunately,
peripheral circuits in RAMs accept such schemes so as to reduce the leakage
easily and effectively, whereas random logic circuits in MPU/MCU/SoC do not.
This stems from the features of RAMs we describe later. Third, the circuit must
minimize the area penalty. Fourth, it must compensate for leakage variations as
well as speed variations caused by V,-variations, as discussed in Chapter 5.
This chapter describes subthreshold-current reduction circuits for peripheral
logic circuits in RAMs. First, basics of leakage reduction in MOSTs are
described. Second, basic circuit concepts that have been proposed to date for
RAMs and logic LSIs are presented and compared. Third, applications to
peripheral circuits in standby and active modes are discussed in detail.

4.2. Basic Concepts for Leakage Reduction of MOSTs

The leakage current (i.e., subthreshold current) of a MOST is expressed by

Vos—=Vi—K (\/ :FVBs‘i‘zlﬂ_\/ﬂ) +AVps

S/In 10

« {1 _exp [;%“ “.1)

iocexp | £

where the upper signs refer to nMOSTs and the lower signs to pMOSTSs. V, is
the actual threshold voltage, while S is the subthreshold swing, K is the body-
effect coefficient, and A is the drain-induced barrier lowering (DIBL) factor [18].
Here, g is the electronic charge, k is the Boltzmann constant, and T is the
absolute temperature. Leakage is usually reduced to 1/10 with a V, increment
of only 0.1V for a bulk MOST with S = 100mV /decade at 100°C. To reduce
the leakage current, using a high-V, MOST through increasing V, is the best
way. Two ways of obtaining the high-V, MOST from a low-actual V, MOST is
enhancing the “actual” V, by increasing the doping level of the MOST substrate
and raising the “effective” V, by applying reverse biases as discussed in the
following.

Although there have been many attempts to develop reverse-biasing schemes,
the basic concepts can still be categorized into the three in Table 4.1. These are
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TABLE 4.1. Concepts to create effective high V,. Reproduced
from [3] with permission of IBM.
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(A) gate-source (V) reverse biasing, (B) substrate-source (V) reverse biasing,
and (C) drain-source voltage (V) reduction. Here, the Vg reverse biasing
scheme can further be categorized as Vg-control with a fixed V,; (A1) [10, 11]
and V-control with a fixed Vg (A2) [9]. The Vg reverse biasing schemes can
be categorized as Vg-control with a fixed Vy(B1) [8, 26] and V-control with a
fixed Vy (B2) [27, 28]. The efficiencies for reducing leakage for offset voltage
0 applied to a low-actual V, MOST are plotted in Fig. 4.1 using 0.1-pwm MOST
parameters. The reduction efficiency of (A2) is the leakage current-ratio without
and with Vi reverse bias:

(Voo =0
r = i(Vgs ) — exp(

(Vg =—-8) S/ lnlO) (42)

This is quite large because & has been directly added to the low-actual V,,
realizing an effective high V, (V,+ ). The reduction efficiency of (B1) is
calculated in the same manner:

K(V/§+2¥ — Jﬁ)]

S/In10 “3)

r, = exp[

This is smaller than r, because of the square-root dependence on & and the small
K. (C) has quite a small reduction efficiency of

) (4.4)
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FIGURE 4.1. Leakage reduction efficiency. Reproduced from [3] with permission of IBM.

because of the small A, unless V,,; approaches the thermal voltage (kT/q), where
i is drastically reduced due to the second factor of Eq. (4.1). Scheme (A1) has
the largest reduction efficiency of r,r,r; because all three effects are combined.
(B2) has a reduction efficiency of r,r;, which is larger than that of (B1) because
of the additional effect of reducing V.

Note the inherently small offset voltage required to reduce the given leakage
provided by scheme (A). This effectively reduces not only subthreshold current
in low-power mode, but also achieves a faster recovery time in high-speed mode,
as explained later.

4.3. Basics of Leakage Reduction Circuits

4.3.1. Basic Concepts

Reverse biasing involves two types of biasing, static and dynamic. The selective
use of the resulting high-V, MOSTs in low-actual-V, circuits decreases the
leakage current of circuits. The static high V, scheme, or the so-called dual-V,
scheme, is used to statistically combine low-V, MOSTs and the resulting high-
V, MOSTs in circuits. A CMOS dual-V, scheme [19, 20] in which a low V,
is applied only to the critical path occupying a small portion of the core is
quite effective in simultaneously achieving high speed and low leakage current,
although the basic scheme was proposed for an nMOST 5-V 64-Kb DRAM [21].
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A difference in V, of 0.1 V reduces the standby subthreshold current to one-fifth
its value for a single low V, although an excessive V, difference might cause a
race condition problem between low- and high-V, circuits. The dual-V, scheme
is also applied to SRAMs [20, 22]. A combination of dual V, and dual V,, has
been reported to achieve a high-speed low-power 1-V e-SRAM [22]. Another
application of the dual-V, scheme is in a high-V, power switch [8, 10-12, 14, 15]
that can cut the subthreshold current of an internal low-V, core in the standby
mode, as discussed in the section 4.4. High-V,MOSTs can easily be produced
in DRAMs [17] by using the internal supply voltages (i.e., Vy, and V) that
DRAMs require, as will be explained in the section 4.5. The high V,, however,
eventually restricts the lower limit of V,, as the transconductance of a MOST
degrades at a lower V). The dynamic high-V, scheme changes the V, so that it
is sufficiently low in high-speed modes, such as the active mode with no reverse
bias, while in low-power modes, such as the standby mode, it is increased by
changing bias conditions (see Fig. 1.64).

This section reviews the dynamic high-V, scheme, assuming that all MOSTs
in the circuit have low actual Vs.
Gate-Source Self-Reverse Biasing (Al). Figure 4.2(a) shows self-reverse
biasing. It features a low-V, switch Mg, inserted between the source of the MOST
M; and V;,;,. The MOST Mg, stacked to M, is a kind of power switch that works
as a source impedance turning on and off during active and standby modes,
respectively. A subthreshold current flowing from Mg, when Mg, and M, are
off in the standby mode, generates an offset voltage (6) on V), automatically
providing a reverse bias 0 to My so that the current is eventually reduced. This
biasing is a combination of Vg reverse biasing, Vg¢ reverse biasing and V¢
reduction. The primary effect is by the V;, reverse biasing and the secondary
effect is by the Vg reverse biasing and the V¢ reduction, as described above.
The gate voltage must be V;,;, not V,; , to take advantage of the V;¢ reverse bias.
Note that no matter how large the original leakage current at M, is, it is eventually

Voo ) Vop
Active |, Standby
ACIVE 2> aieoy

o[ | Mgp(Wy,Vig) Vopp o—

MSP( WS’ VrS)

VoL - 0 VoL
MpWp Vi) O
IN our VDL_M N H oW Vi)
(Vbp) (0) (Vpp) seee

n core circuits

() (b) (©

FIGURE 4.2. Circuits for self-reverse biasing (A1) [10, 11]: (a) Principle; (b) operating
waveforms; (c) application to iterative circuits. Wy and W, denote the respective channel
widths of Mgp and Mp. Vg and V,, denote the respective threshold voltages of Mgp and
M;. Reproduced from [3] with permission of IBM.
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confined to the constant current of Mg, through the automatic adjustment of
the offset voltage 6. Here, & is expressed as V. — V,, + Slog (W,/W;), and
the current reduction ratio is expressed as 10%S, if secondary effects are
neglected [2], as explained later. Thus, the reduction is adjustable with &, that
is, V¢ and Ws. If V¢ is high enough, the current is completely cut off with a
larger 8, creating a perfect switch. A large 0, however, results in slow recovery
time, large charging/discharging current and spike noise at mode transients. If
V,s is lower, 6 becomes smaller (allowing leakage flow), causing an imperfect
(leaky) switch, but the above problems are reduced. Moreover, a low-V, switch
is favorable to reduce the necessary channel width of Mg, since the increased
transconductance can supply the accumulated current of the logic core with
a smaller channel width, especially at a lower V,,,. Sharing a low-V, switch
through iterative circuits in RAMs (Fig. 4.2(c)) [10, 11, 13, 14] is quite effective.
The input voltage of each circuit must be V,,, not V,,, to take advantage of
the Vg reverse bias. Because a feature of RAM circuits is that only one of
the iterative circuits is active, Wy can be comparable to W, with little speed
penalty in the active mode, while 6 = S/log (nWp/Wy) in the standby mode for
V.5 = V,p. Therefore, both the leakage and area penalty as a result of adding Mg,
are negligible with increasing n (i.e. 8). To be more precise, secondary effects
must be taken into consideration: The substrate connection of M, to V,,,, creates
substrate reverse bias. The effect of reduced V) is also added if 0 is large (i.e. a
small V).

Gate-Source Offset Driving (A2). Figure 4.3(a) shows offset gate driving,
where the input voltage is “overdriven” by &. This is difficult to apply to
random logic circuits because the logic swing of the output must be smaller
than that of the input. However, it is useful to reduce the leakage (/,,,.) in bus
drivers [9], in power switches that have a low actual V,s (Fig. 4.3(b) [3]), and
RAM cells (negative word-line scheme called NWL, Fig. 4.3(c) [3]), as explained
in Chapter 2. Offset gate driving applied to an imperfect switch reduces 1,
in standby, realizing an effectively perfect switch. However, the problems of a
perfect switch described above arise.

Vpr(=Vbp—0) v Vob
DD
of - _\ﬁ T
ce e Storage
_\_/_ ! elements
7
Vs (=6)

n core circuits
(a) (W) ©
FIGURE 4.3. Circuits for offset gate driving (A2) [2, 9]: (a) Principle; (b) application to

power switch; (c) application to RAM cells (negative word line). Reproduced from [3]
with permission of IBM.
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(well) driving (B1); (b) its operating waveforms; (c) application to power switch; (d) offset
source driving (B2); (e) its operating waveforms. Reproduced from [3] with permission
of IBM.

Substrate (Well) Driving (B1). Figure 4.4(a) shows substrate (well) driving [3],
where the substrate voltages of MOSTs in core circuits change between active
and standby modes. Figure 4.4(b) shows the operating waveforms. This scheme
can also be applied to reduce 1, in power switches (Fig. 4.4(c)).

Offset Source Driving (B2). Figure 4.4(d) has the circuit for offset source
driving, with switches Mg, and Mgy inserted between the MOST sources and
power supplies. Note that this is quite different from (A1), though both utilize
source switches. The input (gate) voltage of (A1), which is the output of the
previous stage, is “full swing” (V},p,), while that of (B2) is not (i.e. V,,, or V).
This difference results in the large discrepancy in [, reduction efficiency as
shown in Fig. 4.1. From this viewpoint, power switches [15] applied to logic
circuits can be categorized as (B2). Another application of this scheme is to
reduce /,,,, in SRAM cells [3], as discussed in Chapter 3.

4.3.2. Comparisons between Reduction Circuits

There is a big difference between the two schemes (A) and (B) in mode-transient
time, especially recovery (standby-to-active) time [2, 3]. In Vg reverse biasing,
the small voltage swing (&) enables quick recovery (several nanoseconds). In
Vs reverse biasing, however, it takes more than 100 ns for recovery when it is
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applied to a power line with a heavy capacitance, because Vj reverse biasing
requires a large V, swing (AVy) or Vi swing (AVg), which is usually more
than 1.5V for a given change in V, (AV,). The necessary voltage swing imposes
different requirements on substrate driving (B1) and offset source driving (B2).
In (B1), the necessary voltage is significantly larger than Vj,, which is the sum
of Vpp and AVj. For example, existing MOSTs with a 0.2-V'/2-body-effect
coefficient (K) require a AV, as large as 2.5V to reduce the current by two
decades with a 0.2-V AV,. A larger-K MOST is thus needed to reduce the swing.
However, this slows down the speed in stacked circuits, such as NAND gates. In
contrast, the K value decreases with MOST scaling, implying that the necessary
AV, for a given AV, will continue to increase further in the future (i.e., unscalable
AVy). Unfortunately, a need for the ever-larger AV, reflecting the low-V, era
accelerates the increase. Eventually, this will enhance short-channel effects and
increase other leakage current, such as GIDL current [23]. A shallow reverse
V, setting, or even a forward Vj setting is thus required to realize a largerAV,
with a smaller AV, because V, changes more sharply with V [2]. However, the
requirements to suppress Vj noise will instead become more stringent. In fact, a
connection between the substrate and source every 200 um [24] to reduce noise
has been proposed, despite the area penalty. In addition, problems inherent in
LSIs with an on-chip substrate bias (V) generator, which DRAM designers
have experienced since the late 1970s, may occur even with a low V,,,. These
problems include spike current and CMOS latch-up during power-on and mode
transitions, and Vg, degradation caused by increased substrate current in high-
speed modes and screening tests at high stress V,,. They also include the
ever-increasing pn-junction current (see Fig. 1.18.) and slow recovery time as a
result of poor current drivability of the on-chip charge pump [2].

In offset source driving (B2), the necessary voltages and voltage swing at any
node are smaller than V. This control becomes ineffective as V,, is lowered
owing to a smaller substrate bias. However, the problems accompanied by an
on-chip Vy, generator are not expected. The energy overhead for offset source
driving (B2) through mode transitions is usually larger than that for substrate
driving (B1). This is because the parasitic capacitances of source lines are larger
than those of substrate lines, though the necessary 0 is smaller. The parasitic
capacitances of substrate lines consist mainly of junction capacitances between
the substrate (well) and source/drain of MOSTSs, while those of source lines
include the gate capacitances of on-state MOSTs as well as junction capacitances.
The energy overhead for self-reverse biasing (A1) is quite small because of the
small and self-adjusted 6 .

4.4. Gate-Source Reverse Biasing Schemes

This section describes gate-source reverse (or back) biasing (i.e., (A) in Table 4.1)
in detail because it is the most promising for LSI designs. It can be categorized
as gate-source self-reverse biasing (Al), and gate-source offset driving (A2).
In particular, self-reverse biasing is most effective because it features fast and
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simple control so as to be applicable even to the active mode, a small area
penalty, and confinement to minimum active circuitry if applied to an iterative
circuit block in RAMs, as explained later.

4.4.1. Gate-Source Self-Reverse Biasing

Switched-Source Impedance (SSI). A typical example of gate-source self-
reverse biasing is the switched-source impedance (SST) scheme applied to input
predictable logic [10, 11]. In Fig. 4.5, SSI is stacked at the source of the MOST in
the subthreshold region to provide gate-source self-reverse biasing. For example,
SSI is at the nMOST source with the switch off for an inverter with low-level
input during inactive periods, while for high-level input it is at the pMOST
source. The switch is on during active periods so that the inverter operates
normally. SSI features can be explained using the circuit in Fig. 4.6, assuming
that an SSI is equivalent to one low-V, MOST (M,). During inactive periods
with M, off, no matter how large the original subthreshold current (i’)) is, it is
eventually confined to the M, constant current (i,) with self-adjustingé. The 6
and leakage reduction ratio y(=i,/i’,=i,/i’|) are simply expressed by making
i, equal to i, as

i, =aW,10"@®+V)/S " a: current density, 4.5)
i, =aW,107"2/5, (4.6)
8= (Vo= V1) +(S/In10)In(W/W,), (4.7)
y=107%5, (4.8)

Primary Stacking Effect: The additional MOST M, makes d and thus 7y adjustable
with its channel width (W,) and/or threshold voltage (V,,), yielding the primary
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FIGURE 4.5. SST applied to an inverter with a low input (a) and a high input (b). Reproduced
from [11] with permission; © 2006 IEEE.
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FIGURE 4.6. Circuit without SSI (a) and with SSI (b) [10, 11]. Reproduced from [34] with
permission of Springer Science and Business Media.

stacking effect. A larger 6 and thus a smaller y are attained with a smaller W,
and/or a higher V,,. In an extreme case where V,, is high so that i, becomes
almost zero, 7y is almost zero with a large 8. This is just the power switch with
a sufficiently high V,. Therefore, there is no substantial difference between the
power switch and a ‘leaky’ power switch with a lower V,, although a higher V,
reduces leakage more, but needs a longer recovery time instead. For the same
V,, v is simply expressed as the channel-width ratio of W,/W,. For example, a
small voltage swing (&) of only 0.1 V reduces leakage by one order of magnitude
when W, = W,;/10 and S = 100mV/decade. Hence, fast control is achieved
with such smalld, small load capacitance of the node, and simple self-reduction
control.
Secondary Stacking Effects: If W, = W, and V,, = V,;, no reduction in leakage
is expected because of § =0 and y = 1. This is true only because the above
equations neglect the secondary effects. Actually, the secondary effects deriving
from offset source driving ((B2) in Table 4.1) to M,, and the DIBL effect
((C) in Table 4.1) of M, actually reduce leakage, although these reductions are
quite small. As a first approximation, leakage (1,,.) is at least halved because
M, and M, are equivalent to one MOST with halved channel width. To be
more exact, about one-third reduction is expected [3], as seen in Fig. 4.7.
This is because the node-voltage lowering V), at the connection and the I,,,.-
reduction efficiency are determined by the equilibrium of the two currents
and expressed by the crossing point of the two curves. Since the reduction
efficiency becomes larger with the number of series MOSTSs, the 7,,,, of NAND
gates or NAND decoders with more series-connected nMOSTs is efficiently
reduced.

Many applications of SSI to logic gates [11], such as inverters, NAND gates,
NOR gates, clocked inverters, and R-S latches have been proposed.
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Table 4.1. The same parameters as in Figure 4.1 are used. Reproduced from [3] with
permission of IBM.

SSI Sharing. One of the most effective SSI applications is SSI sharing [2-4,
10, 11, 13, 14, 25]. Figure 4.8 shows examples of SSI sharing applied to an
inverter chain and an iterative circuit block to minimize the area penalty. For a
0-V input CMOS inverter chain (Fig. 4.8(a)), in which all outputs of inverters
have settled, leakage flows from the V,,,, supply to a pMOST in each V,, input
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FIGURE 4.8. SSI sharing for inverter chain (a) and iterative (parallel) circuit (b) [11].
Reproduced from [34] with permission of Springer Science and Business Media.



162 Leakage Reduction for Logic Circuits in RAMs

inverter. Thus, there is accumulated leakage flowing into the pMOST SSI so
that it is reduced with resultingd. The accumulated leakage is proportional to the
total channel width of relevant pMOSTs in the inverter chain. Thus, the leakage
reduction ratio is expressed by the ratio of the channel width (W) of pMOST SSI
to the total channel width of the pMOSTs, i.e., y = W/IW, (k=1 to n) for a
2n-stage inverter chain. Here, the W can be comparable to each pMOST channel
width without a speed penalty, because each inverter switches with different
timing during active periods. Thus, vy is eventually expressed as 1/n. Therefore,
with a large n, leakage and area penalties become smaller, because 7y is almost
0, and W is much narrower than the total channel width. As a result, the leakage
in the inverter chain can be reduced to that of pMOST SSI. Such is the case for
nMOST SSI.

The n iterative (parallel) inverter block (Fig. 4.8(b)), with each inverter repre-
sented by one pMOST, coupled with SSI connected to the common source line,
also minimizes the area penalty. During non-selected periods at the V,,, gate
voltage of each MOST, the block is equivalent to one pMOST with W, equal
to nW, so that the leakage reduction ratio (vy) is simply expressed as W,/nW.
Here, W, can be comparable to M-channel width (W) without a speed penalty,
because only one MOST is activated during selected periods with SSI on. Thus,
v is eventually expressed as 1/n. Therefore, the leakage and area penalties are
greatly reduced with a large n.

SSI Applications to Multi-Divided Block. Minimizing the amout of active
circuitry further reduces leakage in the active mode, if the large leakage from
the remaining inactive circuitry is sufficiently reduced by SSI. This can be done
by partial activation of a multi-divided block using SSI. Table 4.2 compares
various SSI applications to an iterative circuit block [13, 14, 25]. Configuration
(b) corresponds to Fig. 4.8(b). Configuration (c) is a multi-divided block with m
sub-blocks with n/m circuits each, coupled with SSI connected to the common
source to select each sub-block. Configuration (d) is hierarchical SSI with an
additional SSI (i.e., SSI,). Here, the same V,, the same S, and the same leakage
for pMOSTs and nMOSTs have been assumed. The channel-width ratios of the
SSIMOST and the additional SST MOST to the circuit MOST that flows leakage
(7) with a channel width of W have also been assumed to be a and b, respectively.
The leakage currents for configurations (b), (c), and (d) in the standby mode are
confined to their SSI constant currents, ai, mai, and bi, respectively, no matter
how large the total circuit leakage and the total SSI leakage are. In the active
mode, leakage, ni, flows for (b) with the SSI on. Leakage, n/mi+ (m — 1)ai,
flows for multi-divided block (c) because one selected SSI and one selected
circuit in the selected subblock are turned on, while other SSIs and other circuits
remain off. For another multi-divided block (d), i.e., hierarchical SSI, the same
leakage flows with SSI, on. The standby leakage is minimized by architecture (d)
because the mai current of (c) is eventually confined to bi, and active leakage is
reduced by multi-divided blocks (c) and (d). Active leakage is minimized by the
condition of m = /n/a for m > 1, although this reduction must be compromised
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TABLE 4.2. Various SSI applications to iterative circuit block [13, 14, 34].

(b) SSI to (c) SSI to (d) Hierarchical SSI
(2) No SST one block multi-divided block | to multi-divided block
VDD
Vop Vop Voo SSL,0-4EBW
SSI 0 4E-aW SSL 04EaW Vpsier = C,
. . *l
Configuration . i | ee
n
circuits | § - [E}; c, F
l l C —
7 m sub blocks m
Penetrating 2| Standby " ai mai bi
current Active ni (n/m)i+(m~1)ai
R, 1 1
Drivability 1 1+ la 1+ la+ b
Charging to get into "
active mede 0 C,4v, C,AV,+C,AV,

*I Gate voltages shown are for the active mode. pMOSTS in iterative circuits have a gate width W.
*2 All the transistors have the same threshold voltage. Channel widths are tailored as a << n and
b << ma.

*3 Relative value to the conventional ignoring wiring resistance.

* €, and C, are wiring capacitances and AV, and AV, are voltage drops from V,,, in the standby
mode.

with speed. The three dimensional selection of subblocks [2, 13, 14, 25] is the
most effective for leakage reduction.
Compensations for V,-variations. Whatever SSI scheme is applied, the constant
leakage current expressed by Eq. (4.6) still remains. It widely varies with V,
and temperature. Thus, compensation for these variations is key, and they are
described in Chapter 5 (see Fig. 5.7).

4.4.2. Gate-Source Offset Driving

A negative supply voltage (—8 or V), a low supply voltage raised from ground
(4+9), or a supply voltage (V) higher than V,, is essential to substantially cut
the subthreshold current from a low-actual V, nMOST or pMOST during inactive
periods, while providing a large ON-current during active periods. This is because
a high-V, is effectively achieved as the sum of é and a low-actual V,, or as the
sum of (Vpy — Vpp) and a low-actual V,. The basic scheme that corresponds to
(A2) in Fig. 4.1 was first proposed for a bus architecture [9], followed by power
switches and word driving schemes (NWL and BSG, Fig. 2.11).

Bus Architecture. Figure 4.9 shows the bus architecture [9]. It has two supply
voltage systems (external V,,, and Vg, and internal V,; and V), and the bus
signal swing (V) to Vy, ) is smaller than the swing in the logic stage (V,,p — Vgs).
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FIGURE 4.9. Bus architecture. Reproduced from [9] with permission; © 2006 IEEE.

The bus driver consists of a conventional CMOS inverter using lower-V, MOSTs
(Mp,; and My,) fed from V,,, and V. Figure 4.10 shows a bus receiver which
converts the reduced-swing signal to a full-swing signal for the logic stage.
It has a symmetric configuration with two level converters (V,, — V), and
Vg — Vi), each consisting of a transmission gate and a cross-coupled MOST
pair. This efficiently converts the signal swing from V,,, — Vg, to V,, — Vg
without increasing the standby current. The reduced voltage swing on the bus
line with a heavy capacitance and the gate-source offset driving are responsible
for low-power high-speed operations and low standby current.

DRAM Word Drivers. The negative word driving (NWL) and the boosted sense
ground (BSG) schemes use gate-source offset driving. NWL has been more
popular for DRAMs (see Fig. 2.11). The driving is stable despite using a charge-
pump generator, because the necessary pumping current is small due to only
one word-line activation and the slow row cycle of DRAMs. To our knowledge,
BSG has not been used in products because of reduced signal voltage resulting
from reduced data-line voltage by 0.

Power Switch. The power switch shuts off the power supply of internal low-V,
core. Two options for implementing the switch are a low actual-V, power switch
and a high actual-V, power switch. Although the low-V, pMOST switch (see

FIGURE 4.10. Bus receiver. Reproduced from [9] with permission; © 2006 IEEE.
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Fig. 1.65) can increase the drive current in the active mode, it needs a raised
power supply (Vyp or V) to cut leakage in the standby mode with G-S offset
driving. The high-V, switch also needs the V), to increase the drive current,
although it cuts standby-leakage. In the same manner, low-V, and high V, -nMOS
power switches need a negative supply (V) and a raised power supply. The
power switches, however, always involve the following problems, as exemplified
by a charge-pump V,,, generator as shown in Fig. 4.11.

Problem (1) Unregulated floating V,, (i.e., V) and increased pumping power.
The gate voltage (V,p) of the power-switch MOST must be well regulated
against random operations of the internal core. For example, unless the high
V, is set to be high enough with a high V,,, the leakage of the turned-off
switch MOST is unexpectedly large due to unregulated gate voltages, because
it is quite sensitive to the gate voltage. For example, the setting accuracy of
the gate voltage must be less than 30 mV if a leakage variation must be less
than 50 % for S = 100mV /decade. To ensure such a regulation, the generator
must compensate for the large randomly-changing load current that is maximized
at the highest operation frequency of the power switch (i.e., internal core).
Hence, the dissipated charge, C,Vppf, at the load (C,) must be much smaller
than the pumping charge, C,V,,fp, at Cp. In addition, C; must be much
larger than C, and C, for small ripples, and a level monitor and a feedback
circuit may be necessary. To reduce the pumping power, the pumping charge
must be reduced, thus calling for reduction in dissipated charge. Therefore, a
slower frequency operation of the switch and a smaller load capacitance C, are
essential.

Problem (2) An area penalty caused by a large power-switch MOST. Thus, the
internal core must be small.

Problem (3) A long recovery time or a large spike current of the power line of
the internal core if the internal capacitance and voltage swing are large. Thus, a
small internal core is preferable.

Problem (4) Malfunctions due to floating nodes. Fixing the internal node voltages
in the core after turning off the power switch is extremely important, since any
floating node is the source of malfunctions. This is done by various high-V, level
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FIGURE 4.11. A low-V, pMOS power switch using a charge-pump V) generator.
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FIGURE 4.12. A high-V, level holder connected to the floating output node [3, 14].

holders, exemplified by a high-V, flip-flop type as shown in Figure 4.12 [3, 14].
In this scheme, the input of a low-V, circuit is evaluated, and then the evaluated
output is maintained by a small level holding latch. After that, the power switches
are turned off to stop leakage in the low-V, circuit, while preventing output
from unnecessary discharge. Thus, the switches can be turned on quickly at the
necessary timing to prepare for the next evaluation, ensuring fast random logic
operations. Note that unnecessary discharging of the node prevents the output
from quick recovery, especially for a heavy output capacitance, and thus prevents
fast active operation even if the power switch itself can quickly be switched. In
addition, the degraded output voltage may generate leakage currents at pMOSTs
in the succeeding blocks if their power switches are still turned on.

Special attention must be paid to unusual operating conditions such as power
on/off or burn-in test, since the previously mentioned detrimental effects are more
enhanced. Possible problems [2, 3] include spikes or a large leakage current during
power-on or during mode transitions. Such abnormal currents may occur not only
for circuits involved in on-chip V,, generators [2], but also for the power-switch
relevant circuits while the gate voltage of the power switch has not yet settled. In
addition, voltage degradation of Vy;, or V;,, caused by increased load current at high
stress V), in screening tests may be hazardous, especially for low-V;, circuits.

4.5. Applications to RAMs

Some of the above-described schemes can drastically reduce the leakage current
of RAMs thanks to their matrix architecture. In this section, first, the leakage
sources in RAMs and the features of RAMs in terms of leakage reduction are
briefly explained. Then, leakage-conscious designs for peripheral logic circuits are
discussed. Here, we assume that the chip (Fig. 4.13) is comprised of a RAM cell
array and peripheral circuits such as row/column decoders and drivers, control logic
circuits, amplifiers and I/O circuits, and on-chip voltage converters [2] that bridge
the supply-voltage gap between the RAM cell array and peripheral circuits.
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FIGURE 4.13. Architecture of a RAM chip.

4.5.1. Leakage Sources in RAMs

RAMs consist of a memory cell array and peripheral circuits [2], both of which
are composed of many iterative (parallel) circuit blocks, due to the matrix
architecture. These blocks include the cell array itself and row/column decoder
blocks and their relevant driver blocks. Of the iterative circuit blocks, the memory
cell array is the largest leakage source because of the largest total channel width
despite the small channel width of each cell. Leakage in RAM cells causes
different detrimental effects for DRAM and SRAM cells. For DRAM cells,
leakage shortens the data retention time (i.e., the refresh time), while for SRAM
cells it increases the data retention current (Fig. 1.63(a)). The use of a high-V,
or effectively high-V, MOST eventually reduces the leakage of DRAM/SRAM
cells and thus of the memory cell array, as explained in Chapters 2 and 3.

For peripheral circuits, the above-described iterative circuit blocks are major
sources of leakage because each of the blocks usually has a large total channel
width. Thus, for example, as we can see from Fig. 1.63(b) [2, 14, 16], the
DC subthreshold leakage (I,-) from such iterative circuit blocks in DRAM
chips rapidly increases and surpasses AC capacitive current (/,.), eventually
dominating the total chip current (I,-;). Note that in some cases leakage
reduction of pMOSTs is more important than that of nMOSTs because of
the larger channel width and sometimes larger S-factor of pMOSTSs [17] (see
Fig. 4.18).

Array Driver Blocks. Of the iterative circuit blocks in the peripheral circuits,
the row (i.e., word) driver block contributes most to leakage because it has
the largest total channel width. Note that each pMOST word driver has a large
channel width to quickly drive a heavily capacitive word line that is composed
of the gate capacitances of many cells. Here, a pMOST is necessary for the
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output driver to simplify the design with reduced stress voltage to the MOST [2].
On the contrary, the total channel width of the column driver block is usually
narrow because each driver theoretically controls only one column switch when
connecting a selected DL to a common DL. Even with multi-divided data-line
architectures [2] the number of switches is limited.

Row and Column Decoder Blocks. The total channel width is effectively narrow
because each decoder block consists of robust circuits (i.e., leakage-immune
NAND gates) [2], as discussed later.

Sense Amplifier Block. The total channel width of DRAM sense amplifiers
(SAs) is much larger than that of SRAMs. This is because DRAMs need a larger
number of tiny SAs in a chip, because one SA must be placed at each data line
due to refresh requirements. In addition, in standard mid-point (half-V};) sensing
of DRAMs, the SA must operate at the lowest voltage (i.e., half-V,,) in the
chip, calling for a lower V, for fast sensing. The many low-V, SAs resulting from
this thus generate large leakage despite small MOSTs being used. In contrast,
SRAMs have a small number of SAs usually operating at V), on the common
data input/output line.

Control Logic Block and Others. This block may operate at its highest
frequency, making leakage reduction extremely difficult. Fortunately, however,
the total channel width of the block is small (usually 10% at most of total channel
width of chip). Moreover, the I/O block of the chip, which operates at a high
I/0 power supply voltage, accepts a high enough V, to suppress leakage.
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FIGURE 4.14. Method to make the internal nodes of RAMs predictable. Each node voltage
during standby mode (standby signal is at high level) is in parentheses. Mgp, Mgy, and
solid inverters consist of high-V, MOSTs. Other logic gates consist of low-V, MOSTs.
Reproduced from [11] with permission; © 2006 IEEE.
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4.5.2. Features of Peripheral Circuits of RAMs

Reducing leakage in the active mode is extremely difficult because of the limited
time to control it, while reducing it in the standby mode is rather easy because
there is sufficient time available. Fortunately, however, RAM peripheral circuits
favor the reduction of subthreshold-current (/,,,,) in the active mode, compared
with random logic LSIs, because of the following inherent features of RAMs.
Use of Multiple Iterative Circuit Blocks. RAMs consist of multiple iterative
circuit blocks, such as row/column decoders and drivers, each of which has
quite a large total-channel width, as discussed previously. In addition, all circuits
except the selected one in each block are inactive even during the active period.
This feature is extremely important for reducing the leakage in each block simply
and effectively, even in the active mode with a smaller area penalty than for
logic LSIs, as will be explained later.

Use of Input-Predictable Circuits. RAMs are composed of many input-
predictable circuits, allowing circuit designers to predict all node voltages in the
chip and to prepare the most effective subthreshold-current reduction scheme
(e.g. Vg self-reverse biasing) in advance. As for input nodes, which are not
predictable, the level-fixing input buffer (Fig. 4.14) [11] can force the internal
node voltages to be predictable. In standby mode (signal Standby is at high level),
internal nodes including a;, a; and the following-stage outputs are forced to be at
predetermined levels irrespective of input node A;. Similar techniques are applied
to logic LSIs, though their node voltages are usually unpredictable because they
contain registers or latches to retain internal states. Latches (Fig. 4.15) [31] that
fix the output level while retaining the latched data are effective in reducing
1, in standby/sleep modes. Level-fixing flip-flops [32] combined with the self-
reverse biasing [11], power switches [33], and level holders [14] enable quick
recovery from standby/sleep modes. These techniques, in turn, can be applied to
RAM peripheral circuits with registers or latches.

Slow RAM Cycle. RAMs feature a slow cycle compared with random logic-gate
LSIs. 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

VDD
SL—TIiEP . SLEEP
CLK ;
1 1 Ez] %
D 0 D 0
I3 1
SLEEP SLEEP
(@) (b)

FIGURE 4.15. Latches with output fixing in sleep mode: (a) Output fixed low; (b) output
fixed high in sleep mode [3]. Reproduced from [31] with permission; © 2006 IEEE.
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are all responsible for a slower cycle time of RAMs [2]. This slow cycle makes
leakage reduction easier: The circuits are active only for a short period within
the “long” memory cycle, allowing additional time to control the subthreshold
current. This is true for DRAM row circuits, which are sufficiently slow to accept
leakage control. However, the column circuits in modern DRAMs [2, 3] feature
a fast burst cycle and unpredictable circuit operation (every column may be
selected during the memory cycle). Therefore, it is difficult to reduce leakage in
column circuits in the active mode. This is also the case for extremely high-speed
SRAMSs and logic LSIs. Fortunately, however, even the total channel width of
such circuits in RAMs is small, as previously explained.

Use of Robust Circuits. Modern CMOS RAMs do not use leakage-sensitive
circuits such as dynamic NOR gates that require a level keeper (see Fig. 1.20) to
prevent malfunctions caused by leakage. For example, the decoder block consists
of dynamic (for the row) and static (for the column) NAND gates to reduce the
power. NAND decoders discharge only one output node in a selected decoder,
while the NOR decoders used in the nMOS era discharged all output nodes in
decoders, except for the selected one [2]. In addition to low power, they reduce
leakage through the stacking effect, as explained earlier. In the standby mode,
RAMs have a feature in that all address inputs to each nMOS NAND decoder
are low [2], enabling leakage to be dramatically reduced. Even in the active
mode, leakage is reduced by the stacking effect because a considerable number
of decoders have at least two low-level inputs.

Utilization of Internal Power-Supply Voltages. Multi-static V, [2, 3] is
available for DRAMs because the internal power-supply voltages necessary for
DRAM operations can be utilized to achieve a high V,.

4.5.3. Applications to DRAM Peripheral Circuits

SSI was applied to iterative circuit blocks to reduce leakage current, first in the
standby mode and then in the active mode with advanced SSIs.

Standby-Current Reductions in 256-Mb DRAMs. SSI dramatically reduced
the data retention current with refresh operations that was dominated by the
word-driver block. Figure 4.16 shows a low-V, pMOS SSI (M) shared with
the n word-driver block in a 256-Mb DRAM [29]. This is an example of (A1)
in Table 4.1 or Fig. 4.1, although a raised supply (V) necessary for word-
bootstrapping is used. In the standby mode, the off-SSI enables the voltage
(Vp.) of the common source line to drop by & from V,, as a result of the
total subthreshold current flow of ni. As each pMOS driver (M, ) is self-reverse-
biased, the total current eventually decreases. Hence, the V;, is well regulated
despite the use of the on-chip charge pump. In the active mode, the selected
word line is driven after V), becomes V,; by turning on Mg. Here, the channel
width of Mg can be reduced to several times that of M, without a speed penalty,
as previously discussed. A resulting 6 as small as 254 mV reduced the standby
subthreshold current of the word-driver and decoder blocks to 1.5 x 103 for
n =256 and W(Mg)/W(Mp) =5 in a 0.2um technology, enabling to reduce
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FIGURE 4.16. Gate-source (V) self-reverse biasing applied to a 256-Mb DRAM (a) and
retention current with refreshes [29]. Wy and W, denote the respective channel widths
of Mg and M. Reproduced from [34] with permission of Springer Science and Business
Media.

the subthreshold current of the chip to 3% (from 219 to 6 wA). The total data
retention current was thus reduced to 53 wA. The small d enabled a fast recovery
time to the active mode of 1 ns.

Figure 4.17 shows another 256-Mb DRAM [17] with a hierarchical word-line
architecture [2]. The SSI and multi-static high V, utilizing well biases have been
combined. Here, MWL and SWL are the main word line and sub-word line, and
CSL is the column select line for the multi-divided data-line architecture [2]. The
circled MOSTs in the figure are in the subthreshold region during the standby
mode. Here, SSI; was only applied to the pMOSTs (open circles) in the inverter
chain with an output of RX in the array control circuit, which corresponds to
Fig. 4.8(a). This was because pMOSTSs have a larger total channel width and
a larger S-factor (see Fig. 4.18) due to their buried-channel MOST structure.
Since these inverters operate in series in the time domain, this connection does
not cause a speed penalty, as previously explained. SSI;, was also applied to
the main-word driver block. Furthermore, the nMOSTSs (shaded circles) and
pMOSTs (shaded circles) in the column-decoder block had a higher V, due to
the respective well bias Vi and V. SSI, further reduced the leakage in the
column decoder block. By combining both SSI and multi-static high-V, schemes,
the total subthreshold current in the power-down/self-refresh mode was reduced
to one-sixth, as Fig. 4.18 shows. The current can further be reduced by applying
a multi-static V, scheme to the peripheral circuits.

Active-Current Reduction for a 16-Gb DRAM. Hierarchical SSI schemes
(i.e., Table 4.2(d)) and a power switch with a level holder (Fig. 4.12) have been
reported to be effective in reducing the active current of a hypothetical 1-V
16-Gb DRAM [13, 14]. Figure 4.19(a) shows an application to the word-driver
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FIGURE 4.18. Leakage in the standby mode of a 256-Mb SDRAM [17]. The peripheral
circuits component is from peripheral MOSTs without substrate bias. Reproduced from [3]
with permission of IBM.

block, which is divided into m sub-blocks with n/m word drivers each. An SSI,
is connected to the common source line of pMOST word drivers to select the
sub-block. In the active mode, while turning on the selected SSI; and SSI,, the
leakage in each non-selected sub-block is confined to the SSI, small constant
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FIGURE 4.19. Word driver block (a) and decoder block (b) with the hierarchical SSI
scheme [13, 14]. Reproduced from [34] with permission of Springer Science and Business
Media.

current since the SSI; channel width is much narrower than the total channel
width of driver MOSTs in the corresponding sub-block, as previously discussed.
In standby mode, the total leakage confined by SSI;s (i.e., mai in Table 4.2(c)) is
further confined to the SSI, small constant current since the SSI, channel width
is much narrower than the total channel width of SSI;s. Figure 4.19(b) shows
another application to the decoder block, which is divided into m sub-blocks
(B,—B,,) with n drivers each. One decoder unit consists of an nMOST NAND
gate with address inputs and a CMOS inverter. The hierarchical SSI scheme is
applied to the nMOST common source of the NAND gate block, and to the
pMOST common source of the CMOS inverter block. Leakage current in active
and standby modes is reduced in the same manner as in the word driver block.

Figure 4.20(a) shows an application to the sense-amplifier (SA) driver block,
which is divided into m sub-blocks (B,—B,,) with n drivers each. In the active
mode, the selected driver in the selected sub-block, e.g., driver #1 in sub-block
B,, drives the SAs in the selected sub-array with My, and My,,’. This is done
by turning on SSI, and SSI,’, and only SSI, and SSI,” of selected sub-block
B,, while all SSI;s and SSI|s of non-selected sub-blocks remain off. After the
signals developed on the half-V,,,, data lines have been amplified to Vj, or 0
by the selected SAs, accumulated leakage (i'), which is the sum of leakage (i)
flowing into each SA (Fig. 4.20(b)), flows into My, and Mp,". The accumulated



174 Leakage Reduction for Logic Circuits in RAMs

VDD
SSI; O_lgl 1, =ni+(m-1)ai
sst’ EI ) EI é
VOB iz Vol B Vool )
b DTN
| o Pyp Fup
)
I
Sub-array = ) ¢

|-

- *-
1 - | Py Pun 1 At
- SA
0_| 1sub driver block B ¢ B, o B,
SSI o oy
1
VDD_I[L 0-”:1 0-”:I pLl N2 |51
SSI - (/2 HUA)
v 2 . .
DDAELI B .
(a)
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circuits (c) [13, 14]. P; precharge. Reproduced from [34] with permission of Springer
Science and Business Media.

leakage is proportional to the total channel width of leakage-relevant MOSTs
in SAs, which is comparable to the channel width of My, and Mp,” to quickly
drive the SAs. For other drivers in the selected block, all SAs remain off because
all data lines and all drive lines (CPs and CNs) are at V,/2 (Fig. 4.20(c)).
However, leakage (i), which is proportional to the channel width of My, or My,
develops at each non-selected (OFF) driver pMOST and nMOST (e.g., Mp,
and Mp,’). Hence, the total leakage in non-selected drivers is much larger than
the leakage in the selected driver. However, for non-selected blocks, SSI;s and
SSI,’s cause voltage drops or raised voltages (6, or 8,) on corresponding power
lines (e.g., P,y and P,p) to reduce leakage. The total leakage is (m — 1) ai,
assuming that the channel width ratio of an SSI; MOST to M, is a. Note that
Mp,; and My,,” are common to plural SAs in this example.

In the conventional design, the simulated active current in a hypothetical 16-
Gb DRAM was as large as 1.18 A (see Fig. 4.21). The DC subthreshold leakage
was as large as 1.105 A, while the AC capacitive current was as small as 75 mA at
a cycle time of 180 ns. Major leakage current came from iterative circuit blocks,
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FIGURE 4.21. Active current reduction in the hypothetical 16-Gb DRAM [14]. Reproduced
from [13] with permission; © 2006 IEEE.

such as the word driver block, decoder blocks (row and column), and sense-
amp driver blocks. Note that depletion MOSTs (e.g., nMOST’s V, = —0.12V)
were responsible for such large leakage. The above-described SSI schemes and
a high-V, power switch with a high-V, level holder (Fig. 4.12) [14] reduced the
active current to 116 mA.

Sleep-Mode Current Reduction in 90-nm 16-Mb e-DRAM. A variety of SSI
schemes and compensation circuits for V,-variations has enabled a 16-Mb e-DRAM
to operate at a record-setting low voltage of 0.6V using a 0.195-um? trench
capacitor (Cy = 40fF) 1-T cell [1]. The total operating power at a 0.6-V 20-ns row
cycle was only 39 mW, and the standby and sleep-mode currents at 0.9 V and 105 °C
were as low as 328 WA and 34 A. The details are in what follows.

Figure 4.22 shows the cell-relevant circuits. An excessively raised word
voltage of 3V is probably needed for high-speed charging of a large Cy rather
than for a full-V,,,, write. A low V, of 0.2V is used for SA MOSTs (M, —M,)
to enable high-speed half-V,,, sensing, while a normal V, of 0.3V is used for
SA-driver MOSTs (M5, M) to reduce subthreshold current in standby mode.
The substrate biases of SA and driver MOSTs are independently controlled
because their different V, implants cause different temperature dependencies for
V,. Gate-source offset driving in the sleep mode of nMOSTs and pMOSTs (above
Vpp and below Vg by 0.3 V) reduces subthreshold current. The RAM data is
retained by periodically exiting the sleep mode and performing burst refresh
cycles at 20ns, as we can see from the figure. The refresh scheme minimizes
the pump currents of the converters for —0.3V and V,,, +0.3V, enabling a
simple design to be used for the converters. Figure 4.23 depicts a sense-amplifier
driver consisting of an inverter chain that shares SSIs, as shown in Fig. 4.8(a).
Figure 4.24 shows row circuits composed of multiple iterative circuit blocks
such as a NAND decoder block, an inverter block, a level shifter block, and a
word-driver block. Each block has its own SSI MOST. For example, in the sleep
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FIGURE 4.22. Cell relevant circuits of 0.6-V 16-Mb e-DRAM [1]. STB: standby mode,
ACT: active mode, and SLP: sleep mode. Reproduced from [4] with permission;
© 2006 IEEE.

mode, the leakage from each block is reduced by the respective SSI because
each circuit in the block and SSI are off. In the active mode, all SSIs are turned
on so that the selected word line is activated by the corresponding row circuits.
Only one circuit in each block is activated in the active mode, and thus leakage
in the sleep mode is reduced without speed and area penalties, as previously
described.

The substrate biases of SAs and other periphery circuits must statically be
controlled according to variations in process, temperature, and V,,,, to suppress
variations in subthreshold-current as well as speed. The details are discussed in
Chapter 5.

4.5.4. Applications to SRAM Peripheral Circuits

Figure 4.25 illustrates a 0.13-pm 1.2-V 300-MHz 1-Mb e-SRAM module [30].
The partial activation of the multi-divided block discussed previously is
employed. In the active mode, a four-bank architecture (#1 in the figure) with
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module [30]. Reproduced from [34] with permission of Springer Science and Business
Media.

only one-bank activation by turning on M; and M; confines the active circuitry to
one-fourth, and thus reduces the AC power of control signals to one-fourth. This
also reduces leakage in inactive banks, if SSI is applied to the word-driver block
and cell array. SSI; reduces the leakage in each off-pMOST in the word driver
block [4] by gate-source self-reverse biasing (#2). SSI, allows a small voltage
drop, &,, in the small capacitive power line of the word-driver block, enabling a
fast recovery time of 0.3 ns. SSI, causes 6, on the common cell-source line as a
result of accumulated leakage from many cells. Thus, the body effect by &, (#3)
increases the V, of the cross-coupled off-nMOST in each cell so that leakage is
reduced. Here, the diode (M,) clamps the source voltage, so the signal charge
of memory cells is not reduced by excessive §,.

However, it has drawbacks: A large necessary 6, of about 0.4V due to poor
reduction efficiency of source-driving ((B2) in Fig. 4.1), and large source-line
capacitance result in a slow recovery time of about 3 ns. In addition, the signal
charge of the non-selected cell is reduced by &,. In the sleep mode, peripheral
circuits such as SAs and write amplifiers are turned off with the power switch
off, resulting in a slow recovery time of 3 ns. In the standby mode, all banks are
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off, causing further reduced leakage. The results indicated that leakage current
was reduced by 25% in the high-speed (300 MHz) active mode with only SSI,
turned on, and by 67% in the slow-speed (100 MHz) active mode with both
SSI, and SSI, turned on. In the sleep mode, leakage in peripheral circuits was
reduced by 95%. This source driving of the cell is effective only if V,, is still
high (such as 1.2V as this example). However, the resultant reduced power
supply, Vpp, — 0,, and thus reduced signal charge of memory cells in the standby
mode would pose a stability problem at a lower V,, strictly limiting low-V,,,
operations, as discussed in Chapter 3.
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5

Variability Issue in the Nanometer Era

5.1. Introduction

To create low-voltage nano-scale LSIs, many challenges remain with the
memory-cell array and peripheral logic circuits in a memory chip. Of the
challenges, the variability issue is a key because variations in process, voltage,
and temperature (PVT variations) decrease chip performance intolerably. For
example, as CMOS approaches the 25-nm node, random threshold-voltage (V,)
variation caused by varying dopant implant positions in ultra-small inversion
regions has been reported to give rise to more than 100 mV of V, variation [1].
Additionally, a temperature variation of 100°C causes subthreshold currents to
increase by four orders of magnitude, as explained later. Speed variation also
becomes intolerable. The voltage margin of V,-sensitive circuits, such as flip-flop
circuits that DRAMs use for sense amps and SRAMs use for cells, also widely
varies. These performance variations eventually restrict low-voltage operations.

This chapter describes the variability issue. First, the V, variation issue in
the nanometer era is briefly discussed. And then, the resulting variations in
subthreshold currents, logic speed, and voltage margins of the flip-flop circuits
are investigated in detail, and several solutions for the problem are outlined.
Based on the discussion, two approaches in the nanometer era [5] are envisaged:
One is high-V,, bulk-CMOS LSIs for low-cost applications, and the other is
low-V,,, FD-SOI LSIs for high-speed and low-power applications.

5.2. V, Variation in the Nanometer Era

The V, variation (AV,) consists of two components [2, 3]; the extrinsic variation
due to implant non-uniformities and channel length/width variations, and the
intrinsic variation due to random microscopic fluctuations of dopant atoms in
the channel area. Here, the standard deviation of the intrinsic V, variation [3] is
given as

N. D
U(V’):CL 3L
0X :

(5.1)

where ¢ is the electronic charge, C,y is the gate-oxide capacitance per unit area,
N, is the impurity concentration, D is the depletion layer width under the gate, L
is the channel length, and W is the channel width. It is obvious that the variation
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FIGURE 5.1. Standard deviations of V, variation, o((V,), and intrinsic (o;,,) and extrinsic
(0,,,) V, variations [4, 18]. Reproduced from [4] with permission; © 2006 IEEE.

increases with device scaling because of a smaller LW and the ever-larger N, for
smaller short-channel effects. In practice, for smaller MOSTs, N, is not uniform
in the channel region due to an effect to reduce short channel effects and to
suppress the punch-through of nanometer MOSTSs. Therefore, empirical data are
more useful to evaluate the variation. According to empirical data and device
simulations for 2F2?-size 1.9-nm-t,, MOSTs (F: feature size, t,y: gate oxide
thickness) [4], o(V,) increases with device scaling because the two components,
the extrinsic o,,, and intrinsic variation o,,,, increase with o, , > g, every
generation, as shown in Fig. 5.1. Note that the inter-die V, variation makes the
chip-to-chip characteristics different, while the intra-die V, variation makes the
characteristics of each memory cell and each circuit in a chip different. Here,
o(V,) decreases for fully-depleted SOI (FD-SOI), as shown in the figure, due to
an extremely-thin and lightly-doped channel (i.e., small D and N,).

5.3. Leakage Variations

Subthreshold currents are quite sensitive to V, and temperature. For example,
the leakage of a 1-Mb SRAM array with an average (intra-die) V, of 0.49V
varies as much as four orders of magnitude for a V, variation of £0.1V and a
temperature variation of 100°C, as shown in Fig. 5.2 [5]. Thus, to ensure the
lowest necessary retention current for the worst chip in the V, variation, the V,
of the average chip must be increased to account for V, variation, causing a
degraded voltage margin for a given V,,,. Otherwise compensation circuits are
needed. This is also the case for peripheral circuits of RAMs.
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FIGURE 5.2. 1-MD array current vs. V, of cross-coupled MOSTs [5].

5.4. Speed Variations of Logic Circuits

The delay 7, which is proportional to Vy,,,/(Vpp — V,)'? [6], widely varies with
voltage and device scaling: For any V, variation (AV,), the degree of delay
variation (A7/7) is expressed as

A’T/T = IZSAW/(VDD - VIO)’
V.=V, +AV, -2

where AV, is the total V, variation including extrinsic and intrinsic V, variations,
and V,, is the average V, of the chip. The delay variation is enhanced by two
factors, V,p, and AV,, in the nanometer era where V), must be reduced, but
AV, becomes larger. In particular, the enhancement becomes prominent as Vj,
approaches V,,, which does not continue to scale so that subthreshold currents
will remain sufficiently small. V,, is usually about 0.3 V for logic circuits. This
gives a lower limit for V,,,(V,,,) of logic circuits [20]. Note that unless V,,,
is lowered, dynamic voltage scaling [7], in which the clock frequency and V,,
vary dynamically in response to the computational load, would be less effective
as devices are scaled down. This is due to the ever-smaller difference between
Vppand V...

Figure 5.3 shows delay in a chip versus feature size, F, with assumptions of
V, variations normalized by that for the 90-nm (bulk) generation, and a 6F for
the driver MOST in an inverter. Delay times for +30(V,) are normalized by that
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FIGURE 5.3. Speed variations of an inverter for the traditional V,,,, scaling (a), in which
Vpp and F are scaled down with the same scaling factor, and the V), projected by ITRS
2003 [8, 21] (b). The speed is assumed to be proportional to Vp,/(Vpp — V,)'? [6].
Reproduced from [21] with permission; © 2006 IEEE.

for the average V, (i.e., V,, = 0.3 V) for each generation. Here, AV,(+) is for
+30(V,), and AV,(—) is for —30(V,). For the traditional V,,-scaling, in which
Vpp and F are scaled down with the same scaling factor, as shown in Fig. 5.3(a),
the speed spread in a bulk CMOS chip reaches an intolerable level soon, even if
such a V, scaling has been traditional because of advantages of low power and
ease of device development. Such a spread is due to un-scalable V, variations.
Even for the more-relaxed V), scaling projected by ITRS 2003 [8, 21], as shown
in Fig. 5.3(b), the speed spread results in an unacceptable increase: For the bulk
CMOS, the spread is from 1.19 to 0.86 in the 90-nm generation. However, it
rapidly increases with device scaling, reaching as large as 3.76 to 0.53 in the
32-nm generation. A 2.5-time increase in V, variation and a decrease in Vj,
from 0.9V to 0.6 V are responsible for increased speed spread.

5.5. Variations in V, Mismatch of Flip-Flop Circuits

Voltage margins of flip-flop circuits in RAM chips (i.e., SRAM cells and DRAM
sense amplifiers) are strongly affected by V, variations, as discussed in Chapters 2
and 3. In this section, the variation issue of the V,-mismatch (6V,) between a
pair of MOSTs is discussed based on the following assumptions.

(1) The inter-die variation is compensated for with Vy, control. The intrinsic

V, variation g;,, for 45-nm generation is 30mV [9], and the trend in o,
follows the data shown in Fig. 5.1.

(2) The standard deviation of V, mismatch is given by o(8V,) = v/2 a,,.

(3) The thickness of the gate oxide 7,y of MOSTs is fixed to 1.9nm for

both SRAM cells and DRAM sense amplifiers, independent of device
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scaling. This is because, at present, thin gate materials with a small enough
gate-tunneling current are difficult to develop. It is also assumed that DRAMSs
use dual-7,,, technology [10, 11] with thin-¢,, MOSTs for sense amplifiers
and thicker-t,y MOSTs for memory cells.

(4) The MOST size is 2F? for SRAM cells and 20F? for DRAM sense ampli-
fiers. For DRAMs, the number of cells connected to one sense amplifier
is 64-1024, corresponding to a high-speed design with short data lines
(HS-DRAM in the following figure) and a low-cost design with long data
lines (LC-DRAM), as mentioned in Chapter 2.

(5) The voltage margins of SRAM cells and DRAM sense amplifiers are deter-
mined by only the cross-coupled nMOSTs. This assumption is correct for the
sense amplifiers because of the preceding activation of an nMOST amplifier,
as discussed in Chapter 2. For SRAM cells, however, it underestimates
detrimental effects from other MOSTs in a cell due to the static and ratio
operations.

Figure 5.4 shows the comparison of d(6V,) of SRAM cells and DRAM sense
amplifiers. The mismatch of the former is about three times that of the latter
due to the smaller MOST size. The maximum V, mismatch |8V,|,,,, however,
depends not only on the device parameters, but also on the number of MOSTs
N used in a chip. The ratio m = |6V,],,,,/0(8V,) increases with N, and its
expectation is expressed by (see Section A5.1 for the detailed calculation)

mzfom [1—{\/% ;exp (—”{) du}N:| dx. (5.3)
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FIGURE 5.4. Trend in standard deviation of V,-mismatch for the bulk CMOS.
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The calculated ratio m is shown by the lines “r = 0” in Fig. 5.5. The ratio
m of SRAM cells is slightly larger than that of DRAM sense amplifiers. This
is because N corresponds to the number of cells in a SRAM, while it is the
number of sense amplifiers in a DRAM, which is much smaller than the number
of SRAM cells. The resultant maximum V, mismatch |6V,|,,,, = ma(8V,) of
DRAM sense amplifiers and that of SRAM cells are shown in Fig. 5.6(a) and (b),
respectively. The mismatch increases about 2.5 times with feature-size scaling
from 90nm to 32nm, reaching as much as 100mV for a 4-Gb DRAM and
330mV for a 256-Mb SRAM. The 8V, of DRAM sense amplifiers is smaller
than that of SRAM cells. However, it seriously affects the S/N and sensing speed
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FIGURE 5.6. Trend in maximum V,-mismatch for the bulk CMOS with a parameter
of repairing percentage r: (a) DRAMs and (b) SRAMs. Reproduced from [20] with
permission; © 2006 IEEE.
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of the amplifiers, especially in the case of the mid-point sensing, as discussed
in Chapter 2. In SRAMs, the minimum operating voltage V,,;,, must be higher
than V, + |6V,|,,.x for a turned-on MOST to drive a data line. Thus, it is as high
as 0.82V even for a high-speed 256-Mb SRAM necessitating a 0.49-V V, (see
Fig. 3.4), while it is 1.04V for a low-power design necessitating 0.71-V V,.
One method to solve the V,-mismatch problem of DRAM sense amplifiers is
the mismatch-compensation circuit technique [12, 13], which, however, causes
area and access overheads. Therefore, a redundancy technique and/or an on-chip
error checking and correcting (ECC) are needed, as described in the next section.

5.6. Solutions for the Reductions

5.6.1. Redundancy and ECC

Redundancy and/or on-chip ECC circuits are essential in avoiding DRAM sense
amplifier and SRAM cell failures caused by excessive intra-die V, mismatches
and in allowing for the minimum V/,,, for successful operations to be lowered (see
Fig. 3.25). Repairing a small number of sense amplifiers or memory cells reduces
ratio m described in Section 5.5. The relationship between m and repairable
percentage r is derived as follows.

Let us consider an N-bit SRAM and assume that the V, mismatch, 6V,, of
each memory cell follows a Gaussian distribution with a mean of zero and a
standard deviation of . The probability density function is expressed as

I 5?2
FOV) = e <—g) . (5.4)

Probability p of a memory cell with an excessive (larger than mo) OV, is
calculated as

p=P(oVI=mo)= [ " fedx+ [ f)ds

=1 —J%/:exp (—%) du. (5.5)

Therefore pN cells are expected to have excessive 6V,’s. If all these cells are
repaired by redundancy and/or ECC (that is, r = p), the maximum V, mismatch
|6V, | max 18 limited to mor, because the remaining cells have smaller 6V,’s. The
relationship between m and r and the resulting |6V,|,,, are shown in Figs. 5.5
and 5.6, respectively. Unlike the no-repair case (r = 0), m is independent of
N, because equation (5.5) does not contain N, while equation (5.3) does. For
example, if 0.1% of memory cells are repaired, |0V, |, is limited to 3.3¢. The
above discussion is also applied to DRAM-sense-amplifier failures, if N memory
cells are interpreted as N sense amplifiers.

Since DRAM sense amplifiers with excessive 8V,’s result in column
defects [22], they can be efficiently repaired by column redundancy with a small-
area penalty. Only 0.1% of redundant columns and 4096 sets of storages for
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storing defective addresses achieve r =0.1% for a 4-Gbit LC-DRAM, extending
the memory-capacity limitation by 1-2 generations as shown in Fig. 5.6(a).
For HS-DRAMSs, however, the required number of storages to achieve as much
r is larger (65536 sets for r = 0.1% of a 4-Gbit HS-DRAM). For SRAMs,
the required number of storages is larger still (262144 sets for r = 0.1% of a
256-Mbit SRAM), because SRAM cells with excessive 6V,’s cause random bit
defects. It is impractical to repair all such random defects by redundancy because
the area for programmable storages such as fuses and antifuses would have to be
too large. An on-chip ECC circuit [14, 15] is an efficient method for repairing
random defects because it requires no programmable storages. One problem with
ECC is the possibility that multiple defects that cannot be corrected by a single-
error correction code will occur. However, combining ECC with redundancy
drastically increases the number of repairable bits due to the combinations’s
synergistic effect [14, 19]. Most defects, including hard defects and excessive
0V,’s, are repaired by ECC, while a few blocks with multiple defects are repaired
by redundancy. Therefore, the combination of ECC and redundancy will be the
best solution for the V,-mismatch problem of future HS-DRAMs and SRAMs.

5.6.2. Symmetric Layouts for Flip-Flop Circuits

Stringent controls of channel length and width, and the use of the largest MOSTs
possible are effective to reduce the V, variation and V, mismatch. Enlarging
MOSTs, however, is fatal for a large-capacity SRAM because of increased
SRAM cell area, but it can be tolerated for DRAM sense amplifiers, as discussed
in Chapters 2 and 3. Lithographical symmetric layouts for flip-flop circuits (see
Figs. 2.19 and 3.13) are indispensable to reduce the V, mismatch.

5.6.3. Controls of Internal Supply Voltages

Suppression of, and compensation for variations of design parameters (e.g., V,,
Vpp, and temperature) through controls of internal voltages with on-chip voltage
converters are useful. Controlling the substrate bias voltage (V) of sense ampli-
fiers, SRAM cells, and other periphery circuits is thus effective, as exemplified
by a MPU [16] and the DRAM discussed next. The controls are useful for
inter-die V, variation but ineffective for intra-die V, variation.

An nMOS body-bias generator [17] shown in Fig. 5.7(a) was applied to a 0.6-V
16-Mb DRAM. The current (I,)5) through the MOST(M, ) is a good indicator of
both MOST-OFF current and the switching speed of peripheral circuits. The V4 is
Vpp/2 and is set to approximately V,, so the current is sensitive to V,,, and the body
bias (V). The drain voltage (V) is compared to V,,/2 + Av and V), /2 — Av
using two OP-amps (i.e., comparators) to determine whether the body bias (Vy;)
should be increased or decreased. When the V, of peripheral circuits is low due to
fast process conditions or high temperatures to the extent of V;, < V,,,/2 — Av, the
lower OP-amp senses the reduced V,, so that PUMP (i.e., on-chip charge pump)
starts the built-in ring oscillator to oscillate if M, is on. Thus, V, starts to decrease
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FIGURE 5.7. Body-bias generator for ntMOSTs (a) and generated Vy; (b) [17].

sothatthe V, isincreased to compensate. The oscillations continue until the resulting
deep V,; increases the V, to a point where the OP-amp turns M, off with V, >
Vpp/2 — Av. This is true as long as the deep V,;; does not exceed the acceptable
lower limit for V. Once V,; exceeds the lower limit for V,; on the way to the
deep V,z, LIMIT detects the level of the lower limit for V,; and turns M, off
with the “H” output to inhibit oscillation. The upper OP-amp works in the same
manner, comparing V,to V,,/2+ Av. However, when V, is high due to slow process
conditions or low temperatures, the lower OP-amp disables PUMP while the upper
OP-amp discharges the M, gate for driving the body. Thus, the V, of nMOSTs
is reduced and compensated for. Another feature of the generator is that as Vj,
increases, body bias V,; becomes negative to raise V, and reduce standby power
with reduced subthreshold current. The positive body bias is limited to a maximum
of Vpp/2 to limit the pn-leakage current into the body-to-source/drain junctions.
To be more exact, it is carefully set to about 0V at 100°C and to below 0.3V at
0°C not only to reduce a large pn-leakage current, which sharply increases with the
forward biasing and temperature, but also to eliminate detrimental effects due to
parasitic bipolar transistors that develop more easily at forward bias, as discussed in
Chapter 1 (see Fig. 1.18). In addition, the negative body bias is limited to —2/3V,,
to avoid over-stressing the MOSTs. Figure 5.7(b) plots V,; versus temperature as
a function of V. The pMOST body bias generator is a complementary version
of the nMOST generator. It has been reported that the negative body bias reduced
subthreshold currents by 75% under fast process conditions, and positive body
bias improved the speed by 63% under slow process conditions. These significant
improvements suggest that operations are very sensitive to substrate noise. Thus, a
triple-well structure for isolating the floating DRAM array substrate from floating
p/n peripheral substrates, coupled with the mid-point sensing, is necessary for quiet
substrates, as discussed in Chapter 2.

Controlling the internal V,, with an on-chip voltage down-converter also
compensates for the speed variations without any instability caused by Vyg
controls. However, it does not compensate for variations in the subthreshold
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current that is almost independent of V. In addition, it entails a power loss at
the converter, as discussed in Chapters 1 and 7.

5.6.4. Raised Power Supply Voltage

When intra-die variations in V, and V, mismatch become large, each cell, each sense
amplifier, and each logic circuit in a chip can have a different speed or voltage
margin. Thus, reliable LSIs designs become impossible because the Vg, or V),
described above control cannot correct for intra-die V, variation, and redundancy
and ECC are ineffective for logic gates. The best way to cope with these problems is
to raise the supply voltage V,,,, although the voltage scaling and low-power merits
that we take for granted today will be lost. For example, to confine the speed spread in
achiptoatolerablelevel, V,,, mustbe raised in accordance with the ever-increasing
V, variation. Figure 5.8 shows the expected minimum V,, (i.e., V,,;,) of the logic
circuit that is defined as the V,,, for a fixed value of the speed ratio, A7 (i.e., delay
for +30(V,) normalized by the average delay) [20]. In practice, speed variations
in a chip are much larger, since another speed variation coming from —3a(V,), as
shown in Fig. 5.3, must be taken into account. In any event, for the bulk, the V,,,
gradually increases along with each A7 caused by device scaling, reaching as high
as 1.74 V in the 32-nm generation for an acceptable At of 1.2. Instead, however,
stress voltage-immune MOSTs must be developed, with special attention paid to the
resulting detrimental effects. For example, such high Vs may increase substrate
currents, as shown in Eq. (1.15), to the extent that an on-chip V,,, generator cannot
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FIGURE 5.8. Minimum V,, (V,

.in) Of the logic circuit. Reproduced from [20] with
permission; © 2006 IEEE.
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manage any more, eventually degrading Vg levels. Another serious problem is that
ever-larger V), causes ever more serious power crises. Thus, new MOSTs that can
sufficiently reduce V, variation are urgently needed.

5.6.5. Fully-Depleted SOI

An ultra-thin BOX double-gate fully-depleted (FD) SOI [4, 18], discussed in
Chapters 2 and 3 (see Figs. 2.28 and 3.19), is reportedly a strong candidate for
coping with the problems in the nanometer era despite the expense incurred in
producing the wafers. One of this design’s main advantage is its drastic reduc-
tions of the intrinsic V, variation (Fig. 5.1) dramatically reduce V,-mismatch,
widing the voltage margin of flip-flop circuits such as SRAM cells and DRAM
sense amplifiers. Reductions in the total V, variation also reduce variations in
subthreshold currents and speed variations. It should be noted that even in the
32-nm generation the speed spread of the inverter remains in the same range
as that for the 90-nm bulk CMOS, as shown in Fig. 5.3(b). This implies that
the SOI would extend the low-voltage limitation of bulk CMOSs by at least
three generations. This is true for a relatively high V. If V, is further scaled
down, as in Fig. 5.3 (a), however, not even the SOI will be able to manage the
speed variations, which means new circuits will be required. For a given speed
variation, the FD-SOI also reduces the V,,;, of the logic circuit, as shown in
Fig. 5.8. For example, for A7 = 1.2 it reduces the V,,;, to one-third of that for
most chips in the 32-nm generation (i.e., from 1.74 V to 0.59 V), enabling chips
to reduce power dissipation by 90%.

Based on the discussion so far, two approaches in the nanometer era have
been envisaged [5]: one is high-V,,, bulk-CMOS LSIs for low-cost applications,
and the other is low-V,,;, FD-SOI LSIs for high-speed, low-power applications.
A low-cost FD-SOI process would be a unified process technology.

AS5.1. Derivation of maximum V, mismatch
Let us assume the threshold-voltage mismatch 6V, is expressed as a Gaussian

distribution with mean value of zero and standard deviation of o. The probability
distribution function is given by

1 5V2
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(see Fig. 5.9). The probability of the 6V, of a memory cell being within £xo is
the hatched area of Fig. 5.9, and is expressed as

xo 1 xo 2
Y, (x):[xof(t)dtz N Kxaexp (—#) dt

L e (__) dau. (A5.2)
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FIGURE 5.9. Distribution of V,-mismatch 6V,.

]
=~
v 1b 1kb IMb/ 1Gb[ 1Tb
5
© £
58 05}
£
=5
£z
E
[
0 1 1 1 1 1 1 1

> Yy(x)

FIGURE 5.10. (a) Probability of the maximum V,-mismatch of an N-bit memory, |8V, | .x»
being within xo, and (b) calculation of the expectation of |6V, .-
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FIGURE 5.11. Relationship between m and the number of bits N. Here, the expectation of
|8V, max 18 €qual to ma.

The probability of all the 6V,’s of N memory cells being within +xo, that is,
the probability of |6V, < xo is given by

Yy (x) ={¥, ()} (A5.3)

Plotting equation (A5.3) with N as a parameter results in Fig. 5.10(a). If we
denote the expectation of |0V, as ma, m is the area of lefthand side of this
curve as shown in Fig. 5.10(b), and is expressed as

m=fooo{1—YN(x)}dx=/0°° [1—{\/% ;exp (—“5) du}Nj| dx. (A5.4)

Figure 5.11 shows the relationship between m and the number of bits N.
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6

Reference Voltage Generators

6.1. Introduction

On-chip voltage converters are becoming increasingly important for ultra-low
voltage nano-scale memories, as discussed in Chapter 1. They include reference
generators, voltage down-converters, voltage up-converters and negative voltage
generators using charge pump circuits, and level shifters. In particular, the
reference voltage (Vgpr) generator must create a well-regulated supply voltage
for any variations of voltage, process, and temperature, because other converters
operate based on the reference voltage. The Vi., generator is categorized
as threshold-voltage (V,)-referenced Vi, generator, V,-difference (AV,) Vg
generator, and the band-gap reference (BGR) generator. The characteristics of
each circuit are summarized in Table 6.1. The V,-referenced V. generator is
easy to design. However, its output voltage has a large temperature coefficient
and suffers from process fluctuation. Since MOST V, has a negative temper-
ature coefficient around —2mV/°C, the V, shift is as large as 0.33V in a
junction-temperature range from —40°C to 125°C. Therefore, it is necessary to
combine V, with a physical parameter that has a positive temperature coeffi-
cient, as will be described in Section 6.2. In addition, chip-by-chip voltage
trimming is indispensable to compensate for the process fluctuation. A AV, Viggp
generator operates by extracting the V, difference of two MOSTs to allow the
temperature coefficient to be almost cancelled out. However, the dependency
on process fluctuation is large, and voltage trimming is still needed for mass
production. Moreover, an additional process step to fabricate a low/high-V,
MOST is required. The BGR utilizes the base-emitter voltages V. of bipolar
transistors (forward voltages of diodes). It features a small dependency on
temperature or process fluctuation. Parasitic bipolar transistors fabricated with
CMOS process, instead of a bipolar process, are usually used for process compat-
ibility. A drawback of the BGR circuit is the limitation on the external supply
voltage V,,. Since the output voltage is inevitably the Si-bandgap voltage
(~ 1.2V), V,, must be higher than 1.2V. Some solutions to overcome this
problem are proposed as will be described in Section 6.4.

This chapter describes their characteristics in detail from view point of memory
circuit designers, including the burn-in test.
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TABLE 6.1. Comparison of reference voltage generators.

MOST V, MOST AV, Bandgap Ref.
Temperature Large Small Small
Dependency
Process Large Large Medium - Small
Dependency
Additional None Low/high-V, MOST None (Triple well)
Process
Output Voltage mV, mAV, 1.2V
Minimum
Operating mV,+a Vi +1Vip| + 1.2V+a
Voltage

6.2. The V,-Referenced Vi Generator

Figure 6.1 shows a Vg, generator that consists of diode-connected nMOSTs
for obtaining quite a high Vi, such as 4 V. If body-bias effect is ignored,
Ve 1s equal to the product of the number of nMOSTSs m and V,. Although the
generator is simple, it suffers from drawbacks such as Vi, setting inaccuracy:
the variation in Vgg, depends strongly on that in V,, caused by variations in the
fabrication process. The strong dependence on temperature is also serious. If Vizr
is generated by a series connection of six nMOSTs, the variation in Vg, is six
times that in V,. For example, a temperature variation of 100 °C causes a variation
in Vg as large as 1.2V for a V, temperature coefficient of about —2mV /°C.
Figure 6.2 shows another V,-referenced generator [1] to obtain a low V.. The
circuit configuration is similar to that of the voltage converter/trimming circuit
that will be described in section 6.4. The output voltage Vi is divided by the
resistor R and by the on resistance of M,, R,, and fed back to the differential
amplifier A. The temperature-dependence of V. can be canceled if poly-Si is
used for resistor R. The cancellation is explained by the following equation. If
the open-loop gain of the two-stage amplifier composed of differential amplifier

FiGURE 6.1. Reference voltage generator based on nMOST threshold voltage.



6.2. The V,-Referenced Vi, Generator 201
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FIGURE 6.2. Reference voltage generator based on threshold voltage with improved
temperature coefficient [1].

A and M; (common-source stage) is sufficiently large, the voltages V, and V,
are almost equal. Therefore,

R
V] i=V,=———.V, 6.1
Viol = V2= g Vieer 6.1)
stands. The output voltage Vi is expressed by
R
Veer = |V,| (1 + sz) : (6.2)

Here, the poly-Si resistance features no temperature dependence [2] if the sheet
resistivity is around 500)/0J, while R, and |V, | have positive and negative
temperature coefficients, respectively. Thus, the temperature dependence is
canceled. The whole voltage-down converter implementing the generator was
designed for a 16-Mb DRAM [1]. The resultant performances were AV, /AT =
0.9mV/°C, AVjyr/AR = 18.6mV/Q, AV, /AV,, = 1.5, and AV} /AV}), =
0.07 for Vj, =5V and V,,; = 4V. Standby current of the converter is 35uwA,
and the layout area of 400kQ with 50-Q /0 resistivity is less than 0.1% of a
16-Mb chip area of 128mm?. The drawback of the generator is a large variation
of Vg caused by variations of |V, | and R.

Figure 6.3 shows a Vi generator [3] based on the same principle without a
differential amplifier. It is suitable for obtaining a low Vi through automatically
adjusting the gate-source bias voltage of a pMOST (M,). If the parameters of
R,, M, and M, are set so that the voltage drop (I,R,) is larger than the M,
threshold voltage (|V,,|), the current / separates into /; and I, as a result of M,
being turned on. Any change in Vg is eventually suppressed by the negative
feedback of the circuit. For example, a positive change at Vi is detected by M,,
enabling the M, -gate voltage to drop and thus to increase /,. I, is decreased, and
the resulting reduced I, R-drop prevents M, from delivering more current. The
generator can reduce the temperature dependence of V.. by utilizing opposite
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FIGURE 6.3. Reference voltage generator based on threshold voltage with improved
temperature coefficient. Reproduced from [3] with permission; © 2006 IEEE.

temperature-coefficients of |V,,| and an equivalent resistance (R,;) formed by
M, and M;, as explained previously. This is because Vi is expressed as

R
Verer = |Vrp| <1 + %) : (6.3)
2

The Vipr generator provides excellent performance of an almost constant Vg
of 1.3V over a wide range of V,, of 2-6V, AV,pr-/AT =0.2mV /°C, and current
dissipation of 2wA at V,, = 2.5V. The drawback, however, is a large Vigr
variation caused by variations in |V,,| and Ry;/R.

Figure 6.4 is a current-mirror V- generator [4, 5]. A current mirror consisting
of M; and M, allows the same bias-current (/) to flow to M, and R,. If W/L of
M, is large enough and [ is small enough, the drop /R, is almost equal to |V, |.
Therefore

v,

vl

1=l (6.4)

M
V
=

My J——g——[ s
—| M, Vrer

Mf M, R,

FIGURE 6.4. Reference voltage generator based on threshold voltage with improved
temperature coefficient. Reproduced from [4] with permission; © 2006 IEEE.
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Since the same current (/) flows to Ms, which is of the same size as M,, Vipr
is expressed as

(6.5)

v Ry,

REF = R_l : | tp| .
The variation in Vg due to variation in V,, is also suppressed by means of the
laser trimming of R, and R,. Therefore, the voltage conversion/trimming circuit
described in Section 6.5 is not necessary. In addition, Vi is less sensitive
to temperature variation by selecting the optimum temperature coefficients of
R, and R,, so that the temperature dependence of V,, is canceled by that of
R,/R,. In fact, the Vi generator for a 16-Mb DRAM [4] utilizes data-line
polycide and doped-poly-Si as the materials for R, and R,, respectively. The
circuit revealed excellent experimental results: Vggr = 1.935V at V,,, =5V and
25°C, AVipp/AT = 40.15mV /°C, and AVypr/AV,, = +10mV/V.

In summary, the V,-referenced V.. generator suffers from variation in Vggp

caused by variation in V,, though additional process steps are not needed.

6.3. The V,-Difference (AV,) Vi, Generator
6.3.1. Basic AV, Vypr Generator

Figure 6.5 shows a Vg, generator that extracts the V, difference (AV,)
between enhancement nMOSTs (EMOSTSs) M,, —M,,, and depletion nMOSTs
(DMOSTs) M,;, —M,,, [6]. A small AV, is favorable because a too large AV,
requires a large amount of channel implantation for DMOSTs and causes the
increased leakage current. The circuit outputs m times of AV, as output Vi,
that is,

Veer=m(Vie= Vi) =m V. +|Viul) (6.6)
where V,, (> 0) and V,, (< 0) are threshold voltages of EMOSTSs and DMOSTs,

respectively.

m stages
—
~ Vop

OFA

My,
M
L|_ My, 1—( 2
MZm
m

M,
M, j)lx CEIR I
7 77

FIGURE 6.5. Reference voltage generator based on threshold-voltage difference between
enhancement and depletion MOSTs [6].
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FIGURE 6.6. Reference voltage generator based on threshold-voltage difference between
pMOSTs; principle (a), and measured temperature coefficient of threshold voltages (b).
Reproduced from [7] with permission; © 2006 IEEE.

Figure 6.6(a) shows a V- generator [7] that utilizes the difference in V, (AV,)
between two MOSTs (M,, M,). The AV, is extracted by driving the MOSTs
with differential current sources 2/, and I. Vigr is less sensitive to variations
in Vj,;, and temperature because it is determined only by AV,.. In addition, Vygp
is immune to voltage fluctuations of the p-substrate and V), since pMOSTs
in n-well are used, and their sources are not directly connected to V. In the
generator Vygp is equal to AV, (= |V, | —|V,5|) if two pMOSTs (M,, M,) are
the same in size and the same current (I) flows. The output voltage and its
temperature dependence are expressed as follows:

Veer = |th| | - |Vzp2 > (6-7)
dav, d k. N
dI;EF :d_T(|th1’_|V1p2‘):51nﬁ; (6.8)

where N, and N, are impurity concentrations of M, and M,, respectively. To
reduce the temperature dependence, a smaller N,/N, (i.e. a smaller AV,) is
preferable, which inevitably causes a small V.. For example, Vi is as small



6.3. The V,-Difference (AV,) Vi Generator 205

as 1.1V for N,/N, = 100. Although the temperature-dependence of V,, depends
on the current density [8], the difference between M, and M, (i.e. temperature
dependence of Vi) is a constant as small as 0.4mV/°C, independent of the
current density, as shown in Fig. 6.6(b).

The circuit shown in Fig. 6.7 [9] uses the above V,-difference (4V,,) scheme.
It consists of a bias-current circuit, Vygzy generator for normal operation to
keep Vigpy constant, and Vigep generator for burn-in test to keep Vpp—Vigrs
constant as will be described in Section 6.5. The bias-current circuit composed
of current-mirror circuits gives both Vippy and Vippp generators bias currents
(Ig, 21I), enabling the same current (1) to flow in M;, M,, and Ms-M,. Here,
Vop—Vrers 1s equal to twice AV,, because of the series connection of two same
MOSTs. The doubled AV,, is convenient for use in the trimmer. The Vggpy
generator has only one enhanced-V, (M,) and one normal-V, (M,) MOST so that
the circuit can operate in the low-V,,, region. This circuit uses a cascode-type
circuit (M5, M,) for the current source 2/, to reduce the voltage dependency
on Vp, in normal mode. M, improves the constant-current characteristics of
M, with suppressing dependence of the current on the drain-source voltage [5].
On the other hand, a simple circuit (Ms) is sufficient for the current source I,
because the drain-source voltage of My is almost constant.

Figure 6.8 shows a current-mirror Vggr generator [10] that utilizes a V,-
difference (AV,). The circuit consists of a V,-difference-to-current (AV, — I)
converter, and a current-to-voltage (I-V) converter. It features a direct conversion
from a small AV, to a large Vyr without the voltage converter/trimming circuit
described in Section 6.5. The MOSTs (M,-M,) and resistor R, generate the
constant current (), and M5 converts I to I,. Then, resistor R, convert I; to
Vyeer that is a constant voltage determined only by the MOST-size ratio (W,/W,),
resistance ratio (R, /Ry) and AV,. The detail is given in the following. If M,
and M, have the same size and V,, a current-mirror comprised by M; and M,
allows the current (1) flowing from M, to M, to be the same as that flowing

Voo
X M,
y M3
My
|1
z Mi;

FIGURE 6.7. Reference voltage generator based on threshold-voltage difference between
pMOSTs including burn-in voltage generator. Reproduced from [9] with permission;
© 2006 IEEE.
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FIGURE 6.8. Reference voltage generator based on threshold-voltage difference between
pMOSTs [10].

from M, to M;. Since the saturation current of M, is the same as that of M,,

B Vop Ve Vi = B Vo[V’ 69)
Hence, by using |th,1| — |th2| = AV, and B, = B,,
|thl| | p2| AV:
o= =% (6.10)

Another current mirror composed of M, and Ms converts I, to I, (= 1,Ws/W,),
which flows in R, . Therefore,

W.
Vier = LR, = (WS) (R ) |av,|. (6.11)
1 R

If R, and Ry are designed with the same width of poly-Si, the ratio R, /R
is almost independent of V,,,, temperature, and fabrication-process variations.
Ws/W, can also be constant against parameter variations. In addition, the
variation in AV, can be compensated for by trimming Ry. Thus, a stabilized
Vg 1s obtained.

6.3.2. Application of AV, Vypr Generator

The circuit shown in Fig. 6.9 [10] uses the above principle. The features are
1) dynamic operation for reducing operation current, and 2) generating both
normal and burn-in voltages like the circuit in Fig. 6.7. The circuit consists of a
V,-difference-to-current (AV, — I) converter, a current-to-voltage (I-V) converter,
a sample and hold (S/H) circuit, an inverter, and a normal/burn-in switch circuit.
It operates as follows.

During a sampling period, all switches S-S5 are closed. A reference current
I is created in the AV, — I converter, and it is converted to current /, by a
current mirror consisting of nMOST M. The current flows through R; creating
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FIGURE 6.9. Reference voltage generator using sample/hold scheme. Reproduced
from [10] with permission; © 2006 IEEE.

constant voltages relative to Vj, at nodes A and B. The voltages of nodes
A and B are given by

Vs = Vo — (l) (R—> v, 6.12)
w, ) \r
v (W
ot () () o1

The AV, — I converter and the /-V converter are enabled by clock ¢,, and the
output voltages V, and V, are sampled on the hold capacitors Cp, and Cy,
respectively, by clock ¢,. Clock ¢, is delayed to clock ¢, to minimize the
fluctuations of the output voltages at nodes A’ and B’. The voltage at node A’
provides a voltage V, , for burn-in mode. On the other hand, in normal-operation
mode, the voltage at node B’ relative to V,,, is converted to V,, that is relative
to the ground. Since M;-Mj, in the inverter are in the saturation condition, their
currents are expressed as

IS:%(VEXT_VB,_|V11)7|)2 (VGSS | tp8|) = (VGS9 | ’P9D j

(6.14)
If M;-M, are the same size, and the n-well of each MOST, which is separated
from the others, is connected to the source to eliminate the body-bias effect
and thus to obtain the same value of V,,, (6.13) and (6.14) give the following
equation:

Viss = Vaso = ILRL,' (6~15)
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FiGURE 6.10. Supply-voltage dependency of reference voltage based on threshold-voltage
difference. Reproduced from [10] with permission; © 2006 IEEE.

Thus, the same gate-source voltage of I, R;’ is supplied to M;-M,. Hence, V,

is obtained as
, W, R,
Voy=2LR, 22(W6> (R—; |v,|>. (6.16)

4

The voltages V,y and V,, are automatically switched with the switch circuit
according to the operation mode and output as V. The switch circuit consisting
of an OR type current switch with a negative feedback loop outputs the larger
voltage between V,  and V.

This Vg, generator was applied to a 64-Mbit DRAM [10]. The overall
variation after trimming is £0.06V (£2.5%) for V,,, =3.3+£0.3V as shown
in Fig. 6.10. The temperature coefficient is 370 ppm/°C for normal operation
and —95ppm/°C for burn-in as shown in Fig. 6.11. The average current is
reduced to 0.3 wA when the activation interval is longer than 1 ms as shown in
Fig. 6.12.

+ Burn-in (Vpp=5.5V)

i -95 ppm/°C

¢ Normal (Vp,=3.3V)

3 1
2.4 0—97370 ppmrec

23 | | | |
20 40 60 80 100 120

Temperature (°C)

FIGURE 6.11. Temperature dependency of reference voltage based on threshold-voltage
difference. Reproduced from [10] with permission; © 2006 IEEE.
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FIGURE 6.12. Power dissipation of reference voltage generator using sample/hold scheme.
Reproduced from [10] with permission; © 2006 IEEE.

In summary, a quite stable Vpp. is available by the V,-difference Vpgp
generator. However, Vg trimming might be still required, though the variation
in Vggp 1s much smaller than in the V,-referenced V., generator described in
section 6.2. An additional process step to produce a V, difference is also needed.

6.4. The Bandgap Vi, Generator
6.4.1. Principle

The bandgap reference (BGR) circuit utilizes the base-emitter voltages Vg
of bipolar transistors. Figure 6.13 shows the principle of the BGR [5, 11].

The voltage Vj; of a bipolar transistor is expressed as a function of collector
current /:

kT 1,
Vgp = —In <, (6.17)
q I
INIe 1
VBEl VBEZ
a b 9
=y
<
+86 LV/°CxInN
3 T
=~
T

FIGURE 6.13. Operating principle of bandgap reference.
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where k is Boltzmann constant, g is elementary charge, T is absolute temperature,
I is the saturation current determined by device structure. The voltage Vi
has a negative temperature coefficient around —2mV/°C. On the other hand,
the V;,; difference of two bipolar transistors of the same I and different /- is
expressed as

kT
AVyp = Vg — Vg = — InN. (6.18)
q

This is proportional to 7', thus having a positive temperature coefficient. If we
choose appropriate constants a and b for generating the reference voltage of

kT
Vigr = aVip +bAVj = aVye + bIn N - —, (6.19)
q

the temperature coefficients of V, and AVy, can be cancelled by each other.
Usually a =1 and bIn N = 20-23 are used and Vg of 1.2-1.25V is obtained.
The temperature dependency of AVy, is linear as indicated by (6.18), while
that of Vg, is a little concave down. The resultant V.. is also a concave-
down function of temperature. Although some techniques to compensate for this
curvature are proposed [12], most of on-chip voltage converters do not require
the compensation.

Now, the device structures of the bipolar transistors for BGR circuits are
described. Figure 6.14 shows the cross sections of the parasitic bipolar transistors
that are fabricated with a standard CMOS process. A parasitic pnp transistor has
an emitter of p+ diffusion area, a base of n-well, and a collector of p-substrate.
Since the p-substrate is usually connected to ground, this transistor must be used
with collector grounded. A parasitic npn transistor has an emitter of n+ diffusion

k deep n-well J

p-substrate

FIGURE 6.14. Device cross sections of parasitic bipolar transistors; a parasitic pnp
transistor (a), and a parasitic npn transistor (b).
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area, a base of p-well, and a collector of deep n-well. Although this device
requires a triple-well structure, all three terminals can be at any potential. The
common-emitter current gain of parasitic bipolar transistors is around 3-10.
Therefore, the base currents cannot be neglected unlike in bipolar-circuit design.

6.4.2. Circuit Design

In this subsection BGR circuits to realize the above principle are described. The
circuit shown in Fig. 6.15 utilizes parasitic pnp transistors Q, and Q, with diode
connection (base and collector are connected together). The ratio between their
emitter junctions is 1 : N. The current mirror composed of pMOSTs M, and M,
equalizes the collector currents of Q, and Q,. Thus, the transistors have different
sizes and an identical collector current, instead of an identical size and different
currents as described above. Although both schemes can create different current
density (I-/1I in equation (6.17)) and AVy, the former is usually used. Since
the gates of nMOSTs M; and M, are connected together, their source voltages
are equal. Accordingly, the AV, appears between both terminals of R,, and the
current

kTInN
Iy =
qR,

(6.20)

flows. The same current also flows through R, and through pnp transistor Q,
due to the 1 : 1 current mirror composed of pMOSTs M, and M. Therefore, the
output voltage Vggp is given by

kTR,In N

Veer = VBE3 + IR, = VBE3 +
qR,

(6.21)
This BGR circuit requires a startup circuit that prevents the circuit from falling

into an undesired operating point. If the circuit is at the normal operating point,
the current I, mirrored by M, and M, charges the gate of pMOST M,. Therefore,

startup circuit

FIGURE 6.15. Bandgap reference circuit using parasitic pnp transistors.



212 Reference Voltage Generators

the current /g does not flow because M, is turned off. If the circuit is at the
undesired operating point where all MOSTs M1-M4 are off, I, does not flow. In
this case M, is turned on because its gate is discharged through M, and My. The
current /g injected to node N, forces the current I, to flow. The design method of
the startup circuit is shown in Fig. 6.16. The loop composed of M,-M, is opened,
one end is connected to a voltage source Vy, and the voltage V,,,; of the other
end is observed. The operating points are indicated by the intersection points of
Vin-Vour characteristics and line V,y, = V7. The circuit without startup circuit
has two intersection points P, and P, as shown by the broken line. The former
is the undesired operating point and the latter is the desired (normal) operating
point. Since P, is a “metastable” point, the operating point drifts away from
P, and toward P, after sufficient time. However, it takes a long time for the
operating point to reach P, because the current /; is extremely small when the
operating point is around P,. Therefore, I, as well as V,,;; should be observed
even if there is only one intersection point. The circuit with startup circuit has
only one intersection point P, and a larger current /. Therefore, the operating
point quickly reaches P,. A dc current flows through M¢-M; in the startup circuit
when the circuit is at the normal operating point. Although this current can be
eliminated by starting up the circuit using a so-called “power-on reset” signal,
such design should be avoided. This is because “power-on reset” is an unreliable
signal which may not be generated in some startup conditions of V.

The BGR circuit in Fig. 6.17 also utilizes parasitic pnp transistors Q, and
Q, [5, 11, 13]. An operational amplifier with negative feedback equalizes the
voltages of nodes N, and N,. If R, = R,, the collector currents of Q, and Q,
are equal. Since the base-emitter-voltage difference AV, appears between both
nodes of resistor R;, the current I, and the output voltage V., are expressed as

kTIn N
= — 2% (6.22)
qR;
kTR, InN
Veer = Vet + IrRy = Vg + ————. (6-23)

qR;

with startup o

A L

Vour

M;
startup ﬁ
circuit

Iy l

with startup

logl,

w/o startup N

FIGURE 6.16. Design of startup circuit.
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FIGURE 6.17. Bandgap reference circuit using parasitic pnp transistors.

The loop stability should be considered in the design of any circuit that utilizes
negative feedback. The details of the loop stability and its improvement (compen-
sation) are described in Chapter 7.

Figure 6.18 shows a BGR circuit using parasitic npn transistors [14]. This
circuit also utilizes an operational amplifier with negative feedback to equalize
the voltages of nodes N, and N,. If R, = R,, the collector currents of Q, and Q,
are equal. Since the base-emitter-voltage difference AV, appears between both
nodes of resistor R;, the current /, and the output voltage V., are expressed as

_ kTIn N
e qR5

, (6.24)

2kTR,In N

Veer = Ve +21RR4 = Vg +
qR;

(6.25)

The loop stability should also be considered in this circuit. This circuit features
a small voltage variation of Vg as described below. The minimum operating
voltage Vj,nin» however, is higher by the voltage drop of resistors R,, R,
(several hundreds of mV-1V).

VDD

R, % Ry %
N
! )T Vrer

FIGURE 6.18. Bandgap reference circuit using parasitic npn transistors [14].
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6.4.3. Variation of Reference Voltage

The voltage accuracy of a BGR circuit is mainly determined by the offset
voltage of an operational amplifier, though variations in the resistor ratio and
bipolar-transistor-size ratio also contribute to the voltage variation. If there is a
threshold-voltage difference AV, between the input pair MOSTS of an operational
amplifier, as shown in Fig. 6.19(a), AV, is equivalent to the offset voltage V,
of the amplifier, as shown in (b). The V¢ of a CMOS amplifier is considerably
larger than that of a bipolar amplifier mainly due to the intrinsic variation in V,
that is caused by the variation of dopant atoms in the channel region [15-17].
Let us consider the BGR circuit in Fig. 6.17. If the voltage gain of the
operational amplifier is sufficiently large, the following equations holds:

kT = NI

LRy = Vg — Vg + Vo = 7 In 1_1 + Vos, (6.26)
2

ILR—V,s=1LR, (6.27)

where I, and I, are the emitter currents of Q, and Q,, respectively, and R =
R, = R,. Differentiating these equations by Vg results in

dl, kT (1 dI, 1 dI,
355 =\ 755 7 1, (6.28)
dVos g \I,dVys L, dVys
dl dl
R—- —1=R—*. (6.29)
dV,s dV,s
When V¢ — 0, equation (6.28) becomes
dl R dl dl
3o = — [ = — =2 ) +1, (6.30)
dVys InN \dVyg dVy

because I;, I, — kTInN/gR (see equation (6.22)). From equations (6.29) and
(6.30) we obtain

al S (6.31)
dVosly,o R Ry RInN’ '
(a) Vbp b)
Vour V—DT_I>_ \%
our
Vi o—] Fove Vie—
f X Vos=
Vi V, AV,
AVt= Via=Vu

FIGURE 6.19. Offset voltage of differential amplifier.
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From equation (6.31), the dependence of Vg on Vi is calculated as

% - k_T ﬂ = R, + L + L (6.32)

dVos lvyno  qli dVosly, .o RIDNN InN = R(InN)’ ’

@ :%_’_Rﬂ :1+i+£+ R, + R,

dVos |y, o dVos dVos |y, o InN * Ry  RInN ' R(InN)?
(6.33)

Among the five terms on the right side of (6.33), the third term R/R; is dominant
and is typically around ten. Therefore, the variation in V4 is amplified by about
one decade. For example, if the variation in Vg is 10mV, the variation in Vigp
is as large as 100 mV (8%).

Next let us consider the circuit in Fig. 6.18 [25]. If the voltage gain of the
operational amplifier is sufficiently large, the following equations hold:

kT . NI,
LRy = Vg —Vgpp = —1In—,
q I

al,bR—al|R =V, (6.35)

(6.34)

where I, and I, are the emitter currents of Q, and Q,, respectively, « is the
common-base current gain of the npn transistors and R = R, = R,. Differentiating
(6.34) and (6.35) and similar calculations as above result in

_ By LR (2 (6.36)
" aRInN InN aR InN )/’ ’

This is usually less than unity, because R; < R, < R in typical design. Therefore,
the variation in Vg is less than that in V4. This great difference can be qualita-
tively understood by comparing equations (6.26), (6.27), (6.34), and (6.35). In the
circuit in Fig. 6.17, V¢ becomes an error in AV directly, as in equation (6.26).
On the other hand, V, has no direct effect on AV of the circuit in Fig. 6.18,
as shown in (6.34), but only causes emitter-current error as shown in (6.35).

The simulated dependencies of Vg on Vg, shown in Fig. 6.20, are very
close to the calculations from equations (6.33) and (6.36). Figure 6.21 shows
the measured results of the voltage variations. The standard deviation o of the
circuit in Fig. 6.18 (lower histogram) is as small as 3 mV, which is one tenth
that of the circuit in Fig. 6.17 (upper histogram).

dVigr
dVyg

Vos—0

6.4.4. The Bandgap Vygr Generators for Low
Supply Voltage
The output voltage of a BGR circuit, Vggp, is inevitably Si-bandgap voltage

(~1.2V), which is derived by substituting a = 1 into equation (6.19). Since V,
determines the lower limit, V.., Of the external supply voltage, Vg must
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FIGURE 6.20. Relationship between offset voltage and output-voltage error.

be lowered for low-voltage operation. A lower V,., is generated if a smaller
value of a(< 1) is adopted, maintaining the ratio between a and b. The circuits
to realize this principle are described below.

Figure 6.22 shows the low-voltage BGR circuit proposed in reference [18].
The operational amplifier with negative feedback equalizes the voltages of nodes
N, and N,. Three pMOSTs M,, M, and M; have the same size and the same
gate voltage. Since the current of two pnp transistors Q, and Q, are equal, AV,
appears between both ends of R,. The current /5 is expressed as

. kTInN

= 6.37
="k, (637)

IS
(e

c=31mV
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BGR output voltage Vggr (V)

FIGURE 6.21. Measured voltage variations.
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FIGURE 6.22. Bandgap reference circuit for low supply voltage. Reproduced from [18]
with permission; © 2006 IEEE.

The current of M; is also I, and the current of R, is less than I by the current
of R;. Therefore, the output voltage Vg is expressed as

Veer = Vags + (IR - IB) R, = IyR;. (6~38)
Equations (6.37) and (6.38) yield

R, R, kTInN
Viir = ——— ( Vs + = : 6.39
REF R] +R3 ( BE3+ R2 q ) ( )

Comparing this equation and (6.19) shows that a = R;/(R, + R;) < 1. Thus, a
lower Vigp is obtained (e. g. 0.67 V in [18]).

Figure 6.23 shows the circuit proposed in reference [19]. The operational
amplifier with negative feedback equalizes the voltages of nodes N; and N,.
Three pMOSTs M,;, M, and M; have the same size and the same gate voltage.
If R, = R, = R, the current of pnp transistors Q, and Q, are equal. Thus, AV,
appears between both ends of R;. The currents I, and I, are expressed as

kTIn N

= (6.40)
qR5
Vop

My T M o

N,

N, +— Vrer
IAl 131 R >113 lIA 11A+13
R, Q =R =R

= =

1 : N

FIGURE 6.23. Bandgap reference circuit for low supply voltage [19].
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Ve
I, = ——. 6.41
B R ( )

Since the sum of /, and I, flows through R,, the output voltage V. is given by

R R, kTInN
Veer = (IA +IB) R,= . Ve + . . (6~42)
R R, q

If we design R, < R, a lower V. is obtained (e. g. 0.515V in [19]).

Both the circuits in Figs. 6.22 and 6.23 require that the amplifiers operate
at low V. Reference [19] utilizes low-V, nMOSTSs as input devices of the
amplifier.

6.5. The Reference Voltage Converter/Trimming Circuit

The output voltage Vg of a reference voltage generator is not necessarily equal
to the voltage V,,; that is supplied to internal circuit. In addition the voltage level
of Vi might vary with process fluctuations. Thus, it is necessary to convert
the voltage level of Vggr. The voltage variation can be suppressed by adjusting
the conversion ratio (voltage trimming). In this section the circuit for converting
the voltage level of Vi is described.

6.5.1. Basic Design

A reference voltage converter/trimming circuit is shown in Fig. 6.24. The input
voltage Vipp is converted into Vig', which is divided by resistors and fed back
to the input of the operational amplifier. The conversion ratio, which is given by

Vier R+ R,

= (6.43)
VR EF R 2
Vop
435
R Vrer
Trimmer
'\
0
R2\
5 I
Nonvolatile 3
Memory g T
Flash,
Fuse, etc.

FIGURE 6.24. Reference voltage converter/trimming circuit.
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can be adjusted by changing the ratio R, : R,. The decoder decodes the trimming
data and turns on one of the trimming MOSTs, selecting the feedback voltage.
Although the trimmer in the figure has only four trimming taps for simplicity, an
actual trimmer usually has 8-32 taps according to the required voltage accuracy.
Nonvolatile programmable elements are necessary to memorize the trimming
data. Fuses, which are also used for redundancy, are usually used in memory
LSIs, while flash memory cells are used in logic LSIs with flash memories. The
internal supply voltage V,,, is measured in probe test and appropriate trimming
data are programmed so that V,,; is within the target voltage range.

One design issue of this circuit is the loop stability because it utilizes an opera-
tional amplifier with negative feedback. Another design issue is the threshold
voltage V,, of the trimming MOSTs. The MOSTs must be at non-saturation so
that the feedback voltage does not drop due to V,,., which is increased due to
the body effect. The best way is to use the parallel connection of a pMOST and
an nMOST as a trimming device, though the area is increased.

6.5.2. Design for Burn-In Test
(1) Burn-In Test Condition

Burn-in test is a kind of reliability test for LSIs to quickly get rid of potential
defects. As a result of acceleration through applying a high stress voltage and
high temperature, potential defects show up quickly. The test also must be applied
to 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 6.25 shows
the concept of the burn-in test for LSIs using an on-chip voltage down-converter.
The core circuit (L,) operates at V,y, while I/O circuit (L,) and the voltage
down-converter (VDC) operate at V. The voltages during normal operation
(point N) are Vyy = Viygw» and Vi, = Vi, While Vi = Vg and Vi, = Vi
during the burn-in test.

~
Z +10%
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i Vints .

E PN

> Vingy F——————
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—_

<

£

i3] 0 v v

kS DDN DDB

VDC: Voltage down converter
L,: Core circuit
L,: I/O circuit

External supply voltage Vpp,

FIGURE 6.25. The concept of burn-in test for LSIs using on-chip voltage down converter.
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The burn-in voltages V,y;; and V,,p are determined as follows. Generally,
the lifetime of gate oxide #,, is expressed as

G Gt
tgp X eXp <—) =exp <ﬂ> , (6.44)
Eox Vox

where E,y is the electric field across the oxide, V5 the applied voltage, t,y the
oxide thickness and G is a constant of around 320 MV/cm [20]. Therefore, the
acceleration factor of L, is given by

Gt Gt 1 1
k; =exp <ﬂ>/exp <ﬂ> = exp {GtOX1 (— - )} , (6.45)
VI NTB V[ NTN VI NTB VI NTN

and that of L, is given by

1 1
ky= Gt —_—— . 6.46
2T { ox2 < Voos  Voon ) } (6:46)

where t,y, and t,y, are the oxide thicknesses of MOSTs in L, and L,,
respectively.

To successfully perform the burn-in test, the following conditions must
be satisfied.
Uniform Acceleration Throughout Chip: The stress condition during normal
operation should be uniformly accelerated during the burn-in test for each circuit.
Thus the acceleration factors k, and k, must be equal. Equations (6.45) and
(6.46) result in

t(l 1)—1‘(1 1) (6.47)
oxt VINTB VINTN oxz VDDB VDDN ) .

Constant V,, at around Normal-Operation V,,: To obtain a stable operation V,,
must be almost constant even for the maximum V,,,-variation (at least £10%)
that is guaranteed at the normal-operation V). Therefore,

Vine = Viney - (0.9Vppy < Vpp < 1.1Vppy) (6.48)

(2) Burn-In Voltage Generation

Figure 6.26(b) illustrates a reference voltage converter [9], which meets the
above requirements. The converter features switching of a line Vi, via a flat
line-Vyy to a line Vi, at a certain Vj,,. The line V,, governs normal-operation
characteristics, while the line V,, governs burn-in (i.e. V,y;;) characteristics.
When V), is low enough, Vi, = V;, because M, is always turned on. When
Vpp 1s higher than r, Vggpy, however, the output V,y; is fixed to V. On the
other hand, Vj-characteristics are obtained by using two comparators (CP,, and
CP;), a pMOST (M,) and an nMOST (M,;). The reference voltage, V,p — Vrprps
is generated based on V. When V},;, is low enough, the resultant high voltage
at the CP; output makes the CP, input (V,;) low. Since another CP, input
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FIGURE 6.26. A burn-in test circuit (a) and its characteristics (b) [9].

voltage is V, as a result of CP, and M, operation, the CP, output voltage is
high enough to cut off M,. When V), is higher than V},;, — Vs, however, Vi,
becomes Vpp, — 1, Viprs- Here, ry = (Ry + Ry,) /Ry, If the resultant Vyj voltage
is higher than V,y;, M, is turned on while M, is turned off. Thus, V,,; is in turn
determined by V,,, eventually causing the characteristics shown in Fig. 6.26(a).
Here, the condition to ensure the flatness of V), against V,,-variations at
Vopy £ 10% is expressed as

VDDB - VINTB > 1.1 VDDN - VINTN' (649)

For example, if V,py =5V, Vippew =33V, Vypp =8V, and Vi =53V,
(6.49) is satisfied, and the V), flatness is ensured.

Figure 6.27 shows another burn-in test circuit (Fig.6.27(b)) and V,y -
characteristics (Fig. 6.27(a)) [21]. It features an excellent V,,, flatness against
wide variations in Vj, at around V.., and a flexible V,,z-setting to meet
user’s requirements. In order to more quickly perform burn-in test a high Vg
is better. In addition, the flatness of V,,, must be ensured with a wider Vj,
margin at Vp,,. Both requirements are satisfied with the thick solid line in
Fig. 6.27(a), in which V},; is assumed to be higher than 6.3 V when V,,, =5V
and V= 3.3V (i.e. the slope of Vip line = Vyp5/Vpps = 2/3). The charac-
teristics are realized by using the circuit shown in Fig. 6.27(b). When V,,, is low
enough M, is off, enabling Vgz = 0. Thus, V,,; is under the control of a fixed
Vegrr (1.65V), so that V,py is fixed to 3.3V at V> 2V (3.3 V) because of
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FIGURE 6.27. A burn-in test circuit (a) and its characteristics (b) [21].

a voltage-division ratio of 1/2 at R,. When V,, is increased further to the extent
that Vp,,,/5 is higher than Vi, (1.26 V) - that is, Vyp > 5Vipr, (6.3 V)-Vip is
Vpp/3 as a result of turning on M,. The Vi is higher than Vigp,, allowing the
V,nr characteristics to be governed by Vi, at V,,,, higher than 6.3 V. Eventually,
V,nr changes at a rate of (2/3)V), lying on the V,, line.

Figure 6.28 shows another example for burn-in test [4]. In this scheme the
reduced voltage, V,y,, during normal operation is switched to V,,, during the

P &~
(a) =
> B,
) V1NTB4,.‘
8 e
= L
S s N
= Vinew f—-
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2 1+ YDDB
— L
3 11 =Vinrg
= LY
£ —
= 0 Vbon
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(b)
Vop
Vrer — Bl
Vinr

FIGURE 6.28. A burn-in test circuit (a) and its characteristics (b) [4].
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burn-in test with Vj,5 = V;yrp. The drawback is that during the burn-in test
the appropriate stress voltage for the large devices in the L, block in Fig. 6.25
may destroy the small devices in the L; block. In other words, the appropriate
stress voltage for the L; block becomes an insufficient stress voltage for the L,
block. Thus, the scheme is acceptable only when the difference between V;,,y
and V,y;y is small, or the scale of integration of the L; block is much larger
than that of the L, 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, BI.

Figure 6.29 shows another example for burn-in test. In this scheme the voltage
V,nr during burn-in test is raised from its nominal value. The circuit features that
a trimmer and a test circuit share a resistor string. The highest tap is selected
during burn-in so that the highest voltage is output as Vpg,. Selecting a higher
or lower test tap than the default one changes the level of V(= V,yr), thus
enabling a voltage-margin test of the core circuit.

Figure 6.30 shows the measured V,,; of an on-chip voltage down-converter
implemented in a microcontroller before and after trimming [22]. Most of the
samples are out of the target voltage range (1.45-1.6V) before trimming, but are
within the range after trimming.
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FIGURE 6.29. A burn-in test circuit (a) and its characteristics (b).
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FIGURE 6.30. Measured voltage variation before and after trimming. Reproduced from [22]
with permission; © 2006 IEEE.

6.6. Layout Design of Vg, Generator

Layout design as well as circuit design is a critical issue for high-precision
analog circuits like reference voltage generators [26]. In this section, layout
design methods for matching devices and for suppressing the effect of parasitic
resistance will be described.

The characteristics (V,, gain factor, etc.) of MOSTs for a current-mirror circuit
and for input devices of a differential amplifier should be matched. To match
the MOSTs, their layout patterns must be geometrically congruent. In addition,
the directions of currents should be the same as shown in Fig. 6.31(c), not
(a) or (b). This is because the source and the drain might not be symmetrical
due to the source/drain formation, where impurity ions are implanted with a
small angle from the perpendicular line. A better matching is obtained by the
common-centroid layout [23], where two MOSTSs share a common “centroid”.
In Fig. 6.32, M, is composed of left-upper and right-lower devices, where M, is
composed of left-lower and right-upper devices. Even if there exists a tendency
of characteristics from left to right, for example, M1 and M2 can be matched.
The common-centroid layout is effective not only for MOSTs but also for other
devices [24]. Figure 6.33(a) shows a layout pattern of bipolar transistors for a
bandgap reference circuit described in Section 6.4. Nine devices are arranged
in 3 x 3 matrix. The center one is for one transistor Q,, while the others are

() (b) (©)

M, M, M, M, M, M,
—_— — _— — —

FIGURE 6.31. Layout of paired MOSTs; unfavorable layout (a), (b), and favorable layout (c).
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M1 M2
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centroid

FIGURE 6.32. Common-centroid layout of paired MOSTs [23].

(@) (b)
dummy 7]

[

RiR,

K

dummy [

FIGURE 6.33. Common-centroid layout of bipolar transistors (a), and resistors (b). Repro-
duced from [24] with permission; © 2006 IEEE.

for Q,. Thus, Q, and Q, have a common centroid and a size ratio of 1:8.
Figure 6.33(b) shows resistors with common centroid. In this layout pattern, two
dummy resistors that are not used are arranged at both edges. This is because
edge elements might have different characteristics due to the irregularity of
arrangement.

Next, the layout design for devices with an accurate ratio of 1:7 is discussed.
Generally connecting n identical devices is more favorable than a device with
a constant multiplied by n. Figure 6.34 shows the layout patterns of a current-
mirror circuit with a ratio of 1:2. The layout in Fig. 6.34(a), where the gate width

(a) (b)

M, M, M,
G G G
=
=
[\l

FIGURE 6.34. Layout of current-mirror circuit with mirror ratio of 1:2; unfavorable layout
(a) and favorable layout (b).
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of M, is twice that of M,, is not favorable because of the following reason. If
the effective channel width W,;, is smaller than the designed gate width W by
AW, the effective mirror ratio is W, ;2 W,y = (W — AW) : (2W — AW). This is
not equal to 1:2 unless AW = 0. On the other hand, the effective mirror ratio of
Fig. 6.34(b) is W, 1 W, = (W —AW): 2W —2AW) =1:2, irrespective of
AW. The layout of Fig. 6.35(b) is more favorable than that of (a) for two resistors
with a resistance ratio of 1:2, because of the similar reason. Figure 6.35(c) shows
the most favorable layout pattern using the common-centroid technique.

Next, the layout design to suppress the effect of parasitic resistance is
described. Designers should pay attention to a wiring through which a large
current flows. Figure 6.36 shows the layout patterns of a current-mirror circuit.
The layout of (a), where the sources of M, and M, are respectively connected
to the main power line, is not favorable. This is because the voltage drop due to
the parasitic resistance r, and a large current I causes the difference in source
potentials and the error of mirror ratio. The layout of (b), where the sources are
connected together to the main line, can avoid the source-potential difference.
This layout is acceptable if the current I does not change. If I varies, however,
the parasitic resistance r, and the variation of / generate a noise on the sources.
The best layout design is to completely separate the source wiring from the
main power line as shown in (c). Figure 6.37 shows the layout of an entire on-
chip voltage down converter. The power-supply terminals (V,,,,,, V) for the
reference voltage generator and reference voltage converter should be separated

(a) (©)
Rl o
R, - o ﬁ

R, R,

(b) u

Rl oo
R, = Can) o

FIGURE 6.35. Layout of resistors with resistance ratio of 1:2; unfavorable layout (a),
favorable layout (b) and the most favorable (common-centroid) layout (c).

M, M, © M,
7 H Main line Main line
{ [ |

[ —
<

(b)

!

;-

1 1

FIGURE 6.36. Layout of current-mirror circuit; unfavorable layout (a) (b), and favorable
layout (c).
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FIGURE 6.37. Layout of on-chip voltage down converter.
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Z’E}/Aﬂ}% 1st metal
% Isolation & .
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FIGURE 6.38. Cross sections of shielded wirings using three metal layers (a), and two
metal layers and n-well (b).

from the terminals (Vpp,, Vis,) for a large load current. The long wiring of
the reference voltage Vigr should be shielded, because it has high impedance.
Figure 6.38 shows the cross sections of shielded wirings; (a) utilizes three metal
layers, while (b) utilizes two metal layers and a well.
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7

Voltage Down-Converters

7.1. Introduction

On-chip voltage converters are becoming increasingly important for ultra-low
voltage nano-scale memories, as discussed in Chapter 1. In particular, the on-
chip voltage down-converter used to generate an internal supply voltage V.,
which is lower than the external supply voltage V,,,, is indispensable for modern
memories as well as low-voltage logic LSIs. The converter allows a single
external power supply that can remain constant according to standards even
when the internal supply changes. Thus, the converter has made it possible to
quadruple memory capacity with the same V), despite the ever-lower device
breakdown voltage. Moreover, it has allowed the successive chip-shrinking
with scaled devices under a fixed memory capacity and V), enabling reduced
bit-cost. In addition, the converter has many advantages including a well-
fixed internal voltage regardless of unregulated supply-voltages from various
batteries, protection of internal core-circuits against high voltages within a
wide range of voltage variations, and an adjustable internal voltage (V) in
accordance with variations in supply voltage (V,,), temperature, and device
parameters to compensate for speed and leakage variations. The approach
using the voltage down-converter has also been applied to low-end micro-
controllers (MCUs). Key design issues for the converter are the efficiency
of voltage conversion, degree of voltage setting accuracy and stability in the
output voltage, load-current delivering capability, power of the converter itself
(especially during the standby period), speed and recovery time, and cost of
implementation.

The voltage down-converter is categorized as the series regulator, the
switching regulator, and the switched-capacitor regulator. The characteristics of
each circuit are summarized in Table 7.1. The series regulator does not require
off-chip components, and is widely used as on-chip voltage down-converters
for memories and MCUs. However, the power-conversion efficiency is low,
because V,,, is reduced to V,,; by the on-resistance of the output transistor.
The difference between V,,, and V,,,; corresponds to the power loss because
the input current I, equals to the output current /,,; except for the idling
current, as shown in Fig. 7.1. To achieve higher power efficiency, a reactance
element that stores electric energy is required. A switching regulator, which
utilizes an inductor and a capacitor, can realize an efficiency of over 90%,
because current ratio I, /I, is equal to the reciprocal of the voltage ratio
Vinr/ Vpp except for the idling current. It suffers from, however, the increase in

231
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TABLE 7.1. Comparison of voltage down-converters. 7 is the cycle time of clock.

Series Switching Switched C.

Votage-conversion ratio  Any ratio Any ratio Integer ratio
except

(VDD ~ VINT)
Power efficiency < % > 90% > 80%
Off-chip components None (1C) 1L, 1C, 1 Diode, (2 MOSTs) nC
Additional terminals 0-1 >2 2n—1
Transient Response < 10ns > % > %
EMI Low High Medium

board area because off-chip components: an inductor, a capacitor and a diode
(and switching MOSTS) are required. The switching regulator also suffers from
electromagnetic interference (EMI) caused by switching the inductor current. A
switched-capacitor regulator, which utilizes only capacitors, also realizes a high
efficiency. However, it also requires off-chip capacitors. Another drawback of
the switched-capacitor regulator is that the voltage-conversion ratio realized is
fixed to an integer ratio determined by the circuit topology, as will be explained
in Section 7.4. If the conversion ratio is, for example, 1/2, V,,/2 — Vur
corresponds the power loss because I, = I;y/2 except for the idling current,
as shown in Fig. 7.1. A series regulator can quickly respond to the fluctu-
ation of load current at a speed of the error amplifier. On the other hand, a

9] ) Q
) ) )
S S S
§ t Idling Power § t § il
Vop Vop Vop
b
Loss . Convert
Convert
Vpp/2
Loss
Vinr Vinr Vinr :
Available Available Available
Power Power Power
—— Iy —> — Iinr —— I;ny —>
0 > 0 - > 0 - >
Ipp Current Ipp Current Ipp Current
Series Switching Switched C.

(voltage halving)

FIGURE 7.1. Comparison of conversion efficiency. Horizontal and vertical axes are current
and voltage, respectively. The area of each rectangle, therefore, corresponds to power.
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switching regulator and a switched-capacitor regulator cannot respond until the
next switching. Therefore, a large off-chip capacitor is needed to suppress the
output-voltage droop.

This chapter describes circuit designs of on-chip voltage down-converters in
detail from the view point of memory designers.

7.2. The Series Regulator

In the past, voltage down-converters without negative feedback [1, 2, 3] utilizing
the V, of a MOST as a reference have been proposed. Eventually, however, the
negative-feedback circuit consisting of an output MOST and a comparator (error
amplifier) [4, 5, 6, 7] shown in Fig. 7.2(a) has become standard for commercial

(a)

Vpp ©

M; I EJM4 M
4 VG |6<-
! I— VINT
Vigr = v I % 1
s

o—||:7|j I Iéc Load lIL
WL g

Differential Output  Compen-
Amplifier Stage Sation
(W]
7
’
6 ’5
W

_ /e
Sl ,
e % Vinr
s 3.3V -,
s Vs

2 -

0 1 | 1 | 1 |

0 2 4 6

External supply voltage Vpp (V)

FIGURE 7.2. A typical voltage down converter; circuit diagram (a), and DC characteristics
(b). Reproduced from [5] with permission; © 2006 IEEE.
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LSI designs. The error amplifier compares the output voltage (V,y;) with the
reference voltage (Vigr). The resulting output signal controls the gate of the
output MOST (M), so that V,; is stabilized. In other words, when the load
current (I;) flows to ground, the V,;, starts to drop, since My works as an
impedance. As soon as the resultant V,y, becomes lower than V..., My starts
to turn on, so that it charges up the load. When the resultant V,,; exceeds Vigp,
however, the M, gate voltage V; is raised, so as to stop the charge up. As a
result, the circuit compensates for the drop in V,,;. A larger drop in V,,;, allows
the output to be charged up more quickly, because the feedback loop responds
more quickly with a larger amplified voltage V;. A large size of M (i.e. a larger
W/L) also charges up the load more quickly. The output voltage is stabilized
in this manner. The compensation circuit is for stabilizing the feedback loop as
will be discussed later. The DC characteristics of the regulator [5] are shown in
Fig. 7.2(b).

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

7.2.1. DC Characteristics

The practical voltage down converters proposed so far can be categorized as the
nMOST-output circuit [8, 9, 10, 11, 12] and the pMOST-output circuit, each
of which has a negative-feedback loop, as shown in Figs. 7.3(a) and 7.4(a),

(@ (b)

Vrer Ve Ve
Vrer —?Q

P Vinr

AA

=
= "0n

/ Vinr
7/
8mnV6—Viny

Load lIL R, l I

FIGURE 7.3. An nMOST-output voltage down converter; circuit diagram (a), and
equivalent circuit (b).
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Load l]L R Eil I
7
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FIGURE 7.4. A pMOST-output voltage down converter; circuit diagram (a), and equivalent
circuit (b).

respectively. Note that the output voltage is fed back to the non-inverting input
terminal of the differential amplifier in Fig. 7.4(a), because the pMOST common-
source output stage inverts the signal phase. The load regulation (the voltage
drop due to load current) of each circuit is calculated as follows. The equivalent
circuit of each circuit is shown in Figs. 7.3(b) and 7.4(b). In the case of the
nMOST-output circuit, the following equation stands:

Vop =V,
8un (Vo — Vinr) + —DDr e =8 \A Vrer = Vinr) — Vinr }
On
Vop =V, V
+M:1L=%, (7.1)

Ton L

where g,, and r,, are the transconductance and drain output resistance of
the output nMOST, respectively, and A is the voltage gain of the differential
amplifier. From this equation, the effective output resistance is calculated as

dViyr _ Ton ~ 1 (1.2)
dIL 1+(A+1)gmnr0n (A+1)gmri .

Rour =
In the case of the pMOST-output circuit,

Vop—V,
Emp (Vop = Vg) + e =8mp {(Vop —A(Viyy — Vrer) }
op
Vop =V, V
4 Yoo INT _ I, = INT (1.3)
Yop R,

dViny Top ~
dl, — 1+Ag,,ry Ay

(7.4)

Royr =

The nMOST-output circuit has fewer stability problems due to a smaller loop
gain, because the source-follower output stage has no voltage gain. Therefore,
it does not require a large compensation capacitor, unlike the pMOST-output
circuit. Despite the smaller loop gain, the load regulation is comparable to that
of the pMOST-output circuit as suggested by (7.2) and (7.4), as long as Vj,
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(a) (b)
Ves=Vpp—V6<Vpp—Vrer+ Vi
- M in saturation

VDD
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Ves=V6-VYinr<Vpp—Vinr

FIGURE 7.5. Current driving capability of voltage down converters; an nMOST-output
circuit (a), and a pMOST-output circuit (b).

is sufficiently high. For lower V,,, however, the maximum driving current
of the nMOST drastically decreases. This is because the maximum effective
gate-source voltage, expressed as

Vesmax = Vi = Voo = Vinr =V,

23

(1.5)

becomes small (see Fig. 7.5(a)). In particular, it is prominent for a low dropout
voltage (i.e. small difference between V), and V,y;). Note an increased threshold
voltage (V,,) due to the substrate-bias effect (i.e. body effect). For example, the
resultant V,, is as large as 1 V, which is not suitable for low dropout applications
such as V,, = 1.8V and V,; = 1.5V. On the other hand, the pMOST-output
circuit (Fig. 7.4(a)) allows the pMOST to turn on more strongly with a higher
gate-source voltage and a smaller threshold voltage, due to the absence of
any body effect. In this case the maximum effective gate-source voltage is
expressed as

Vesmax — |V1p| =Vop—Vegr+V, — |V

1p

; (7.6)

because the lowest pMOST gate voltage, i.e. the lowest drain voltages of
paired nMOSTs in the saturation condition, must be Vg —V,, (see Fig. 7.5(b)).
Thus, lower V), and lower dropout applications are acceptable as shown in
Fig. 7.6 [13]. However, the circuit needs a compensation circuit for feedback-
loop stability, because it is a negative feedback circuit with a large loop gain
produced by a high-gain error amplifier and a high-gain pMOST common-source
stage. Moreover, the pMOST size tends to be large due to low transconductance
of the pMOST.

Several attempts have been made for both circuits to improve the current
driving capability. Figure 7.7(a) shows a boosted gate nMOST-output voltage
down converter [10, 12]. Since the gate voltage can exceed V), the converter
can have a low dropout voltage. However, the voltage up converter (VUC) and



7.2. The Series Regulator 237

2.0
AN v,
e b i b e V = 2.9 'V EXT
NN o
1.6
N Y ? T~ v

—~ ~03V REF W =2000 um
2 14 ¥ L=0.5um
s 22V
> 12 — Vivr

1.0 I

1.9V
0.8 f Veep=18V

0.6 . -
0 20 40 60 80 100

I, (mA)

FIGURE 7.6. Simulated current driving capability of a pMOST-output voltage down
converter [13].

the 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, devices could see
a stress as high as 2V,,,,. 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 devices stacked. In addition, the
pump and amplifier consume large area and power, as a result of the boosted gate
voltage. The depletion nMOST-output circuit shown in Fig. 7.7(b) also improves
the current driving capability because V,, < 0 in equation (7.5). However, an
additional process step to produce a depletion nMOST is needed. The output
voltage division [7, 14] shown in Fig. 7.8(a) has been widely used to improve

(@) (b
Voo
VreF Ve I
L
' Vinr
Load llL

FIGURE 7.7. Improvement of the current driving capability of an nMOST-output voltage
down converter; gate boosting (a) [10], and depletion-mode output transistor (b) [9].
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FIGURE 7.8. Improvement of the current driving capability of a pMOST-output voltage
down converter, using a voltage divider (a), and a push-pull differential amplifier (b).

the current driving capability of the pMOST-output circuit. In this circuit, a high
Vinr is divided using resistors (or MOSTs), R, and R,, so that the resultant
lower Vg increases the voltage swing at the pMOST gate and the current
driving capability as shown in Fig. 7.8(a). However, the circuit suffers from
the following drawbacks. First, the lower Vi, poses a difficulty in setting the
common-mode level of the differential amplifier, especially for low V,,;. Second,
the response time of the feedback loop is slow, which causes a possible loop
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instability. A large RC delay caused by the input capacitance of the differential
amplifier and the high resistivity of R, and R, is responsible for the slow
response. Third, the resistors for V,,; division need a large layout area to
achieve an extremely high resistivity of M) using a poly-Si layer, whose sheet
resistivity is around 100 )/C]. One solution to the latter two problems is using
two pMOSTs with identical W/L instead of the resistors [14] (therefore the
division ratio r = 1/2). The resistivity of M{) can be easily realized by a
long-channel pMOST, and the gate capacitances of the pMOSTs compensate
for the RC delay. Another technique to improve the current driving capability
of the pMOST-output circuit is shown in Fig. 7.8(b). This circuit features a
push-pull-type differential amplifier. The pull-up pMOST My, and the pull-down
nMOST My, realize a large voltage swing of the pMOST gate, V;. Since My,
can operate in a triode region, the minimum V,; is as low as almost 0 V. The
maximum effective gate-source voltage of the output pMOST is expressed as

VGSmax - |th| = VDD - |th

(1.7)

thus increasing the current driving capability. A buffer circuit inserted between
the amplifier and the pMOST [5, 15] also delivers a large voltage swing to
the pMOST gate in spite of a small swing at the amplifier output. However,
an additional pole produced by the buffer tends to make the feedback loop
unstable. Eventually, however, pMOST-output circuit has become widely used
in the commercial LSI’s after the stability problems are solved. Phase compen-
sation using an on-chip capacitor and resistor is the key to stabilization, as
discussed later.

7.2.2. Transient Characteristics

In this section the guiding design-principles are given, based on the transient
analysis for the typical voltage-down converter shown in Fig. 7.2(a). The
converter is a negative feedback amplifier consisting of two-stage amplifiers; a
current-mirror differential amplifier for the first stage, and an output pMOST
(M) for the second stage, which also works as a common-source amplifier. The
output voltage, that is, the down converted voltage (V,y;) is the internal supply
voltage, and thus the common source voltage of pMOSTs in the CMOS core
circuit. The total current of the core circuit is the load current of the converter.
Although V,,; becomes lower than V. when the load current I, starts to flow,
it can be quickly corrected by the negative feedback. However, once V,y; is
higher than Vi, it is no longer corrected under a light-load condition, that is
I; ~ 0. The voltage is then held at the level for a long time, because the increased
M, gate voltage cuts off Q. The condition of V,,; being higher than V,, could
be developed when a positive coupling from other wires to the V,,, line occurs.
Thus, a small I is needed for discharging the V,y; down to Vgg,. Here is an
analysis [16] to obtain the optimum design parameters of the converter, assuming
the same channel length L for all of the MOSTs and the same channel width for
the paired MOSTs.
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FIGURE 7.9. Large-signal equivalent circuit (a), and step response (b) [16].

When the load current (/,) is at a maximum, the drain-source voltage (V)
of Mg in the saturation region is given by

W,
Viss = Voo — Vinr = Vs — Vrp = 2IL/<T63;;0>; (7~8)
We 2L (7.9)
L~ VLZ)S6BpO

where W; is the channel width of Mg, V,,, and B, are the threshold voltage and
the gain factor of pMOSTS, and a small Iz(<< I,) is assumed. Here, voltages
are all expressed using absolute values. On the other hand, when I, is zero, a
small /; makes V,y,; equal to Vy -, allowing a half I, to flow through M; in the
saturation region. Hence,

W,
Voss = Vs = ZIB/(TGB,DO) +V, (7.10)
W.
Voss = Voss =V, = Is/<f3,3,,o>; (7.11)
L JNL/ P (7.12)

Here, the constant current (Ig) is given by using a large signal equivalent
circuit in Fig. 7.9(a), as follows (see Fig. 7.9(b)). When the load current steps
up from O to I;, V,y; instantaneously falls, so that a more current flows through
M, although an equal current of a half I flowed into M, and M,. Instead, the
current flowing through M, and M, is reduced so as to also reduce the current of
M; in the current-mirror circuit. Eventually, the current difference between M,
and M, discharges the M, gate. Therefore, when V,; falls to the extent that /g
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fully flows through M,, I discharges the My gate. Since M is in the saturation

region and the gate-drain capacitance (C,,) is thus negligible,
dv,
Cgsd—;;—i—IS:O (7.13)

is obtained. Solving this equation by using the initial Vg expressed by
equations (7.10),

Vg I
/ - / dt (7.14)
Vop=Vip— 2’8/:36
21,
V==V, +Vyp— | B 5y (7.15)
G p DD B, C,

are given, where B¢ = 8, W,/ L. Moreover, V/r is the solution is the differential
equation

v,
C, d’NT+1 +1,= iﬁ (Vop— Vo —V,)". (7.16)

By substituting equation (7.15) into this equation, we can obtain V,y; as

152'36 3 Vv 2IBB6IS 2 IL

Vor =
M 6C, C2 2cL C,

L4V, (7.17)

where V, is the initial value of Vjy;. The time (#,) when V,,; falls to the lowest
voltage is obtained by dVy,/dt =0, as

ty= SJ_(/LT VIs)- (7.18)

Vinr at this time is derived from substituting (7.18) into (7.17) and assuming
that I; >> I, as follows:

2V2C, 1}
3C,15v/Bs

The second term of the right side denotes the output-voltage variation (AV,y;).
Assuming that C,; is two-thirds of the total gate capacitance, I is given as

Vp, =V, — (7.19)

Vinr =Vo + AVINT’ (7'20)
442 Iz‘SCOXLl‘S\/Ws

9C, Is\/Bo '
4ﬁ [[]"SCOXLI'S\/WG

Ig=— , (7.22)
s 9C, Is\/B oAV iy

AV]NT =

(7.21)
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where C,y is the gate capacitance per unit area. It is obvious that a smaller 7,
a larger 3¢, and a larger I are effective to reduce AV, ;.

The sizes of input nMOSTs (M,;, M,) are determined by the requirement
for the gain A of the differential amplifier, as follows. The output voltage of
the differential amplifier, when the input voltages are equal (i.e. Vyr = Vigr),
is Vpp — Vg because Vg = Voo When V. differs from Viggp, a variation,
A(Vp, — Vrgr). is added to the above output voltage. Since the resultant voltage
is V;, the following steady state condition is established:

(VDD - VGS4) + A (VINT - VREF) = VDD - GGS6' (723)

Hence, by using (7.8) and the equation:

I
Voss = Vit = (7.24)
Ba

I/ Ba— 20 B

we obtain

(7.25)
&Vrer
e — Vinr — Vrer ’ (7.26)
Vrer

where ¢ is the setting accuracy of Vi, for Ve As discussed in Chapter 1 the
gain of the differential amplifier is expressed as follows:

A =" 8mi> (727)
1
(A, +A,)Is/2

[IW,
8m1 = S‘L—Iﬁ”, (729)

where B, is the gain factor of nMOSTs, N, and A, are channel-length modulation
constants for pMOSTs (M;, M,) and nMOSTs (M,, M,), respectively. Conse-
quently, the sizes of M, and M, are obtained as

2
woW, A(A,+A,) Iy
L B L B 2 Bn()’

Both M and M,, 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 /g
and I (usually pA).

Here is an example of design [16]. MOST parameters such as W, >
2,000pm, W; =W, >250pum, W, =W, >290um, I = 1.6mA, and

(7.28)

1=

(7.30)
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r; =8.9kQ were obtained for the design conditions of V,, =5V, V,
3V, Vo =2V, Vegr =3V, [, <100mA, I; =25pA, AVir/Viar
10%, (Vinr = Vggr)/Veegr < 1%, C, = 1InF, L = 12pm, B, =3
107°S/V, B,y =8 x107°S/V, g, =49mS, Cyy = 2.3fF/um*, V,
0.5V, A\, =0.1/V, and A, = 0.04/V. In fact, an actual 0.5-pm 16-Mb DRAM
with a voltage down converter [16] that used the similar parameters yielded

experimental results of AV /V vy = 6% and (Viyr — Vegr)/Vegr = 2%.

X 1Al

7.2.3. AC Characteristics and Phase Compensation

Stable conditions. The key to designing a negative feedback amplifier is to cope
with its inherent instabilities, such as ringing or oscillation. The design requires
the investigation of the frequency response of the amplifier. Let us consider a
multi-stage amplifier in Fig. 7.10. Assuming that each stage has a low-frequency
gain of a;, output resistance of r;, and load capacitance of C;(i =1, 2, 3), the
transfer function is expressed as

Your (S) _ 4o
Ui (8)  (I+s/0p) (145/0p) (1 45/ wp3)”

Here a, = a,a,a; is total gain at low frequency and wp,, wp,, wp; are “poles”,
which is given by

a(s)=

(7.31)

1 1

wP| = = — (,()P3:—
Gy Cir3

(7.32)

Ciry’
[17, 18]. The response to a sinusoidal input of angular frequency w is given by
substituting s = jw into equation (7.31). The AC characteristics of an amplifier,
whose transfer function is expressed by (7.31), are analyzed by examining both
the gain and the phase characteristics of the function. The gain characteristics
are examined on the plane of logw (rad/s) and 20log,, |a(jw)| (decibels, dB),
while the phase characteristics are examined on the plane of logw and phase
arg a(jw). Before going into detail, we investigate here how the gain and phase
behave on the planes, citing the example of typical circuits.

Let us begin with a single-stage amplifier, whose transfer function is
expressed as
o

(7.33)

“O = s o)

Vour

FIGURE 7.10. A multi-stage amplifier
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The gain and the phase are expressed as follows:

ay

la (jo)| =—————, (7.34)
(1+w/wp)
2
o)
20log|a (jw)| =20log a, — 101og {1 + <—> } , (7.35)
Wpi
®
arga (jw) = — arctan —. (7.36)
Wpi

Figure 7.11 shows the gain and phase characteristics. The gain and phase are
about 20loga, (dB) and 0° at w << w,, respectively. However, they are
20logay —3 (dB) and —45° at w = w,,, and 20loga, +20logw,, —20logw
(dB) and —90° at @ >> w,,. In other words, the gain curve is flat at w < w,,
but it decreases by 3dB at w = w,,;, and then decreases by 20dB per decade
in w. As for phase, it is 0° at w = 0. However, it is delayed with increasing w,
reaching —45° at o = w,,;, and —90° at w = .

The gain and phase characteristics of a multi-stage amplifier is shown in
Fig. 7.12. Here, poles are assumed to be sufficiently (more than one decade)
separated from each other. The gain is flat at @ < w,,|, decreases by 20dB per
decade for wp; < w < wp,, decreases by 40 dB per decade for wp, < w < wp;, and
decreases by 60 dB per decade for wp; < w. As for phase, it is 0° at w =0, —45°
atw=w,, —135° at ® = w,,, and —225° at w = w,;. The frequency at which
the gain is 0 dB is an important point for AC characteristics called the unity-gain
frequency.

The transfer functions of some circuits have an s-term in the numerator, such
as

a, (1 —l—s/wz)

a(s)= s 7.37
O = o) (155 wr) (1 +5/0r) 737
—20dB/decade
\ Wp)
= 4
=
X 0dB >
g
<
]
h
— 0° »
2 ~ 3
2 -90° -
2 Phase margin ~ 90°
£ -180°

FiGure 7.11. Gain and phase characteristics of a single-stage amplifier.
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FIGURE 7.12. Gain and phase characteristics of a multi-stage amplifier.

where, w, is a zero. The role of a zero is opposite that of a pole, as analyzed in
the same manner as above. The gain increases by 3 dB at w = w,, and increases
at a rate of 20 dB/decade for w > w,. The phase advances to the positive with
an increaseing w, reaching +45° at w = w4, and +90° at w = oco. If the zero
coincides one of the poles, w, = wp;, wp; is cancelled out, as described later.
Let us consider the voltage follower shown in Fig. 7.13 using the amplifier
with negative feedback. The transfer function of this circuit is expressed as

{Veer (8) = BVinr ()} a(s) = Vinr (), (7.38)

VIN T

FIGURE 7.13. A voltage follower using negative feedback.
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. _ Vinr (5) _ al(s)
A= Virer (5) B 1+B-a(s)

The function A(s) is the transfer function with feedback and is called “closed-
loop” transfer function, while a(s) is a “open-loop” transfer function. Here, 3
is a feedback ratio between feedback voltage V,; and output voltage V,y;. In
the case of voltage down converters, 8 is usually unity. However, the circuit in
Fig. 7.8(a) and the reference voltage converters described in Section 6.5 have
smaller 8. The following analysis assumes 3 = 1, because it is the severest
condition for loop stability.
When B8 = 1, the equation (7.39) becomes

_ Vinr (s) N a(s)
A= Veer (5)  1+a(s)’

(7.39)

(7.40)

Since the phase shift of a(s) is almost zero and the absolute value (gain) is
sufficiently large at DC or low frequency, A(s) ~ 1 and Vy;(s) & Vipr(s) are
derived from (7.40). This means that the voltage V,,; follows Vggr, and that
the circuit functions as a voltage follower. At high frequency, however, the
behavior of the circuit differs from that of a voltage follower. The frequency
characteristics of a(s) must be investigated to judge the loop stability.

To stabilize the closed-loop transfer function A(s), the gain of a(s) must be
lower than unity (0 dB) at the frequency where the phase of a(s) reaches —180°
because of the following reason. Since negative feedback itself causes a phase
shift of —180°, the total phase shift of the entire loop becomes —360° (positive
feedback). If the gain is larger than 0 dB at this frequency, a signal with the same
phase and larger amplitude than the original signal is fed again to the amplifier.
Thus, the amplitude of the signal increases with time, and oscillation occurs.
Therefore, the gain at this frequency must be lower than 0dB. In other words
(see Fig. 7.12) the phase shift must be within —180° at the unity-gain frequency,
where the gain reaches 0 dB. The margin ¢,, between the phase at the unity-gain
angular frequency w, and —180° is expressed as

¢y = arga (jw,) + 180°. (7.41)

This is called “phase margin”, an important parameter to judge the loop stability.

Oscillation does not occur as long as the phase margin is positive. Then,
is an extremely small positive phase margin acceptable? The answer is “no”
because of the following two reasons. First, the circuit must be designed with a
sufficient margin against PVT (process, voltage, temperature) variations. Second,
a small phase margin causes unstable operation of the circuit. Figure 7.14 shows
the frequency characteristics of closed-loop gain |A(jw)| (the absolute value
of closed-loop transfer function) with the phase margin ¢,, as a parameter
(see Section A7.1). Here, w, is the unity-gain angular frequency. The closed-
loop gain |A(jw)| is almost 0 dB at low frequency (w << w,)) as describe above.
If the phase margin is large, |A(jw)| has no peaks and gradually decreases with
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FIGURE 7.14. Normalized closed-loop gain for various phase margin, where w, is the
unity-gain angular frequency.

frequency. If the phase margin is small, however, |A(jw)| has a peak at w ~ w,,.
The peak gain is expressed as

1
|A (jw)|max N (742)
2sin %"

This is 5.7 dB for a phase margin of 30° and 11.7 dB for 15°. Circuits under such
conditions are not suitable for voltage down converters because a large ringing
of the output voltage might be generated by the fluctuations of V,, and load
current. The operating waveform of a circuit with a phase margin of almost 0° is
shown in Fig. 7.15. The output (V,y;) starts to ring when a large load current of

Vo Vpp=44V
Vegr v Veer=3.0V
INT V=3V
0.5-pm rule
B L ;I; G W=3000 um N
S 6l C, =650 pF deo 2
by 1, 51mA I(amp) = 1.35 mA £
g r - =
= o
§ 4 - 140 g
‘/INT ©
TN
2L VREF B 20
0 Imp | | ImA 0
0 50 100 150 200 250
Time (ns)

FIGURE 7.15. A simulated oscillatory V;, waveform without phase compensation.
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51 mA is applied, though such a ringing never happens for a small load current
of 1 mA. The ideal phase margin is 60° [18]. In the design of actual circuits,
however, a phase margin of 60° may result in a large layout area. Accordingly
a phase margin of 45° is a general design criterion.

The design policies to ensure a sufficient phase margin are as follows. First,
the poles, which cause phase shift, should be as few as possible. This means
the number of stages should be as small as possible because each stage has at
least one pole as shown in Fig. 7.10. A single-stage amplifier causes no loop-
stability problem because a phase margin of at least 90° is ensured as shown in
Fig. 7.11. A voltage down converter using a single-stage amplifier is reported
[9]- However, it is difficult to obtain good DC characteristics with a single-stage
amplifier because of an insufficient voltage gain. Therefore, most voltage down
converters utilize two-stage amplifiers. Second, the poles should be separated
from each other in frequency. If the poles are close to each other, the phase delays
before the gain sufficiently decreases. The ratio between the lowest-frequency
pole (dominant pole) w, and the second-lowest-frequency pole w, is important.
The third lowest and the following poles do not have a large effect on the
phase margin. Third, the open-loop gain of the amplifier should not be too large.
Although a large open-loop gain is favorable for DC characteristics as suggested
by equations (7.2) and (7.4), a too much open-loop gain causes unstable AC
characteristics. Figure 7.16 shows the relationship between pole-frequency ratio
w,/w; and the low-frequency gain a, necessary to ensure a phase margin of 45°
or 60° (See Section A7.1). Roughly speaking the pole-frequency ratio must be
at least a,. If a, = 1000 (60dB), for example, w, and w, should be separated
from each other by at least three decades.

The voltage down-converter and phase margin. In this section, a voltage
down-converter shown in Figure 7.17(a) is analyzed with its AC small-signal
equivalent circuit, and then the stable condition is given.

100
m
Z
(=]
S 50 L
g :// Phase
; 60 ] 1 margin
5 g —T
= A1
3 o5 —
40 =
% | el
‘a AT
2 20 ——11
= ——T1
g n
2
© o
1 10 100 1000 10000

Pole frequency ratio wp,/ ®p,

FIGURE 7.16. Relationship between pole-frequency ratio and open-loop low-frequency
gain.
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FIGURE 7.17. A voltage down converter (a) and its open-loop small-signal equivalent
circuit (b) [16].

When a small signal is inputted, the circuit shown in Fig. 7.17(a) is expressed
as a superposition of a DC components 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 AC component
circuit shown in Fig. 7.17(b). 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 the
equivalent circuit shown in Fig. 7.17(b).

Figure 7.18(a) and (b) show 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 MOSTs (M; and M,, M, and M,) are the
same and the output resistance and the transconductances of the nMOST and
the pMOST are r, and r,, and g,, and g,,, respectively. All of the MOSTs
are in saturation mode, and the r, of M4 is negligible because of the forward
biased diode connection. Thus, the current equations at nodes A, B, and C in
Fig. 7.18(b) are as follows:

U —Us

gmpvl + +gmn (vl - U3) = O’ (743)

n

v U, — VU
Zmpt1 + = = a3+ =0, (7:44)

)4 n
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FIGURE 7.18. A differential amplifier (a), its small-signal equivalent circuit (b), and the
simplified equivalent circuit (c). Reproduced from [37] with permission of Springer.

L k] Uy — U

v

’ — 8mn (vi - v3) - +gmnv3 + r_:,; =0. (745)
Assuming that g,,,r, >> 1, gm,r, >> 1, and g,,r,’ >> 1, v, is obtained as
follows:

rnrp
U, = 8mnVi- (746)
r,+ r,

Thus, the amplifier is eventually simplified to the circuit shown in Fig. 7.18(c).
Therefore, the whole voltage down converter is expressed with the equivalent
circuit shown in Fig. 7.17(b), where g,, and r, are the transconductance and
output resistance of the output pMOST (M), respectively, C, is the sum of
the gate-source capacitance and the gate-drain capacitance of My. The load is
modeled by the series connection of R, and C,. R, corresponds to the sum of
the wiring resistance of the V,,; line and the on resistances of the pMOSTs in
the CMOS core circuit, and C; corresponds to the sum of the wiring capaci-
tance of the V,y, line and the capacitances seen through pMOSTs in the core
circuit.

The circuit shown in Fig. 7.17(b) is analyzed with Laplace transformation as

v,
— gV + = +5C,v, =0, (7.47)
r
v v
oV, L ——2 =0, 7.48
B2t TR+ 1/5C, (7.48)

.'.a(s) — & — —8m1T1 . 82> (SCLRL+1) (749)
v,  sCri+1 sC (R +r)+1
By transforming into the complex-frequency plane (s = jw), we obtain
—8ui"18m" (1+jo/w
a (joo) = —2m 8 oL+ jo] o) (7.50)

(1+jo/op) (1+jo/op)’
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1 1 1 (7.51)
— Y Wpy =, Wy, = ——, .
C,ry 2 Cp (R, +1y) ‘ CLR,

8

Wpy =

which has two poles (wp,, ®p,) and one zero (w,). Usually, w, is much higher
than wp, and wp, because R; (several ()) << r; and r,, and 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 (7.48)
almost equal to

—8Em1"18m" (7.52)

U = U a wp) (1 +jo o)’

The phase margin can be calculated from this equation in the same manner as
Fig. 7.12.

Above described is the analytical method to evaluate the phase margin. Two
evaluation methods through circuit simulation are next explained. One uses an
open-loop circuit, while the other uses a closed-loop circuit.

Figure 7.19 shows the test circuit to calculate an open-loop transfer function.
The feedback loop is opened by cutting off a path (usually the feedback path).
An AC voltage source v,, is connected to one end, and the gain and phase of the
other end are observed. The following two modifications are also needed. The
first modification is to insert a low-pass filter (LPF) at the opened path so that
DC bias conditions are not changed. The cut-off frequency of this LPF must be
sufficiently lower than the minimum simulation frequency f,;,, that is,

:

VDD

J AC voltage
Veer 1 C@ Vin  source
I
—> Vinr
00\ . . |
L
c Re Load
f— Cp T o—I I: 0a
T i
777 777 777 777 7;7
LPF Dummy Compensation
Cap.

FIGURE 7.19. Simulation method for phase margin (open loop).
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1
— <K
2w/ LC

In addition, the impedance 2I1f, ; L of the inductor at f,;, must be sufficiently
larger than that of V,,; so that C does not affect the capacitance of the node
Vinr- Since this LPF is only for the sake of simulation convenience, unrealistic
values (e. g. L=1 GH, C = 1F) are allowed. The second modification is to
add a dummy capacitance C,, to compensate for the input capacitance of the
differential amplifier, which is separated from the node V; by the LPF. The
capacitance Cj, however, can be omitted if the capacitance of node V,, is
sufficiently large.

Figure 7.20 shows the test circuit to calculate a closed-loop transfer function.
This method is based on the dependence of the peak gain on the phase margin
shown in Fig. 7.14. An ac voltage source v, is connected in series with Vgg, and
the peak gain at the output is observed. The phase margin ¢,, is calculated using
equation (7.42). This method is effective especially in the case that two or more
voltage down converters share an output node. One drawback of this method is
that the error of (7.42) becomes larger for ¢,, > 45°. (A more accurate equation
is (A7.12), which also assumes that the circuit has only two poles sufficiently
separated from each other.) However, ¢,, > 45° means a sufficient phase margin
and a small evaluation error may be allowed.

An accurate model of the load (internal circuit) is critical for either method,
because the frequency characteristics of the output stage are greatly dependent
on the load capacitance and output current. For example the output current
greatly changes with the mode (active/standby) of the internal circuit. In memory

fmin' (753)

VDD

AC voltage
source v;,

VREF -

— Vinr

O—I I_: Re Load

Compensation

FIGURE 7.20. Simulation method for phase margin (closed loop)
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LSIs the load capacitance is greatly dependent on whether the memory array
is connected to V; or not [19]. In these cases, we must evaluate the phase
margins in both conditions. The method in Fig. 7.20 is used to experimentally
evaluate the phase margin as described later, because the method in Fig. 7.19,
which requires cutting a wire and inserting a low-pass filter, is hard to apply.
Compensation. To stabilize the voltage down converter, the phase at the unity-
gain frequency should be larger than —135° (i.e. phase margin larger than 45°),
as explained previously. Improving the phase margin by modifying the original
transfer function is called compensation. This is realized by shifting wp, to a
sufficiently higher frequency or to a frequency that is sufficiently lower than
wp, for a given wp,. This is also achieved by shifting w,, for a fixed wp,. In
any case, the key to stabilization is a sufficient separation of two poles.

Three kinds of compensation (dominant pole compensation, pole-zero
compensation, Miller compensation) have been proposed for application to on-
chip voltage down converters, as shown in Table 7.2. Our major concerns are
not only the stability, but also the size of the compensation devices, because the
devices must be incorporated in a chip.

Dominant pole compensation adds a compensation capacitor (C) at the output
V,nr as shown in Fig. 7.21(a). Figure 7.21(b) shows the small-signal equivalent
circuit. Here, C, is the gate-source capacitance of M, that is, (2/3)Cox LW

TABLE 7.2. Comparison between phase compensation methods. Reproduced from [37]
with permission of Springer.

Gain/phase Poles and zeros of open-loop
Compensation characteristics gain function Stabilizing condition
Dominant pole Fig. 7.21(c) wp; = %, Wpy = m (a) R, :CO
Coz "5 -C,
~ Cc+Cp ~ 1 b) R ’ Ceri
Wp3 = cocir, > @21 = TR, () R, > GV
A = 8m1"18m2" Ce=0
Pole-zero Fig. 7.22(c)(d) wp = Cglr] , Wpy = m (a) R, =0
CcRc=Cyry
>~ _ CctCL CLCr
@P3 = CCLRe+RD) Cez V2r, =
w71 = orp 072 = Tore R =0
cc =L,
r C,
ay = &m1"18&m" Ce> ﬁ ( ;Lg _kCL>
(k=3+2v2)
Miller Fig. 7.24(c) wp = ﬁ wpy = 2 (a) C, << C¢, C
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FIGURE 7.21. Dominant pole compensation; circuit diagram (a), its small-signal equivalent
circuit (b), and gain and phase characteristics (c) [16].

(Cyy is the gate capacitance per unit area), because M is in the saturation region.
The dotted curves in Fig. 7.21(c) represent the gain and phase curves before
compensation, while the solid curves are after compensation. The resulting open-
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loop transfer function has three poles (wp,, ®p,, and wp;) and one zero (w,,). A
small R, and large C, (>> C,) allow @p;, Wy >> wpj, 0py, and p; >> wpy.
Thus wp, shifts from wp,” = 1/[C, (R, + 1,)] expressed in (7.51) to a lower
frequency of wp, = 1/[(C.+ C,)r,], enabling a wider phase margin of 45°.
However, the compensation requires a quite large C., which is expressed as

aOCgr1
\/Erz

where r, = 1/(A,1,) [16]. The large gain a, (typically 60 dB) is responsible for
the large C.. For example, the same parameters as in subsection 7.2.2 result
in C. > 100nF. If C, is fabricated with a 15-nm oxide sandwiched between
the n-well and the poly-Si, it occupies as much as 50 mm2. Dominant-pole
compensation is therefore not suitable for on-chip integration. However, if an
off-chip capacitor is available, it is a simple and effective solution both for
compensation and for V,,, stabilization.

Pole-zero compensation is the most promising for on-chip voltage down
converters. In this compensation, the resistor R and the capacitor C. are added
at the output of the circuit shown in Fig. 7.22(a). Figure 7.22(b) shows the
small-signal equivalent circuit. The current equations at the nodes, expressed
using the Laplace transformation, are as follows:

Ce>

-C, (7.54)

v
— gmVi+ = +5C, =0, (7.55)
r
v v v
gV + —— 1+ ————=0. (7.56)
2 R+— R +—
C+SCC L+SCL

Hence, the open-loop transfer function is expressed as
N ao(l—i—ja)/le) (1+jw/wzz)
a(jw)=—= . : : ;
v; (l—}—]w/w,,,)(l—f—]w/w,,z) (1+]w/wp3)

where s = jow, and the poles, zeros, and low-frequency gain are defined as
follows:

(7.57)

1
= , 7.58
Wpy Cgrl ( )
! ! (Rq, R ) (7.59)
Wp, = ~ , s <<r .
2T C(Re+1)+CL(R 1) (Co+Cr” 0" ?
Ce(Re+1)+Cp (R, +1,) Cc+C
Wpy = ~ , (7.60)
CcCr(RcR,+1R-+15R,) CcCr(Re+Ry)
1
=, 7.61
Wz CLRL ( )
1
(7.62)

Wz ="~
CcRc '



256 Voltage Down-Converters

()

Em1> T
Vrer
8m2 12
*— Vinr
Re Load
“T
Compensation
() N
o
8m1Vi v, 8m2Vg R¢ R,
v;o— ) q () r
L Ce CL
Cg__ —|7V: ]/:
m ™
(©) o,
A Wpy Wpy' ©p; Wp3
% g
— ~
< S
< \\
.8 \
& 0dB w:
A
o S
= T\ o
N
g0 s
P N\
g
d i o,
A Wpy Wpy Wpy (0
_ 9 I ®p3
= N
~ ~
S \\
= \
g N
&)

0dB 3

»
»

<
4
e
£
sy

—90°

Phase arg a(s)
%
<
v
,”
IN

FIGURE 7.22. Pole-zero cancellation compensation; circuit diagram (a), its small-signal
equivalent circuit (b), and gain and phase characteristics for R, =0(c),and R, > 0(d) [16].



7.2. The Series Regulator 257

Ao =8m1 " 8mt2- (7.63)

Therefore the transfer function has three poles (wp;, ®p,, and wp;) and two
zeros (w,,, w,,). When comparing with (7.51) it is obvious that wp; and w, are
newly generated, and wp, shifts to a lower frequency because of an additional
component of C.(R.+r,). Note that w,, plays an important role, because wp;
can be canceled by w, if w,, = wp,, that is,

CcRe = Cyry. (7.64)

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

Case of R, = 0. In this case only two poles (wp, and wp;) remain in a(jw)
because w,; = oo, and thus

—a,
1 +jw/wp2) (1 +jw/wp3)'
This is the same as (7.52) because wp; >> wp,, if we regard wp; as wp, in

(7.52). The stabilizing condition, where the gain at w = wp; is smaller than 0 dB
and the phase is —135° (see Fig. 7.22(c)), is obtained as

a(jw) = ( (7.65)

ay

\/5% <1. (7.66)

Wpy

la (jops)| =

Substituting (7.59), (7.60) and (7.64) into this equation and solving for C. and
R results in the following design equations: [16],

ayC,; C,r
Coz [==—Cu (7.67)
2

R < Cgr1

- aoCL.Cg"l _c
\/zrz t

The necessary C, for the phase margin of 45° is rather smaller than that for
dominant-pole compensation. This is because it is proportional to the square root
of a,, instead of a, for dominant-pole compensation.
Case of R, > 0. The transfer function is expressed as

(7.68)

—ay (1 ~|—jw/w21)
1+jw/a)P2) (1 +jw/wp3)'

The gain and phase characteristics are shown in Fig. 7.22(d). The zero w,,
increases the gain and advances the phase. Therefore, the decreasing rate of the

a(jw) = ( (7.69)
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gain is —20dB/decade in w > wp,, is —40dB/decade in w > wp;, and is again
—20dB/decade in w > w,;. The phase is —45° at w = wp, and exceeds —90°
due to the pole wp;, but comes back toward —90° due to w,,. That is, the phase
has a minimum value at a frequency between wp; and w,,. This is explained by
the following analysis. From (7.69) the phase is expressed as

. w [ w
arga (jw) = — arctan — — arctan — + arctan —
L) w3 Wz
® o)
A~ —90° — arctan — + arctan — (7.70)
w3 Wz1

if we deal with w >> wp,. Hence, by using the addition theorem of tangent,

_l/wP3+1/wZI
l/w—i—w/wmwm'

tan (arga (jw) +90°) = (7.71)

The right-hand side of the equation is a minimum at

© =0y = /0p0y. (7.72)

Since the stabilizing condition is arg a(jw,,) > —135°, and thus tan(arg a(jw,,) +
90°) > —1, (7.71) is expressed as

4wy, = (05 — 0p3)”. (7.73)

Thus, by using (7.64), the limitations for w,,, C. and R, are obtained as
follows:

22 234242, (7.74)

Wp3
C,r /R, — (3+2ﬁ) c,
24242
(2+2v2)cn
Re < .
C,r /R, — (3+2J§) c,

, (1.75)

(1.76)

On the other hand, the gain at w = w,, is derived using (7.72) as follows:

2
ay, |1+ (—wM )
w
21 ag <%> . (1.77)
Wz,

oy \ oy \’ -
1+ <—M) 1+ (—M>
Wpy @p3
Note that as long as there is a zero and the minimum phase is larger than —135°
(i.e. the phase margin ¢,, > 45°), even a gain of larger than unity realizes a

la (o)l =
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stable circuit. The condition |a(jw,;)| < 1 would result in an over margin, as
follows.

In the case shown in Fig. 7.22(c), where the circuit is substantially charac-
terized only by the poles, the phase delays from —135° to —180° when  is
increased beyond wp;. The phase delay increases the degree of instability toward
positive feedback at —180°. Thus, to ensure stability, the gain must be strictly
limited to less than unity. In the case shown in Fig. 7.22(d), however, where there
is the zero influential to the AC characteristics, a phase margin ¢,, larger than
45° is ensured at any w as long as the minimum ¢,, at ® = w,, is larger than 45°.
The limitation on the gain is not necessarily needed, because the gain at = w,,
is low enough as (7.77). Therefore, (7.75) and (7.76) are stable conditions.

The voltage down converter must be stable against wide changes of load
parameters (R;, C,, I;) caused by internal circuit operation. Figure 7.23(a)
shows the relationship between the parameter changes and the phase margin for
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FIGURE 7.23. A sensitivity analysis for pole-zero cancellation; phase margin versus
load parameters (a), and gain and phase characteristics (b). Reproduced from [16] with
permission; © 2006 IEICE.
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pole-zero compensation [16]. Here, the phase margin is defined as the margin
at w = w, where the gain is 0dB, as shown by ¢,,, in Fig. 7.23(b). ¢,
is derived from analyzing (7.67), assuming C. = 1.92nF and R, =23.4 Q,
which are obtained by substituting normal values of R, =3 Q, C,, =
InF, I, =10mA, C,=72pF, r, =6.25kQ, A,=0.1/V, A, =0.04/V,
in (7.75) and (7.76). The parameters are all for a 0.5 — pm 16-Mbit DRAM.
¢, increases with increasing R; or C; because w,, approaches w,;. However,
it is almost a minimum at the normal value of I,, when I; is changed.
This can be explained using Fig. 7.23(b). The pole wp, increases with I,
because r, = ()\pIL)“, which makes the gain curve shifted upwards with a
fixed location of w,, that is independent of I, (i.e. a thick dashed line in
the figure). Thus, the unity-gain angular frequency is shifted from w., to w,
and the phase margin is increased from ¢,,, to ¢,,. On the contrary, when
I, is decreased, ¢,, continues to decrease until it reaches 45°, and then it
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FIGURE 7.24. Miller compensation; circuit diagram (a), its small-signal equivalent circuit
(b), and gain and phase characteristics (c) [20].
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increases. In any case, the phase margin is not sensitive to variations in /.
There is an important implication here, that the voltage down converter is
stable against drasitic changes in the load current. Careful attention should be
paid to the reduction of R, because ¢,, decreases with the reduction. In this
case, C. and R. must again be obtained by substituting the minimum R, for
(7.75) and (7.76). Thus, the voltage down converter is stable because a phase
margin larger than 45° is always ensured for R, larger than the minimum
value.

Miller compensation adds a compensation capacitor (C.) between the input
and output of the pMOST output stage as shown in Fig. 7.24. The necessary C.
can be reduced by utilizing the Miller effect of the output stage. The open-loop
transfer function has two poles and two zeros as shown in Table 7.2 [20]. Here,
wp, is generated by the r; and the C. magnified through the Miller effect, wp,
is generated by the output resistance of the pMOST output stage, 1/g,,, and
C,, wy is generated by R, and C,, and w,, is the zero in the right-half plane
generated by the feed-forward path through C. [17]. In usual design both R, and
1/g,,, are small, and thus w,, and w,, are negligible, because they are sufficiently
higher than w,, and wp,. Note that the pole without compensation, wp,’, shifts
drastically to a lower frequency, wp,. This is because the load capacitance of
the first stage is increased from C, to Cg,,, by the Miller effect (g,,,7, is the
gain of the output stage). The stabilizing condition is expressed as

Ce

2
>3 1{(CL+Cg)g’”l} 226G | O (g,

2 Em2 Em2 4gm2

This is smaller than that for dominant-pole or pole-zero compensations. For
example, a small C. of 50 pF is enough for stable operation of a 0.5-wm 16-Mbit
DRAM with C;, =500pF, 0 <R, <10 Q, and I, = 100 mA [20]. The drawback
of this compensation, however, is a poor power-supply rejection ratio (PSRR)
as discussed in the next subsection.

MOS capacitors are suitable for compensation capacitors because of their
large capacitance per unit area. In the case of the pole-zero compensation,
the device structure shown in Fig. 7.25(a) is widely used [21]. The n+
diffusion area in n-well is one electrode C, and the poly-Si gate is the other
electrode A. The device is in the accumulation state (electrons, the major
carriers, are accumulated under the gate), as long as the potential of A is
higher than that of C. The device can be used as a compensation capacitor
despite the voltage dependence of capacitance for pole-zero compensation,
because the applied voltage is almost constant, V,y,. On the other hand, the
polarity of the voltage might change in the Miller compensation. Therefore,
the parallel connection of a pair of MOS capacitors with opposite directions
shown in Fig. 7.25(b) or a voltage-independent capacitor, such as an MIM
(metal insulator metal) capacitor is used. In the former case, the parasitic
junction capacitances between n-well and p-substrate should be included in the
simulation.
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FIGURE 7.25. Device cross sections of compensation capacitor [21].

7.2.4. PSRR

The stability of the internal supply voltage V,,, against Vj,, fluctuation is
important for high-density LSIs. If the fluctuation of V,,,, supplied to a voltage
converter propagates to its output voltage V,ur, the fluctuation of V,; might
cause a malfunction of the internal circuit. The ratio between V), fluctuation
and V,y, fluctuation is called the PSRR (power supply rejection ratio) and is
defined by the following equation (see Fig. 7.26):

PSRR =20log,, M [dB], (7.79)
[Vaal

where v,, and v,,, are the AC components of V,, and V,y;, respectively. The

PSRR is generally a function of frequency and is evaluated by an AC circuit

simulation of the circuit in Fig. 7.26. The target for PSRR should be lower than

—20dB (V,; fluctuation is smaller than one tenth V), fluctuation) in the design

of on-chip voltage converters.

DC AC

Vinr+v
AC Vdd @ VDC —Ml Vint
DC  Vop T Load

777 7J/'7

FIGURE 7.26. Simulation method for PSRR.
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FIGURE 7.27. Small-signal equivalent circuit for PSRR analysis.

The small-signal equivalent circuit to analyze the PSRR of a voltage down
converter is shown in Fig. 7.27. Here, v, denotes the AC component of reference
voltage Vgpr, a;(s) is the transfer function from input to output (without Vp,
fluctuation) of each stage, b,(s) is the transfer function from V,, to output
(without input fluctuation) of each stage (i = 1, 2). The following equations
stand from the principle of superposition

Vine (8) = { (Ving (8) = Uy (8)) @1 (8) +vgq (5) by ()} a3 (5) + v (5) b5 (5)

(7.80)
() _ @@y ) b (5)ay () +by ()
@) 1= O6a0w©  1-a 0ok
Vs ) 590 (9) 40y (9) .81

Vaa (8) L—a,(s)a, (s)
The first term of (7.81) is the component due to V- fluctuation, which translates
almost directly into V,; variation. This is reduced by improving the PSRR of the
Veer generator. The second term indicates the stability of the converter circuit
itself against Vj,,, fluctuation. This is reduced by designing so that b,(s)a,(s)
and b,(s) are cancelled out by each other as described below.
The transfer functions b, and b, at low frequency are calculated using the
equivalent circuits in Fig. 7.28. First, analyzing the equivalent circuit of the
differential amplifier in Fig. 7.28(a),

vy — VU vy — VU
Gp (V) — V) + — 2 —g, v+ ——2 =0, (7.82)
rp Vn
v, — Uy, v, — U
8 (V) — Vgg) + =—" — g, v+ S =0, (7.83)
r[, rn
vy — VU v, — U v
- ! > +gmnv3 — £ s +gmnv3 + }’_3, = 0 (784)

Solving these equations assuming that g,,,,7,” >> 1, similar to the case of Fig. 7.18,

by=-—"2=1 (7.85)
Vaa
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FIGURE 7.28. Small-signal equivalent circuits of the differential amplifier (a), and the
output stage (b) for PSRR analysis.

is obtained. This equation means that the output voltage V,; of the differential
amplifier almost follows V,,,. Next, from the equivalent circuit of the output
stage in Fig. 7.28(b),

int — Vad

v V;
- gmpvdd + + R+m = O, (786)

rOp L

Vint 1 8mpTop
=W o (r //R 7.87
Vg4 1+r0p/RL p( 0 L) ( )

Since a, = —g,,,(r,//R}), substituting (7.85), (7.87) and v,,, = 0 into (7.81)
yields

b, =

Vint (S) ~

Vaa (8)
Thus, the voltage down converter has a good PSRR at low frequency because
b,a, and b, are cancelled out by each other. In other words, the gate voltage V;
and the source voltage V,,,, of the output pMOST synchronously fluctuate, and
the V},;, fluctuation does not propagate to the drain, V;y;.

At higher frequency, however, the PSRR deteriorates due to parasitic
capacitances that are neglected in Fig. 7.28, especially in the case of Miller
compensation shown in Fig. 7.24. The drain and gate of the output pMOST
are short-circuited by the Miller capacitor C. at high frequency as shown by
the equivalent circuit in Fig. 7.29(a). Since the current source in this circuit is
controlled by the voltage difference between its both terminals, it can be replaced
by a resistor as shown in Fig. 7.29(b). The PSRR is calculated from this circuit as

W@ _ R &R (7.89)

Vad (S) B (1/gmp) //r0p+RL B 1 +gmpRL .
The PSRR is poor especially for large R,, that is, small load current.

0. (7.88)
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FIGURE 7.29. Small-signal equivalent circuits of a voltage down converter with Miller
compensation.

7.2.5. Low-Power Design

An on-chip voltage down converter itself consumes an idling current as shown
by I and I in Fig. 7.2(a). This idling current should be minimized while the chip
is in a low-power mode (standby or sleep). Fortunately, neither a large current
driving capability nor quick response is required during low-power mode, while
both are required during active mode to suppress the voltage dip (see AV y; in
Fig. 7.9). Thus, switching the idling current is widely used for low-power design.

A typical example is shown in Fig. 7.30, which is similar to the basic
voltage down-converter in Fig. 7.2(a) if pMOSTs and nMOSTs in the differ-
ential amplifier are exchanged. The constant-current source composed of Ms,
and Mg is controlled by a clock ¢ [4, 22]. For example, the current, that is, I
in equation (7.22), is increased by turning on Ms, synchronously with the chip
operation. During low-power mode, M, is turned off to save the power. My is
always turned on with a small current to maintain the V,,; level while the load
current is quite small. Power dissipations were 15mW and 2mW at active mode
and standby mode, respectively.

Vop
ol Ty
Msa Msg
LIS AL M
Vier — Vinr

FIGURE 7.30. A current switching voltage down converter. Reproduced from [4] with
permission; © 2006 IEEE.
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FIGURE 7.31. Parallel connection of voltage down converters [14, 23]. Reproduced from
[14] with permission; © 2006 IEEE.

Figure 7.31 shows parallel connection of two voltage down-converters (VDCs)
[14, 23]: a low-power circuit for supplying a small current (0.2 mA at V,,, =5V)
during the standby mode, and a high-power circuit for supplying a large enough
current during the active mode with ¢ activation.

Figure 7.32 shows parallel connection of not only two VDCs but also two
reference-voltage (Vi) generators [24]. During standby mode, the V- generator
for active, which is composed of a bandgap reference (BGR) and a trimmer,

VDC for
Vrer generator for active active

Trimmer Vinr

VREF_A

Y

g
3
Y
M

Trimming bits
for active

Vrer generator for standby Vrer_s VDC for
(E/DMOS) standby

I

Trimming bits
for standby

FIGURE 7.32. Parallel connection of voltage down converters. Reproduced from [24] with
permission; © 2006 IEEE.
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is turned off. The Vi, generator for standby, which generates its reference
based on the V, difference of enhancement MOSTs and depletion MOSTs, is
instead turned on. The idling current during standby is as small as 0.5 A at
the sacrifice of voltage accuracy. However, the degraded accuracy still fits in
the required voltage window because the window for standby mode is fairly wide.

7.2.6. Applications

Figure 7.33 shows an on-chip VDC circuit using the pole-zero compensation
implemented in a 16-Mbit DRAM [16]. To prevent the zero frequency from
deviating from its designed value, the compensation circuit is located close to the
VDC. The voltage bounce of the internal supply voltage V,,, during operation is
as small as 0.2V as shown in Fig. 7.34. Figure 7.35 shows the stability of V,,
when 1.5-Vp-p noise is imposed on the external supply voltage V,,,. The noise
appearing in V,y; is as small as 50 mV. Figure 7.36 shows the closed-loop gain
of the VDC circuit for various load currents. The peak gain is almost independent
of load current and is 2 dB, from which we can calculate a phase margin of 47°
from equation (7.42).

Figure 7.37 shows a microcontroller having an on-chip VDC[24]. To reduce
the voltage drop due to parasitic wiring resistance, the VDC circuit for active
mode is divided into 19 equivalent pieces and inserted into 19 places of /O
area. Since these places were originally unused, the VDC for active mode does
not increase the chip size.

FIGURE 7.33. A voltage down converter applied to a DRAM. Reproduced from [16] with
permission; © 2006 IEICE.
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FIGURE 7.34. Waveform of V,,; for load operation. Reproduced from [16] with
permission; © 2006 IEICE.
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FIGURE 7.35. Waveforms of Vpy, and Vy;. Reproduced from [16] with permission;
© 2006 IEICE.
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FIGURE 7.36. Measured closed-loop gain. Reproduced from [16] with permission;
© 2006 IEICE.
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— «— VDC for Active Mode

FIGURE 7.37. A voltage down converter applied to a microcontroller. Reproduced from
[24] with permission; © 2006 IEEE.

7.3. The Switching Regulator

Since a series regulator reduces the power supply voltage Vj, to V,,; by the
on resistance of the output transistor, the difference between V,, and Vy,
corresponds to the power loss. Therefore, the power conversion efficiency is
lower than V,;/V,,. To achieve higher power efficiency, a reactance element
that stores electric energy is required. A switching regulator utilizes an inductor
and a capacitor as the reactance elements, while a switched-capacitor regulator
described in Section 7.4 utilizes only capacitors.

Figure 7.38 shows the circuit diagram of a typical switching regulator. The
pulse generator alternately turns on the two power MOSTs M, and M, and
generates a pulse with a prescribed duty cycle at node N,. The low-pass filter
composed of an inductor L and a capacitor C smoothes this pulse, generating

b

Vbp
1 Ipp
off chip
Y |
CLKOo— pulse J_Ll_l. ’6_16{5\ Vinr
gen. N, L _L
I b c
M, IID :I;

1Iss

+

VreF
comparator

Ficure 7.38. Switching voltage down converter.
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FIGURE 7.39. Operating waveforms of switching voltage down converter.

an output voltage V,,;. The operating waveforms are shown in Fig. 7.39. Here,
T, and T, denote the periods in which M, and M, are turned on, respectively.
We assume that C is sufficiently large and that the fluctuation of the voltage
Vinr can be ignored. We also assume that the on resistances of M, and M, are
negligible for simplicity. A current flows from V, through M, and L during
T,. Since the voltage V,;, — V;y; is applied to L, the increase of inductor current
i during this period is expressed as

L-Ai=T,(Vop—Vpr)- (7.90)

Since the voltage —V,,, is applied to L during T, the decrease of i during this
period is expressed as

L-(=A)=T,(=Vpr)- (7.91)
From the equilibrium condition of i,

T,

Vg = ———-V 7.92
INC e (7.92)

is derived. Thus, the output voltage V,,, is proportional to the duty cycle of the
pulse. Therefore, monitoring the level of V,,; by the comparator and adjusting the
duty cycle of the pulse are required to generate the desired voltage V,,;,. The output
current /; is equal to the average of i. The current I,;, supplied from V,,, is equal to
i during T, while it is zero during 7. Therefore, the average current is derived as

T T,
Ipp = )
T, +T, T +T,

L=

. (7.93)

From equations (7.92) and (7.93),

Vinrl, = VDDE (7-94)
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is derived. Thus, the circuit achieves a power efficiency of 100% under the ideal
conditions of no parasitic resistances.

The usual design of a switching regulator requires an inductor of several wH and
a capacitor of several wF. Such devices are difficult to integrate in a monolithic
chip, and are usually placed off chip along with a diode. The power MOSTs are also
off chip according to the design. However, it is not impossible that a capacitor and
even an inductor are integrated on the chip, if the switching frequency is extremely
high [25, 26].

The diode D prevents the sudden change of inductor current i during the switching
of the power MOSTSs. Turning off M, occurs a little earlier than turning on M,
to prevent both MOSTs from being simultaneously turned on. Therefore, the rise
of current /¢ through M, occurs slightly after the fall of current I, through
M,. During the switching, the diode supplies the inductor with current I, thus
preventing the sudden change of i = I, + I¢s + I ;. The diode plays the same role
during the switching from M, to M.

The design of a switching regulator requires attention to EMI (electro-magnetic
interference) because switching a current causes noise. Figure 7.40 shows a
technique [27] proposed to reduce the switching noise. The switching MOST
M, (M,) is divided into M,; (M,,) with a large channel width and M, (M,,) with
a small channel width. When turning on, M, (M,,) is firstly turned on followed by
M, (M,,). Whenturning off, M;, (M,,) isfirstly turned off followed by M, (M.,,).
The sudden change of current I,,, (/) is thereby avoided and the switching noise is
reduced. Itis reported that a regulator using this divided-switch technique achieved
a power efficiency of over 90% as shown in Fig. 7.41.

The idling (quiescent) current of a switching regulator is larger than that of
a series regulator because of the charging and discharging currents to the gates
of power MOSTs. This degrades the power efficiency of a switching regulator
relative to that of a series regulator when the load current /; is small (light load).
Figure 7.42 shows a solution to this problem that uses both regulators [28]. The

Vpp
1IDD
off chip
[ ™, |‘| My,
CLKO— pulse 10 uH Viny

gen. T
_| My, Ll My,
[1

+

—
S
=
s}
—
=

VReF
comparator

FIGURE 7.40. Switching-noise reducing scheme [27].
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FiGURE 7.41. Power efficiency of switching voltage down converters with and without
divided-switch technique; r denotes the parasitic resistance of inductor. Reproduced from
[27] with permission; © 2006 IEEE.
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FIGURE 7.42. An on-chip hybrid regulator. [28].

switching regulatoris for aheavy load, and the series regulatoris for a lightload, thus
improving the power efficiency.

7.4. The Switched-Capacitor Regulator

A switched-capacitor regulator realizes voltage up/down conversion by period-
ically switching the connection among the external supply voltage and capac-
itors. Only voltage down conversion is described in this section, and voltage up
conversion will be described in Chapter 8.
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FIGURE 7.43. Switched-capacitor voltage down converter (voltage halving).

Figure 7.43 shows a switched-capacitor voltage halving circuit [29, 30, 31] using
two capacitors. The capacitor C,, holds the output voltage V5, while C, is the fly
capacitor to transfer charge from V,,, to C,,. Two-phase non-overlap clock signals
¢, and ¢, alternately turn on/off four switches SW-SW,. The equivalent circuits
and the operating waveforms are shown in Figs. 7.44 and 7.45, respectively. Here,
R,-R,denotethe onresistances of SW,-SW ,, respectively, V, isthe voltage between
the both terminals of C,. The fly capacitor C, is charged during period 7, through
SW, and SW; and is discharged during period 7, through SW, and SW,.

Letus consider the equilibrium state, assuming that R, = R, = R; = R, = R, and
T,=T,=T =d T./2(distheratio of the period during which either switch is on),
for simplicity. We also assume that C,, is sufficiently large and that the fluctuation
of the voltage V,,, can be ignored. During period 7,

dav, Voo = Vinr =V,
ipp = C, d_tl =2z 7 1 2;;” : (7.95)

| I Vint
g2 Ry € R; 1
1

S
S
F—
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[ Load |

(b)
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I
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——1
Z2 0
=
S
1]
|
[ Load |

FIGURE 7.44. Equivalent circuits of switched-capacitor voltage down converter; period 7
(a), and period T, (b).
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FIGURE 7.45. Operating waveforms of switched-capacitor voltage down converter.

The voltage V, increases from V|, to V,, during this period, and V, , is expressed as

T
Vie=Vor—Viur —(Vpop— Vinr =V, - 7.96
1H DD wr — (Vop INT — lL)eXp< 2C R) ( )
During period 75,
dv. Ve —V,
' 1 — INT 1 (797)
dt 2R

stands. The voltage V, decreases from V,, to V|, during this period, and V; is
expressed as

T
Vie =Vinr + (Vig = Viyr) exp <_F> (7.98)
1

From equations (7.96) and (7.98) we obtain

1—e
: (VDD - 2‘/INT) ’ (799)

Vig—=ViL= Tre

where

T
e = exp _2C_R . (7100)
1

From the equilibrium condition of C;, the charge increase during 7 is equal to the
charge decrease during 7, and is expressed by the following equation:

VDD_VINT_VI VINT_VI
—dt:/ ——dt=C, (Vig—Vi.). 7.101
" T (Vig=Vi). (2101

On the other hand, the integral of the charge flowing into C,, during a cycle is equal
to zero, that is,

Voo —=Vinr =V, V,
/ DD 2]13NT Lt +/ bdt_[LTczo_ (7.102)
T,
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From (7.99), (7.101) and (7.102) we obtain

2(l—e)

LTe=2C (Vig—Vy) = 1 +e “Vop —=2Vinr) (7.103)
1% T-(1+e) V, T,
! 4C, tanh —<
8C|R

Thus, the circuit is equivalent to a voltage source with electromotive force of E =
Vpp/2 and output resistance of
T,
Royp = —————, (7.105)

dT,
4C, tanh <
8C,\R

as shown in Fig. 7.46(a). When the on resistance R can be ignored, the
equation (7.105) becomes

Tc

Royr = —. 7.106
=3¢ (7.106)
Therefore a higher switching frequency (smaller 7,) or a larger C, is required to

reduce R ;. On the contrary, when 7./ C, is sufficiently small, (7.105) becomes

2R
Royr = —. (7.107)
d
The relationship between R, and switching frequency f = 1/T, is shown in
Fig. 7.46(b). At low frequency R, decreases according to equation (7.106),
eventually reaching a lower limit of (7.107).

/\
=
=

(a)

&
Il
3
S
[ Loud |
—
=
Effective output resistance R,

Switching frequency f

FIGURE 7.46. Equivalent circuit of switched-capacitor voltage down converter (a) and
effective output resistance as a funtion of switching frequency (b).
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The current i, supplied from V,,, is expressed by equation (7.95) during 7,

while it is zero during 7,. Therefore the average current is derived using (7.99) and
(7.104) as

1 dv, C,(Viy—Vy,) C l—e 1

Lp==[ ¢, —dr=="121 "1 2L _ Ty 2V, = <.

DD T 7 1 dt T T 1+€( DD INT) 2
(7.108)

Thus, the supply current is a half the load current. The power efficiency 7 is calcu-
lated as

Vinelt — Vpp— 21 Rour —1— 21 Rour

= 7.109
"™ Voolo Voo Voo (7109
The efficiency is 100% in the ideal case (R, = 0). It is lowered, however, by the
power loss, which corresponds to the voltage drop due to R, (see Fig. 7.1).

It should be noted that E in Fig. 7.46(a) is independent of C, or C,. The voltage-
conversion ratio (in this case, 1/2) is determined by the circuit topology, not by the
capacitor ratio. Therefore a different conversion ratio requires a different circuit
topology. Figure 7.47 shows the equivalent circuits of switched-capacitor voltage
down converters with conversion ratios of 1/3 and 2/3. Both utilize three capacitors.
Generally, the more complex the conversion ratio (rational number) is, the more
capacitors are needed [32]. Hence, a practical way to generate a desired V,,; is to
adopt a circuit with a simple rational-number conversion ratio that is a little higher
than the desired conversion ratio, and to drop the output voltage down to V,,; by
R ,ur- This voltage drop, however, causes a power loss.

(a)

Discharge
] mama Vinr=Vpp/3
A 1Tt hlr
VDDl CoT llL VDDT C1==1C2==1Co== § llL
(b)
Charge
= Discharge

D

||

1
Load

G Vinr=2Vpp/3 1t
f I L G :I 1 L

I 11L VDDT Gy
.

FIGURE 7.47. Equivalent circuits of switched-capacitor voltage down converters; 1/3 voltage
generator (a) and 2/3 voltage generator (b).
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7.5. The Half -V, Generator

The voltage down-converters described above generate V,,, that is constant
independent of V,,,,. However, some applications require voltage converters that
generate a voltage proportional to V. A typical example is the half-V,,,, generator
for a DRAM. It generates a data line (bit line) precharge voltage and a memory-
cell plate voltage, both of which are usually half the data-line high level because of
the following reason. The former voltage is a reference level for amplifying read
signal from memory cells, while the latter voltage reduces the electric field across
the dielectric of memory-cell capacitors. In particular, the accuracy of the former
voltage is essential for the high-S/N design of the sense amplifiers as described in
Chapter 2.

Figure 7.48 shows a half voltage generator [33] consisting of a bias generator and
push-pull output stage. If R, and R, are high enough resistances, the output voltage
is expressed by

Voo — Vi + 1V,
VOUT:—DD ; |tp|, (7.110)

where V,, and V,, are threshold voltages of nMOST and pMOST, respectively.
IfV,, = |V, | =V, the voltages at nodes Ny, N,, N, are Vj,,,/2, (Vpp/2)+V,,
and (V,,,/2) — V,, respectively. Thus, the output is stabilized at V,,,,/2. Since both
gate-source voltage of M; and M, are V,, they are weakly turned on, allowing a
small subthreshold current to flow. Any change in the output voltage is eventually
suppressed, because either of the two is strongly turned on, providing several mA.
No DC current flows through the output stage because of the small difference in
V,, between M, and M, due to body effect. In addition, if high-resistance (~ M{)
poly-Si strings are used as R, and R,, the resultant standby current is pA-level.
The variation of Vj,; caused by V,, and V,, variations is reduced by adjusting
R, and/or R,. However, this generator has the following drawbacks when V), is

Vour
I_i My Ny
R, % [ M,
777
Bias Output
gen. stage

FIGURE 7.48. Half-V,,;, generator [33].
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lowered. The voltage setting accuracy gets worse for a fixed variation in V,, and
V., as suggested by (7.110). In addition, a high-speed response is more difficult to
achieve for the ever-increasing load capacitance with increasing memory capacity.
For example, for aload (i. e. a cell-capacitor plate) capacitance of a 64-Mbit DRAM
as heavy as 115 nF, the rise time of the V,,, /2 waveform during power-on is as long
as 160 psat Vj,, = 1.5V [34]. Such a slow response might be detrimental to normal
operation.

The circuit [34] shown in Fig. 7.49 solves the possible problems mentioned
above. One feature is the separation of the voltage divider and the bias generator,
to improve the accuracy by about one order of magnitude. Only the difference
in threshold voltages between the MOSTs with the same conduction type (M,
and M,, or M, and M;), 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 V,,,,/2 at steady
state, because the gate voltages of M, and Mj are V,,/2+V,, and V,,,/2 —
[V,,|, respectively. When the output voltage falls from V,,/2 during a load
operation, the charging current i flows as a result of more forward biasing of
M,. Thus, the mirrored current ni (n is the ratio between M, and M,) charges
up the M, gate. The resulting large current / charges up the load, so that the
load recovers to the original Vj,/2. On the contrary, when the output voltage
increases, the lower part of the amplifier suppresses the voltage variation in the
same manner. The tri-state driver enhances the driving capability. This circuit
has achieved a 30-fold speed increase at V,, = 1.5V, compared with that
in Fig. 7.48.

The circuit [35, 36] shown in Fig. 7.50(a) has the same feature. The amplifier A,
and the output MOST M, suppress the decrease in the output voltage V., while
A, and M, suppress the increase in V,,;;. This circuit has the “dead band” around
Vour = Vpp/2, where both M, and M, are turned off as shown in Fig. 7.50(b).
This prevents a large current flowing from V,, to ground through M, and M,. The

-”JMB -”JMIS

it -

VOUT

CMp, ’—{>0_”: Mis

M M
MoJH— My, "”:rl” 14"”1 16

Voltage  Bias Push-pull current- Tri-state driver
divider gen. mirror amplifier

FIGURE 7.49. Half-V,,, generator for low-voltage operation [34].
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FIGURE 7.50. Half-V,,,, generator for low-voltage operation using a differential amplifier;
circuit diagram (a), and DC characteristics (b) [35].

width of the dead band is determined by the difference between V,, and V,, that is
equal to I, R,. The compensation circuit stabilizes the feedback loops as described

in Section 7.2.

A7.1. Relationship between Phase Margin and Loop Gain
Let us consider an open-loop transfer function with two poles, w,; and wp,:
; do do
a(jo) = = , — (A7.1)
1 1
<1+j @ )(H—j w) (1+jpx) (1 + jx)

Wp) Wpy

where, x = w/wp,, and p = wp, / wp, (pole-frequency ratio). When we define w, as
the unity-gain angular frequency (i.e. |a(jw,)| = 1) and x, = w,/wp,, the equation

ag=(1+p°x;) (1 +x3) (A7.2)
stands. The phase margin is expressed as

M (A7.3)

¢y = arga (jow,) + 180° = —arctan >
1 —pxj

From this equation, we obtain

p+14y/(p+1) +aptang,

(A7.4)
2ptan @,

Xo
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Assuming that the two poles are sufficiently separated from each other (p > 1),
equations (A7.1), (A7.2), and (A7.4) are approximated by

. ao/l’
=—1 A7.5
atjo) =~ (A7)
ag=p* (x5 +x3), (A7.6)
1
Xy = , (A7.7)
tan ¢,
respectively. From (A7.6) and (A7.7), we obtain
1
G _ _— (A7.8)
p sin @,, tan @,,
The closed-loop transfer function is calculated from (A7.5):
. a(jw) ao/ P ao/ P
A(jo) = L= 0/2 — = 02/2 —,  (A79)
l4+a(jo) ay/p—x*+jx  ay/p—X>x}+ jXx,
where, X = w/w,. Substituting (A7.7) and (A7.8) into (A7.9) yields
1
. sin @,, tan @ 1
A(jw) = M = > —.
1 X ny X 1 —X2%cos gy, + jX sin @y,
singy tang,, tan’ @, Y tan Oy
(A7.10)

The closed-loop gain is given by
1

1A (jw)| =
\/(1 —X2cos @y)” + X2sin® @,

1

- 2 -2 2,
sin ¢, tan sin tan
\/{choquM—i-((PMz Ll —1)} +sinqoMtan<pM—7¢M4 Pu

(A7.11)

Plotting this equation results in Fig. 7.14. From this equation, we can see that if
sin @, tan ¢,; > 2 (¢,, > 65.5°), the closed-loop gain has no peaks. On the other
hand, if sin ¢,, tan ¢,, < 2, it has a peak of

1 2
|A (@) ax = = :
\/ . sin’ @, tan? @y, tango,,,,\/4cosgo,w—sin2 Oy

Sin @y, tan @, — i

(A7.12)
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The peak gain is also calculated as follows. If ¢,, is small, the angular frequency

at which the peak exists is approximately w,. Since |a(jw,)| = 1 and arg a(jow,) =
@, — 180°,

a (jwy) = —cos @, — jsing,,, (A7.13)

stands. Therefore, the peak gain is expressed as

—Cos @, — jsing,,
1 —cosg,, —jsing,,

1
= . (A7.14)
28in (pTM

1A () ~ |4 (ja0g)| = ‘

Thus, equation (7.42) is derived, which is approximately equal to (A7.12) for small

Pum-
Substituting (A7.4) into (A7.2) yields

(p+1)\/(p+1)2+2ptan2¢M+(p+1)\/(p+1)2+4ptan2¢M

ay = .

V2psin @y tan @y,

(A7.15)

For example, if ¢,, = 45°,

(p+ 1)\/p2+4p+ I+(p+1)/p2+6p+1
ay = , (A7.16)
p
and if ¢,, = 60°,
V2(p+ 1)\/p2+8p+ 1+ (p+1) /P> +14p+1

ay, = . (A7.17)

3p
Plotting (A7.16) and (A7.17) results in Fig. 7.16.
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8

Voltage Up-Converters and Negative
Voltage Generators

8.1. Introduction

Voltage up-converters and negative-voltage generators, which internally generate
boosted supply and negative supply voltages, such as V,, (i.e., V) and Vy, using
charge pump circuits from the external supply voltage (V,;), have been indis-
pensable to ensure successful operations of memory LSIs. In fact, the resultant
internal supply voltages have enabled stable and reliable operations for modern
DRAM cells and flash memory cells. For DRAM cells, they eliminate the V,-drop
of cell transistors and prevent nMOSTSs in the cell from being forward-biased [1].
In addition, they have been essential to program and erase a flash memory cell,
as explained in Chapter 1. Here, the resultant internal voltages and their require-
ments are quite different between DRAM and flash memory cells. Forexample, V,p
necessary for DRAM cells is much lower than for flash memory. Instead, the cycle
time (¢,,,.) of the Vpp-pulse for DRAMs is much faster: In modern DRAM design
with V,,;, (maximum data-line voltage) = 1.8V, V,,, is 3.8 V with a boost ratio
(Vpp/Vpp) of 2.1, while in flash memory with V,,, = 1.8 V, V,,, is 20 V with aboost
ratio of 11. The cycle time is about 100 ns for DRAMs while for flash memories it
is 1 ws at most, even for V,-verify operation. Thus, despite a lower boost ratio, the
Vpp-generator for DRAMSs must provide more charges to compensate for the charge
lost at the load every cycle, if the same load capacitance and conversion efficiency
of the Vpp—generator are assumed. In the near future, without these converters, all
ultra-low voltage nano-scale LSIs could not be designed successfully. Even SRAM
cells are expected to use voltage up-converters to boost the cell power supply,
as explained in Chapter 3. In addition to the memory cells, peripheral circuits in
memory LSIs and logic gates in logic LSIs will require the converters to help limit
the subthreshold current and the speed variation, as mentioned in Chapters 1-5. The
results from applying boosted supply voltages and negative supply voltage to gates,
source, or substrate of nMOST and pMOSTs.

Key design issues for the converters are the voltage conversion efficiency,
degree of voltage setting accuracy, load-current delivering capability and stability
of the output voltage, power consumed by the converter itself (especially during
the standby period), and cost of implementation. Additional design issue is the
output level monitor that is indispensable for stabilizing the output voltage and
protecting scaled devices from excessively high voltages. Unfortunately, even
for a given boost ratio, each design issue becomes more difficult with device and
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voltage scaling. For example, instability problems caused by the floating output
of voltage converters using charge pump circuits are more prominent. Low-V,
MOSTs in the load may collapse to even lower V, or even to a depleted state,
causing unexpectedly large subthreshold currents and fatal operations throughout
the chip, if the current delivering capability of the converter is not sufficient. In
unusual conditions such as power on/off and burn-in test with high stress voltage
and high temperature, such detrimental effects become worse despite a normal
low-V, in the normal operation [1, 2]. Thus, in-depth understanding of voltage
converters themselves and their load characteristics is required for successful
designs of ultra-low voltage nano-scale RAMs. Some of load characteristics are
discussed in detail in Ref. [1].

Unfortunately, the boost ratio increases with voltage scaling, which makes
converter designs more difficult. This is because, for example, the necessary
V, and thus necessary boosted word voltage of DRAM cells must be kept high
to ensure the data retention characteristics, while the voltage of the peripheral
logic circuits continues to be lower. Thus, the boost ratio for DRAM cells
increases from 2.1 at 1.8-VV,, (Vpp: maximum data-line voltage) to 3.6 at
0.5-VV,, as discussed in Chapter 2. Such is the case for logic circuits. The V,
of MOSTs in logic circuits must be quite high and almost constant (e.g.,> 0.3 V)
during inactive periods to minimize subthreshold current, independent of V,,
scaling. On the contrary, V, during active periods must be decreased for high
speed operations. The high V, is effectively realized by applying gate-source
backbiasing or substrate biasing (V,p or Vg;) to low-actual V, MOSTSs for the
active periods, as mentioned in Chapter 4. Thus, Vp, or Vj, must be increased
with V,, scaling, implying an ever-larger boost ratio (Vpp/Vpp or Vg /Vpp).
In any event, the increased boost ratio necessitates voltage multipliers for large
output voltages (i.e., Vpp and Vg) by increasing the number of stages of the
charge pump circuit, causing degradation of the voltage conversion efficiency.
Moreover, it dramatically reduces the load-current delivering capability because
the high V, of transfer MOSTS in the converter must be maintained to preserve
a low subthreshold current. The increased boost ratio also calls for an increase
in power supply current, as mentioned later, which increases the power of the
converter itself. Therefore, new circuits to cope with these issues are needed.

Both converters, the voltage up-converter and negative-voltage generator,
share similar circuit configurations. The voltage doubler using capacitors is the
well-known converter that forms the basis for the voltage multiplier. The voltage
multiplier is categorized as a capacitor-based circuit and an inductor-based
circuit, as discussed later (see Table 8.2). The capacitor-based circuit requires
few off-chip components, but its power efficiency decreases as the output voltage
falls down with increasing load current. In contrast, the inductor-based circuit
has a high power efficiency of 80-90%, independent of the output voltage,
but 3-5 off-chip components including an inductor and switching devices are
needed. Therefore, the capacitor-based circuit is low cost and suitable for a
small load current, while the inductor-based circuit is suitable for a large load
current, but expensive. The capacitor-based circuit is further categorized as the
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Dickson-type converter and the switched-capacitor-type converter, as discussed
later (Table 8.1). The Dickson-type converter needs a long time to reach the
final voltage of nVy,, (n: the number of the boost stages) as a result of repetitive
boosting operations, while the switched-capacitor-type converter boosts quickly
to nVp, at a time. The maximum voltage applied to the switching MOSTs is
2V, for the Dickson-type converter, while it is nV),, for the switched-capacitor-
type converter. On the other hand, the maximum voltage applied to the boost
capacitors is nVp, for the Dickson-type circuit, while it is V},,, for the switched-
capacitor type circuit.

In this chapter, voltage converters for boosted voltages and negative voltages
are described in terms of the circuit configuration and operating principle, and
the above-described design issues from the viewpoint of memory designers.
First, basic voltage converters using capacitors and their applications are
described, exemplified by the voltage doubler. Second, Dickson-type and
switched-capacitor-type voltage multipliers are discussed independently, and
then compared in terms of the conversion efficiency and the influence of parasitic
capacitances on the efficiency. Third, converters using inductors are described.
Finally, a level monitor is briefly explained.

8.2. Basic Voltage Converters with Capacitor

8.2.1. Voltage Doubler

Figure 8.1 shows a voltage doubler using switches, which is a basic circuit for
voltage up-converters. Here, C, is a smoothing capacitor which includes the load
capacitor, and C, is the boost capacitor. At first, when switches SW, and SW,
are closed and @, is at Vg level, C; is charged up to C,; V. Next, when SW,
and SW, are opened, SW, and SW; are closed and ®, is raised to V, level,
the C, potential rises to V,, expressed as

Ver = =—=Vop- (8.1)

The charge in C, is discharged slowly through the load. The output voltage Vpp,
however, is maintained around 2V, by repeating these operations if the load
impedance is sufficiently high, as shown in Fig. 8.1(b).

Let us analyze the characteristics of the voltage doubler using an equiv-
alent circuit shown in Fig. 8.1(c). A cycle is divided into pre-charge and boost
stages (8.1(b)). At first, during the pre-charge period, the charge stored on C,
is discharged by the load. At the same time, the charge flows into C; from the
Vpp line. The relationships between the output voltage, the load current and the
potential of N, are expressed as

dVpp
O dr

=—1;, Vyi=Vpp. (8.2)
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In addition, the relationship between the V., level just before boost, Vppin»
and that just after boost, Vpp ..., 1 given, using the law of charge conservation
between C, and C|, as

Ci-2Vpp+Co Vepmin = (Co+ C1) * Vipmax-
The output voltage after boost is also expressed as

av,
(C,+C)) 7’”’ =—1I,. (8.3)

As shown in Figure 8.1(b), the output voltage takes a maximum V.. just
after boost (t = T,). It falls with time and becomes a minimum V, after

P min
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VDD
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SW, N O/C2> Vep
I
Slvt
SW; & SW,

VDD

T >
Ty »> Ty >
Precharge Boost
SW, on SW, on
B \%
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1 L.0
= Vppmnx( <2 VDD)
N, L~ VDD
VPP iy VPPmax
VPPmin
(b)

FIGURE 8.1. Principle of voltage doubler; circuit diagram (a), operating waveform (b),
operating mode (c), equivalent circuit (d).
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FIGURE 8.1. (Continued)

t =T, +T,. The difference between Vyp,,, and Vpp . is the so-called ripple.
The smaller the ripple, the more stably the load circuits operate. Using Egs. (8.2)

and (8.3), the average output voltage V., ripple v and conversion efficiency 7
of the doubler are given as

V_PP=2VDD_IL’(T1+

T,C
ZOX—— —) (8.4)
Co+C2G, " G

T
=2Vpp— E A, (Cy>> Cy),

T,C, LT

=— =L (C C 8.5
V= it ) = (6> G, (85)
VPP

=— 8.6
2Vpp ®.6)

Figure 8.1(d) shows the equivalent circuit of a voltage doubler consisting of a
voltage source of 2V, and an output resistance R, It is derived from Eq. (8.4),
in which the first term and second term express the voltage of the voltage source and
the output resistance, respectively. This equation shows that to enhance the current
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FiGure 8.2. Example of voltage doubler circuit.

delivering capability of the circuit, the output resistance should be made small by
reducing the period 7 and using a large capacitor C,. In addition, for a smaller
ripple, a shorter period or a larger smoothing capacitor is desired. Moreover, the
conversion efficiency deteriorates as Vpp becomes low. This means that the power
loss due to the equivalent output resistance increases as the load current increases.

In practice, there exists no perfect switch. Figure 8.2 shows a conventional
charge pump circuit [2]. A clock @, in this figure works as switches SW; and
SW, in Fig. 8.1 while a precharge nMOST M, works as the switch SW,. A
transfer nMOST M, acts as the series switch SW,. In this circuit configuration,
however, the V,-drops at M, and M, and the substrate-bias effect of M,reduce
Vpp, causing degradation of the boost ratio V,,/V,,, especially at low voltages.
Note that a low enough V, creates a subthreshold current, causing a malfunction
at the floating node. A feedback charge-pump circuit [3] shown in Fig. 8.3 solves
the problem. By utilizing a feedback MOST, node N, is precharged at V,, instead

3Vop
Feedback

MOSFET N Voo
\—I—\_. Vor
v,
-~ oY ¢ DD
VDD 17 0
_—— — —V,
d % o
N, N, 2Vpp
T N
- N, — ] — 2Vpp
(21 ?1
™ Voo

FiGure 8.3. Feed-back type voltage doubler for low voltage operation. Reproduced
from [3] with permission; © 2006 IEEE.
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FIGURE 8.4. Transfer switch of voltage doubler for low voltage operation. Reproduced
from [3] with permission; © 2006 IEEE.

of V,,, — V; while @, is “high”. Thus, node N, is boosted to 2V,,,, when ®, goes
“high” and a full V},, is also stored at node N, while ®, is “low”, and node N, is
boosted to 2V, when @, goes “high”. This feedback technique can eliminate a
voltage loss due to the threshold voltage drop of the nMOSTs. Figure 8.4 shows
the whole Vpp-converter. The major components of the converter are the primary
charge-pump circuit shown in Fig. 8.3, a transmission gate M,, and a control
pulse generator for the transmission gate. The control pulse generator consists
of a the 3V,,-driver to drive the gate of the transmission gate, a 3V,,,-booster
to generate 3V, voltage and to feed it to the 3V,,,-driver, and the other 2V),-
booster, which generates a gate control signal for the 3V, ,-driver. A timing
diagram for the drive pulse is shown in Fig. 8.4. Node Nj is boosted from V,,,
to 2V, at t,. Before ¢;, node Ny stays at Vj,;, since both node N, and node Nj
voltages are 2V,,,. When ®, goes “high” and ®, goes “low” at f,, node N, is
boosted from 2V, to 3V,,, and node Ns is pulled down from 2V, to V.
Then, node N goes from V,, to 3V}, and the transmission gate M, turns on,
and 2V, is obtained at the output of the V,, converter. In practice, the boost
ratio is degraded by parasitic capacitances. However, an almost constant boost
ratio as large as 1.8 was obtained at V,, = 0.5-2V for the V,, converter with
feedback while a decrease in boost ratio was observed when V,, is less than
1.5V for the conventional circuit without feedback [3], as shown in Fig. 8.5.
A drawback is that the transfer nMOST M, needs a highly boosted gate voltage
to eliminate the V, drop.

Figure 8.6 shows another voltage doubler [4] using pMOST transfer gates.
Although the boosted gate voltage is not needed, the reverse bias of the junctions
must be ensured by keeping the n-well (i.e. substrate of the pMOST) voltage
always higher than the source voltage. This is done using two sets of cross-
coupled pMOSTs. M; and M, are the transfer gates that alternately pump the
load. M, and M, quickly give the highest voltage to either of n-wells of M,
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FIGURE 8.5. External voltage vs. boosting ratio. Reproduced from [3] with permission;
© 2006 IEEE.

and M, to ensure the reverse bias of the junctions. This circuit does not need
a gate boosting circuit for the charge transfer gate. Therefore, a timing margin
is unnecessary between @, and ®,. This simple circuit configuration enables
high-speed operation. On this account, this circuit has the advantage of requiring
smaller capacitors.

8.2.2. Negative Voltage Generator

A charge pump circuit can generate not only a positive boosted voltage described
above, but also a negative voltage. Figure 8.7 shows the principle of a negative
voltage generator. At first, SW, and SW; are closed and inverter output @, is at
Vpp- C, is charged, so that its upper electrode is negative and its lower electrode
is positive. Next, SW, and SW; are opened, SW, and SW, are closed and ¥,

¢ ™ VG
Vop Mp, i
Eﬂ EWE 53 Lnn
M (] i v
: ! PP
N, i
C = = —
T T L
— 1
¢ ¢ Mp, ;
E ! ! JN JoL Transfer
Booster Vpe Gen. Gate

FIGURE 8.6. Voltage doubler using pMOST transfer switch for low voltage operation.
Reproduced from [4] with permission; © 2006 IEEE.
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goes to the Vg, level. Node N, becomes negative. The voltage at the top electrode
of C, becomes a constant Vg, after repetitive operations. This is the principle of
the negative voltage generator. Figure 8.8 shows the circuit which utilizes MOST
diodes instead of SW, and SW,. C, is charged with V,,, — V, when ®, is at V.
When @, becomes Vi level, the N, voltage becomes negative, and the current flows
through M, from the load. The output level finally becomes Vj;, after repetitive
operations. When I; =0, Vj; becomes — V), +2V,, which is higher by the V,,
of M, than the voltage of N,, which is —V,,, 4+ V,,. In this way, a voltage loss of
2V,, occurs as long as MOST diodes are used as switching elements, and the circuit
cannot output a low enough voltage with voltage scaling. This is the same problem
faced by the positive voltage doubler described above.

Figure 8.9 shows an example of a negative voltage generator for low voltage
operation. The first stage is the negative charge pump consisting of the same cross-
coupled pMOSTS configuration as in Fig. 8.3 to output full V,,,, swing (from O to
-Vpp) pulses with opposite phases from the nodes N, and N,. The second stage
is the Vg generator that prevents My; and My, from forward biasing. The final
stage is the charge transfer gate to alternately pump the load. Because My; (or My, )
is turned on when the gate and source voltages of My; (or My,) are 0 and — V),
respectively, the negative voltage at N, is transferred to the output Vg withouta V,
loss. However, if the back gate (i.e., substrate or body) potentials of My; and My,
rise over their source potentials, the parasitic diode between the source and back-
gate turns on and may cause a latch-up. Thus, the back-gate potential must be kept
always lower than the source potential. My, and My, meet the requirement because
the gate voltage of one of My, and My, is 0 when its source potential is — V;,,, the
MOST is turned on, and My, and My, thus supply the voltage (—V},;,) to the back

Transfer Transfer
Gate Gate
(Rectifier) (Rectifier)
%
]
M,
&
G
Driver
o 1 [ VExT
0
Nl JT th
~Vpp+ Vi,
Vg ~Vbp+2Vy,

FIGURE 8.8. Example of negative voltage generator.
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FIGURE 8.9. Negative voltage generator for low-voltage operation.

gate of My; and My,. The back gate is always kept at the minimum potential of this
circuit, preventing latch up. This circuit also has an advantage of smaller capacitors
in the same way as the circuit in Fig. 8.6.

8.2.3. Applications to Memories
Voltage Up-Converter

Figure 8.10 shows a Vpp-converter with a level monitor [10] detecting the Vpp
level. When the level is low, a ring oscillator starts to operate so that a pumping
capacitor C, is driven and thus V,, is raised. When V,, reaches a certain level, the
level monitor turns the ring oscillator off so that charge injection to the V,,-load
stops. The whole circuit is activated by ENABLE, which is a slow-cycle pulse such
as the refresh control pulse with 16-us cycle time during the standby period, or
a random pulse generated synchronously with activation of a chip-enable signal.
Here, it is assumed that the V- of the level detecting MOST M, is the same as that
of memory cell-MOST. First, the operation during the standby period is explained
for the case of a slow-cycle refresh-control (ENABLE) pulse. The input makes the
M,,-gate high because node a rises to a high level. When refreshing the cells, a
word-line activation lowers Vp, by drawing current from the supply. As long as
the resultant Vpp is higher than V,,, 4 V,, however, M, continue to be on, allowing
M, and M, to form a current mirror. Thus, node b is held at a high level if the
transconductance of M, is larger enough than that of M,, or M’,, and the detecting
speed(i.e. the time until M, detects a high level at node a) is fast enough. Thus, the
ring-oscillator enable signal(OSCEN) is kept to a low level, turning the oscillator
off. If Vpp is lower than V,, 4+ V,, however, node b is discharged by M, and M’
because M, is off, allowing the oscillating to start oscillation 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 V;,;, and Vpp to OV and V,,, — V,, 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 oscillation and the M-
gate to remain at Vpp. Thus, the level monitor is ready for the V,,-level detection.
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FIGURE 8.10. Vpp generator with level monitor; schematic of circuit (a), and timing
diagram (b). Reproduced from [10] with permission; © 2006 IEEE.

The succeeding high-OSC eventually makes node f change from OV to V. Since
M, is on while Mj is off at this moment, the voltage change by V,, thatis developed
across Cp injects charges to the Vpp-load so that V, is slightly raised. Subsequent
repetitive OSC-pulses gradually raise V,, until V,p reaches V,,, + V,. As soon as
Vpp exceeds Vy, +V,, My, is turned on so that the oscillation stops and thus Vpp
stays at V,,, + V,. Thus, Vp, is maintained constant by application of the refresh-
control pulses. Even when the chip is randomly-accessed, the V,, degradation is
compensated in the same manner by application of an ENABLE pulse generated
synchronously with a chip-enable pulse. Here, the nMOSTs with their gates biased
to V), surrounded by dashed lines are inserted at the nodes at Vp, to protect the
nMOSTs from a high stress voltage, as discussed in Chapter 9, and Mj, has enough
channel length to reduce V,, current.

Figure 8.11 shows another V,, generator [11]. It features the use of two kinds
of charge-pump circuits, a main pump and an active kicker, to provide charges for
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FIGURE 8.11. Vpp generator with two sets of pump circuits and level monitor; schematic of
circuit (a), and timing diagram (b). Reproduced from [11] with permission; © 2006 IEEE.
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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 Vpp is lower than the level determined by the level monitor.
The active kicker operates synchronously with the load-circuit operation such
as ISO driving (Fig. 2.26), word-line driving, and output buffer driving. This
circuit compensates for a large charge loss due to load circuit operations. Non
operation of the main pump and extremely slow cycle operation of the active
kicker in the date-retention mode provide a minimized retention current.

Negative Voltage Generator.

Figure 8.12 shows the Vj; generator featuring two sets of charge pump
circuits [12]: a slow cycle ring oscillator 1 for supplying a small current during
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 the Vj; level is high. Thus, it minimizes the retention current by shutting
down the fast cycle circuit. Here, CMOS inverters (IV,, IV,) are waveform
shapers, and inverter IV, is a buffer to drive a heavy capacitance (C,). To
suppress the current flowing into the substrate, M; must be small (i.e. small W/L).

Figure 8.13 shows another alternative which stops the oscillation of the Vi,
generator while the DRAM chip is not in an active cycle [13]. In normal mode
the ring oscillator provides an enough /-, at a high frequency, while in battery-
backup mode it oscillates intermittently only during burst requests of refresh
operation. A negative V;, is realized by extracting holes from the p-substrate
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FIGURE 8.12. Vy,; generator with mode switching and level monitor. Reproduced from [12]
with permission; © 2006 IEEE.
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FIGURE 8.13. Vj, generator with pump-frequency control and output pMOS diodes.
Reproduced from [13] with permission; © 2006 IEEE.

by pMOSTs at the output stage. The use of pMOSTs there prevents minority-
carriers (electrons) injection from the diode in the generator to the nMOST
memory cells, which differs from the use of nMOSTs described before.

Figure 8.14 shows another V,, generator [1] in which charges are alternately
pumped twice a cycle by using pMOSTs (M,, M,). In addition, the raised gate
voltages of the cross-coupled M, and M, eliminate their V, loss, offering a
deeper Vg of - Vo, +V,(M,, M,). The V, drop is still an obstacle to obtaining
a deep V.

Figure 8.15 shows a Vj, generator suitable for a low V), operation [14].
All MOSTs except M, are pMOSTs. When clock @ goes down to OV, the
N,-voltage also goes down to a negative voltage of - Vy, + |V,p|(V,p : V, of
M,), and thus M, is turned on so that the N,-voltage is clamped to OV, and
M, is cut off. When & goes up to V), the N,-voltage is clamped to |V,,| and
thus M, is cut off. At the same time, N,-voltage instantaneously drops to -V,

ring osc.

FIGURE 8.14. pMOST cross-coupled Vy, generator. Reproduced from [1] with permission
of Springer.
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FIGURE 8.15. Hybrid pumping Vg generator; schematic of circuit (a), and timing diagram
(b). Reproduced from [14] with permission; © 2006 IEEE.

by capacitive coupling. Then, N, and the substrate continue to be charged up
and discharged, respectively, until both voltages are equilibrated, allowing the
charge at N, to be pumped to the substrate. As a result, one clock cycle deepens
Vyp by 0. Here, the pumping is performed without a V, drop at M, because the
M, -gate voltage is higher enough than the N, and substrate voltages during the
equilibration process. By repetitive clock-applications the substrate is gradually
discharged and the pumping ceases when Vg, reaches as low as -V,,. Thus,
perfect conversion of the power-supply voltage is established. In fact, a Vg of
—1.44V at V;;, = 1.5V was experimentally obtained.

8.3. Dickson-Type Voltage Multiplier
8.3.1. Voltage Up-Converter

This section describes voltage up-converters with a boost ratio of more than two
which is becoming increasingly important in the nano-meter, as mentioned in
Chapter 1. Figure 8.16 shows the so-called Dickson type charge pump that is
an n-time voltage multiplier [5] achieved by an n-series-connected circuit of the
above doubler. The advantage is that any multiple of the supply voltage can be
theoretically generated using only two kinds of pulses, while the disadvantage
is the need for high-breakdown-voltage boost capacitors in the latter stages.
In the circuit, C, is the sum of load capacitance and smoothing capacitance,
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FIGURE 8.16. Dickson type voltage multiplier. Reproduced from [5] with permission;
© 2006 IEEE.

C,—C,_, are boost capacitors, C¢s are parasitic capacitance, and D,-D, are
diodes. Complementary pulses ®, and ®, are alternately supplied. When ®, is
at ground level, C, is charged to V,,—V,, through D, from V,,. Here, V, is
a forward voltage drop of D,. When ®, is raised to V,,, node N, is boosted
to 2V,p-V, if Cy < C,. Since ®, is at ground level at this time, the charge
in C, flows through D, into C,. By this operation, the voltage across C, rises
until the potential difference between N, and N, becomes V},, and the voltage
of N, thus reaches 2(V),-V,,). Then, @, becomes V,,,,, and node N, is boosted
to 2(Vpp-Vp) + Vpp- Since @, is Vi at this time, the charge in C, is transferred
to C;. When the voltage difference between N, and N; becomes V,,, in other
words, when the voltage of N, becomes 2(Vj,-Vy,) + Vpp-Vp = 3(Vpp-Vp),
the charge flow stops. After that, ®, becomes V,,, and node N, is boosted to
3(Vpp — Vi) + Vpp. Since @, is Vi at this time, the charge in Cj is transferred
to C,. When the voltage difference between N; and N, becomes V), that is,
when the voltage of N, becomes 3(V,,, — Vp,) + Vpp — V, = 4(Vyp — Vp), the
charge flow stops. This operation is repeated likewise, and each node voltage is
boosted. Consequently, when the voltage difference between N, _, and the output
Vpp at the final stage becomes V), that is, when V,, becomes (n— 1)(Vp, —
Vo) + Vpp—Vp =n(Vpp—Vp), the charging of C, stops. In this way, Vpp finally
becomes n(Vpp — Vp).

If a load current exists at the final stage, the voltage drop occurs at the output,
like for the voltage doubler. It also results from the parasitic capacitance Cg at
each stage in the charge pump. Including these influences in the above equation,
the relation between average output voltage V,, and the output current I, is
expressed as follows [5].
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— nC+Cy

(n—1)T
VDD - :

Vep = ——F7— — —_— 8.7
PP C+Cq nVp C+C; L (8.7)

Here, C is the boost capacitance, Cy is the parasitic capacitance, T is the period
of boosting clock, and I, is the load current. This equation can be expressed
as a series circuit of voltage source V,, and a resistance R, as shown in the
figure. Here, the total of the first and second terms of the right-hand of Eq. (8.7)
corresponds to V), and the coefficient of I, of the third term expresses R y;.
Obviously, the resistance increases in proportion to the number of the stages
n. In addition, the parasitic capacitance Cg lowers the output voltage, while
it suppresses a rate of change of the output voltage for the load current with
reduced R, The ripple is approximately expressed by the same Eq. (8.5) as
that of a voltage doubler.

Figure 8.17 shows a Dickson-type voltage quintupler (5-time voltage multi-
plier) using nMOST diodes as rectification elements. Two-phase signals shifted by
180 degrees are alternately applied to the terminals of the capacitors, enabling a
Vpp of 5(Vp,, — V,). The advantage is that the circuit can be easily constituted by
using a standard CMOS process, while the disadvantage is the large voltage loss of
5V,. Furthermore, the V, increases due to the body effect as the voltage difference
between source and bulk becomes large. In addition, the voltage drop caused
by the on- resistances of MOSTs and the load current must be taken into account.

With increasing the stage count, n, the resultant voltage drop (loss) nV, is fatal
for low-voltage LSIs. Figure 8.18 is a voltage multiplier to solve the problem [6].
There is no voltage loss when charging the boosting capacitors. For example,
at the first stage, N, is raised to 2V, when ®, becomes V,,,. The nMOST in
the inverter thus turns on, and node G, becomes V. It prevents the charge
from flowing backward from N, to V. On the other hand, the pMOST in the
inverter becomes off because N, is at 2V,,,. When ®, becomes V,, the nMOST
in the inverter is off because node N, becomes at V. Because N, is raised to
3Vpp, the pMOST in the inverter turns on, and the voltage of G, becomes 3V,,.
The charge flows through M, from V,,, to node N,, and C, is charged without
a voltage loss. In this way, each boosting capacitor is charged without a voltage
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FiGure 8.17. Example circuit of Dickson type voltage multiplier.
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FIGURE 8.18. Dickson type voltage multiplier for low-voltage operation. Reproduced
from [6] with permission; © 2006 IEEE.

loss, and a high output voltage can be generated with fewer stages even at low
supply voltage. This is because the gate voltage of the transfer nMOST of each
stage is controlled by the voltage of nV,, and (n+2)V,,. Since the last stage
consists of only a MOST, the output voltage V,, drops by the threshold voltage
and becomes nV;, —V,.

Figure 8.19 shows the four-stage multiplier to further reduce the voltage loss [7].
This circuit can generate 4V,,,,. Figures 8.19(a) and (b) show the main part of
the pump circuit, and level shifters for controlling the gate voltage, respectively.
It uses both pMOSTs and nMOSTs as transfer MOSTs. The nMOSTs are used
for the first half, while the pMOSTs are used for the second half. The voltage
boosted in the second half is supplied to nMOSTS, and the voltage boosted in
the first half is supplied to pMOSTSs. These voltages are supplied through the
level shifter S’s that are controlled by the boosting clocks. By this configuration,
a voltage that is higher by 2V, than the transferred voltage is supplied to the
gate of each nMOST, while a voltage that is lower by 2V, than the trans-
ferred voltage is supplied to the gate of each pMOST. Therefore, each MOST can
transfer the charge without any V, loss. In addition, the on-resistance of transfer
each MOST is low enough because the gate-source voltage becomes 2V, ,,. Thus,
a multiplier with a low voltage loss even at a low supply voltage can be realized.

The current supplying capability of the circuit is proportional to frequency
(1/7), as expressed by Eq. (8.7) and is thus increased by a high-frequency
clock. However, the circuit is difficult to implement because of a high voltage
of 2V, supplied between terminals of charge transfer MOSTs. A thicker gate
oxide and a longer channel length necessary for relevant MOSTSs, compared
with those of the drive circuit where only V,,, is involved, making high-speed
operation impossible.
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FIGURE 8.19. Improved Dickson type voltage multiplier for low-voltage operation;
schematic of charge pump circuit (a), and level shift circuit (b). Reproduced from [7]
with permission; © 2006 IEICE.

The circuit shown in Fig. 8.20 enables a high-speed operation [8] thanks to
having only V;,,-tolerant short-channel MOSTs and smaller boosting capacitors.
This circuit features two boosting capacitors, which are driven by complementary
signals, @, and 51, in pumping unit PUMP. Node Ny between the units is
always kept at a boosted voltage V,, by this configuration. This enables the
drain-source voltage of M, (or M) to be applied V,,,, at most when node N,,
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FIGURE 8.20. High efficient two-phase charge pump. Reproduced from [8] with
permission; © 2006 IEEE.

(or N,) in the next stage is boosted. The arrows in the figure show current
flows when @, is V,,, and ®, is V. The voltage of each node at this time
is shown in parentheses. Here, V, is the voltage before boosting and V,, (=
V., + Vpp) is the voltage after boosting. Clearly, the voltage difference between
each electrode of MOST is Vj,,, at most. A five-stage charge pump fabricated
with a 0.18 — um process [8] has been reported to operate at a 100MHz at
Vpp = 1.8V.

8.3.2. Negative Voltage Generator

A negative voltage multiplier can be composed of similar circuits to the multi-
pliers discussed previously, with inverted polarities and a slight modification of
the voltage relations of the rectifying devices. For instance, —nV,,, is generated
by an n-stages negative voltage multiplier, while (n+ 1)V, is generated by
a positive voltage multiplier. Figure 8.21 shows an example of the negative
voltage multiplier of the Dickson type using diodes. The direction of the diodes
is opposite to that in Fig. 8.16 and the voltage of the cathode of the first diode
is ground instead. The voltages of the intermediate nodes N, —N,, are gradually
deeper from the left to the right. The output voltage is —nV,,,+ (n+1)V,,, where
Vp, is the forward bias voltage of the diodes. Figure 8.22 shows another negative
voltage multiplier without a V, drop that is suitable for low voltage operations.
The circuit is configured by inverting the polarities and voltage relations of the
circuit in Fig. 8.19, and the principle of operation is the same. In this circuit, a
voltage of —3V,,, is generated from V,, at the maximum. nMOSTs and pMOSTs
are used for charge transfer in the first half and the second half, respectively.
The voltages of the intermediate nodes in the second half are applied to the
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Ficure 8.21. Dickson type negative voltage multiplier using diodes.

pMOSTs, and the voltages in the intermediate nodes in the first half are applied
to the nMOSTSs. These voltages are applied to the gates of the transfer MOSTs
through level shifters S controlled by boosting clocks. The charge is transferred
without a V, loss, since a voltage lower than the transferred voltage by 2V, is
applied to each pMOST gate, while a voltage higher than the transferred voltage
by 2V, is applied to each nMOST gate. Moreover, because the gate-sources
voltage is 2V, at the maximum, the on-resistance of each transfer MOST is
low enough. Therefore, a negative voltage multiplier without any voltage loss is

realized even if a large load current flows.
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FIGURE 8.22. Negative voltage tripler for low-voltage operation. Reproduced from [7]

with permission; © 2006 IEICE.
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8.4. Switched-Capacitor (SC)-Type Voltage Multipliers

8.4.1. Voltage Up-Converter and Negative
Voltage Generator

In addition to the Dickson-type multiplier, the switched capacitor generates
boosted voltages. Figure 8.23 shows the principle of a switched-capacitor multi-
plier with n — 1 stages. First, C;, — C,_, are connected in parallel, so they are
simultaneously charged to V,,,,. Next, they are serially connected, and the bottom
terminal of C, is also connected to the Vy,, line. Then, the voltages of C;, —C,_,
and the V), are added, so a voltage of nV,,, is obtained at the output terminal.
Figure 8.24 shows the principle of a switched-capacitor negative voltage multi-
plier with n stages. C; — C, are connected in parallel, so they are charged at the
same time first. Next, they are switched to the series connection. Here, they are
connected so that the output may be negative. The terminal of C,; is connected
to ground at the same time, so the output voltage becomes —nV,,.

8.4.2. Fractional Voltage Up-Converters

The previous section describes how the power efficiency of the voltage up-
converter using capacitors decreases with an increase in the load current. Thus,
if a fractional voltage converters, such as for 3/2 or 4/3 of the input voltage,
using capacitors is realized, the power efficiency can be improved. For example,
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FIGURE 8.23. Switched capacitor type positive voltage multiplier; simplified circuit (a),
and equivalent circuit (b).
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FIGURE 8.24. Switched capacitor type negative voltage multiplier; simplified circuit (a),
and equivalent circuit (b).

the efficiency for an ideal 2-time charge pump becomes V,,/(2V,,). On the
other hand, the efficiency for an ideal 1.5-time charge pump is expressed as
Vpp/(1.5Vp). Figure 8.25 shows the circuits to achieve this. For instance, two
capacitors with the same capacitance are used to generate 3/2V,,,,. First, they
are connected in series between V,;, and V. As aresult, C; and C, are charged

Vpp=3/2Vpp

11L VDD}-7 C' COI 11L

Discharge
Vpp=4/3Vpp
I C Bl]1
L ﬁ VDD ! E L
Charge Discharge

FiGure 8.25. Fractional voltage up converter.
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with Vp,/2, respectively. Next, they are connected in parallel and their lower
electrodes are connected to the Vj,;, line and the upper electrodes are connected
to the load. After the repetitive operations, a voltage of V,,+V,,/2=3/2V,,
appears at C, in the case of no load current. Three capacitors are used to generate
4/3V,p. We should connect them to parallel after connecting three capacitors
to series between Vj,,, and Vg, as mentioned above. Note that the on resistances
of the switching devices should be minimized, as described in Section 7.3,
because the output voltage is lowered due to the load current and the on
resistances.

8.5. Comparisons between Dickson-Type
and SC-Type Multipliers

8.5.1. Influences of Parasitic Capacitances

In this section a more detailed analysis including the influence of parasitic capac-
itance on the efficiency is performed. Figure 8.26 shows the equivalent circuits
of the Dickson-type converter (a) and the switched-capacitor-type converter (b).
The critical parameter for the efficiency is the parasitic capacitance C, for both
circuits. In the Dickson type, the capacitance Cp of the signal wiring that drives
the boost capacitors is dominant. This consists of the substrate capacitance of

ON: ¢ =“H”

— _ _ I Cp
2 ¢
- C C
L FEIEE
Cp=Cp;=Cpy=Cp3=Cpy
(®)
FIGURE 8.26. Model for efficiency analysis of charge pump circuits; model for Dickson
type charge pump (a), and model for switched capacitor type charge pump (b).
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the boost capacitors and the wiring capacitance. This capacitance wastes some
of the charging and discharging current between V,,, and Vg while no direct
influence on the boost level. On the other hand, in the switched-capacitor type,
the parasitic capacitance at the boost nodes is dominant. Although the quantity of
charge that comes from each boost node is different, a charge of (n— 1)V, Cp
is charged and discharged at the maximum. Therefore, the efficiency is expected
to be lower than for the Dickson type.

The capacitance between two poly-silicon layers or between the gate and
channel of a MOST is usually used for the boosting capacitor. The former
has the advantage that there is no charge loss due to the threshold voltage,
and the boost efficiency can be higher because the parasitic capacitance is
small. Therefore, it is often used for small-scale on-chip EEPROMs. On the
other hand, the latter is often used for large capacity DRAMs and the flash
memories, where the cost has the first priority. This is because no additional
layers are necessary, and capacitance per unit area is large. However, because
the parasitic capacitance of the latter, which includes drain-substrate and source-
substrate junction capacitances (or the well-substrate junction capacitance), is
larger than that of the former, the boosting efficiency is not so high as that
of the former. The C,, which is the parasitic capacitance on the boosted
nodes, is disregarded here because it is generally small enough compared with
the substrate capacitance of the boosting capacitor though it is considered in
Subsection 8.3.1.

Figure 8.27 compares the parasitic-capacitance dependency of the switched-
capacitor-type and the Dickson-type quintuplers. Both are calculated based on
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Voltage ratio Vpp/Vpp

FIGURE 8.27. Dependency of parasitic capacitance of input/output current ratio in voltage
multiplier (voltage quintupler).
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the equivalent circuits in Fig. 8.30. The smaller the I,,,/I,p is, the higher the
efficiency is. If the parasitic capacitance is not considered, I,,/I,, =5 for
both. If it is included, Ij,,/Ipp increases with V,,/V,,. However, the increase
rate of the Dickson type is smaller than that of the switched-capacitor type,
implying that the Dickson type has a higher conversion efficiency. In addition,
it is found that the dependency on Cp/Cj, which is the ratio of the parasitic
capacitance to the boost capacitance, of the Dickson type is smaller than that
of the switched-capacitor type. This is because the amount of charging and
discharging of the parasitic capacitance that occurs for the former is smaller
than for the latter, as noted above. Here, the ratio C,/Cjy is assumed to be
0.05 and 0.0125 for the Dickson type, and 0.1 and 0.025 for the switched-
capacitor type, because the latter can use larger boost capacitors with a thinner
gate oxide (in principle, 1/4 in a voltage quintupler). If both ratios can be equal
with a thick film for all the boost capacitors, the difference further grows. The
deriving process of the analytical solution of these characteristics is shown in
Appendix AS.1.

8.5.2. Charge Recycling Multiplier

The conversion efficiency of voltage multipliers decreases due to the influence
of parasitic capacitance, as explained in Section 8.5.1. A method to reduce this
influence is shown in Fig. 8.28. Figure 8.28(a) is for the Dickson type [9],
and (b) is for the switched-capacitor type [15]. Both are fundamentally the
same though the latter circuit is more complex. The feature is that a period
when both @ and @ are “low” is provided. During this period, both of two
driving signal lines N; and N;’ are floating. At this time, both voltages are
equalized by ®g. Since one of the signal lines that was at Vg, is raised
to Vpp/2 by this equalization, it is raised only from V,,/2 to V,, in the
next cycle. Thus, the charge that flows from the Vp, line, V,,/2 x Cp,
is halved. Therefore, this can be called a charge-recycling method. On the
other hand, since V,,/2 is replaced by nVp,/2 (n: the number of boosting
stages) in the switched-capacitor type, a greater effect can be expected. The
derivation process for the analytical solution of these characteristics is shown in
Appendix AS.1.

Figure 8.29 shows the result of the calculation from the analytical solution
for both types of quintuplers. The ratio Cp/Cg, is assumed to be 0.1 for
both circuits. It is shown that there is an improvement of several times in
the switched-capacitor type, while about 10-30% in the Dickson type. This
is because the quantity for charging the parasitic capacitance is larger in the
switched-capacitor type.

Table 8.1 compares the Dickson-type converter and the switched-capacitor-
type converter. They have the pros and cons. The former needs a long time to
reach the final voltage of nV,, as a result of repetitive boosting operations,
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FiGuUrE 8.28. Model for efficiency analysis of charge pump circuit using charge recycle
technique; model for Dickson type charge pump(a) [9], and model for switched capacitor
type charge pump (b) [17].

while the latter boosts quickly to nV,,, at a time. The maximum voltage applied
to the switching MOSTs is 2V, for the former, while it is nV,, for the
latter. On the contrary, the maximum voltage applied to the boost capacitors is
nVpp for the former, while it is V), for the latter. The influence of parasitic
capacitance on the efficiency is small for the former, while it is large for
the latter, although the difference in the influence can be reduced by charge-
recycling.
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FIGURE 8.29. Efficiency of voltage multiplier (voltage quintupler) using charge recycle
technology.

TaBLE 8.1. Comparison of Dickcson type and switched capacitor
type converter.

Type Dickson Switched cap.

Time to final level Vop = 2Vpp — Voo = nVpp
...—>nVpp

Power efficiency < % < L‘(/"—L‘;;‘

Max. voltage to MOST 2Vpp nVpp

Max. voltage to nVpp Vpp (except

capacitor smoothing cap.)

Influence of parasitic Small Large

capacitances

Dickson pump ~ switched cap. pump for voltage doubler
n: Number of boosting stages

8.6. Voltage Converters with an Inductor

The voltage up-converter can also be implemented with an inductor. Figure 8.30
shows an example of a voltage up-converter using an inductor. In general, it is
difficult to form an on-chip inductor because of the following reasons. First, it is
difficult to form a large inductor of several wH because a large area is necessary
to make spiral-shaped wiring, and the number of wiring layers is limited from
three to about six. Second, a current is generated in the substrate and wiring
by the electromagnetic induction, causing a power loss. Therefore, an off-chip
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FIGURE 8.30. Voltage up converter using inductor; schematic of circuit (a), and timing

diagram (b).

inductor is usually used. Moreover, since it is difficult to form a transistor and
a diode with a high breakdown voltage and low on-resistance on a chip, these
necessary elements are often put outside along with the inductor. The operation
can be explained as follows (see Fig. 8.30(b)), ignoring the comparator for a
while. The turn-on period of drive transistor M, and the cycle time are denoted
T,y and T, respectively. First, the gate of drive transistor My, is forced to “H”

to turn it on. Then, the following current flows through inductor L.
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Next, the current of the inductor flows to the load through the diode when turning
M, off after T,y. This current and the time until this current becomes 0 are
given as

i=@~T _VDD_VPP_VD_t
L L ‘
1%
t0:$'TON'
VDD_VPP_VD

Here, V,, is the voltage drop with the diode. Since the load current continues
to flow during the period of #, and the cycle time of the switching is 7, the
average load current is obtained by dividing the quantity of charge that flows
during ¢, by T. This is expressed as:

V V 1
L=t g Yeg ey,
Vop—Vip— V) L 2

Solving for V,, results in the following equation:

_ (Vop - T()N)2

Vop =
PP 2T 0, L

+Vpp—Vp (8.8)

This is the maximum output voltage of this circuit. It should be noted that the
voltage Vpp is controlled by T,,. Here, the comparator compares R,/(R, +
R,)Vpp and Vypp, and turns My off if R,/(R, + R,)Vpp exceeds Vippp. As a
result, the output voltage V,, is determined only by the resistance ratio and the
reference voltage as

R, +R
Vep = IR 2. Vrer- (8.9)

1

Figure 8.31 shows an example of the negative voltage generator using an
inductor. In this circuit, the inductor, a drive transistor, and a diode, etc. are
also put external to the chip. In the same manner, the following equations are
provided for the output voltage Vj; of this circuit.

_ (Vop - TON)2

Viap =
bE 2.T-1,-L

+ V. (8.10)

This is the maximum output voltage of this circuit. Here, the magnitude of
Vg can be controlled by controlling 7,y as well as the voltage up converter. The
comparator circuit compares R,/(R, + R,) Vpp and Vg as well as the voltage
up converter, and turns M, off when R,/(R, + R,) Vg exceeds Viyr. However,
Veer must be negative. As a result, the output voltage V,, is determined only
by the resistance ratio and the reference voltage as follow
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FIGURE 8.31. Negative voltage generator using inductor; schematic of circuit (a), and
timing diagram (b).

R, +R,

R “Vegr> Veer <0 (8.11)
1

Vg =

If the level monitor shown in Figure 8.33(a) is used, V5 can be controlled by a
positive reference voltage.

Table 8.2 compares the converters that use a capacitor and an inductor. The
capacitor-type converter(with no load current) has the voltage conversion ratio of
an integer determined by the number of boosting stages, while the inductor-type
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TABLE 8.2. Comparison of voltage converter with
capacitor and voltage converter with inductor.

Type Capacitor Inductor
Voltage conversion ratio n any
Power efficiency < % > 80-90%
Off-chip components 0-1 3-5

Extra pins 0-1 >2

n: Number of boosting stages

converter features a non-integer voltage conversion ratio achieved by controlling
the duty cycle of the control pulse. The former has a power efficiency that
decreases as the output voltage falls down when the load current increases.
The latter has a power efficiency independent of the output voltage and that
remains always as high as 80-90% for the same reason as the voltage down-
converter with inductor, as discussed in Chapter 7. The former needs few off-chip
components, while the latter needs 3—5 components including an inductor and
switching devices as well as two or more extra pins for the connection with
the off-chip components. Therefore, the capacitor-based circuit is suitable for
a small load current and low cost design, while the inductor-based circuit is
suitable for a large load current, but expensive design.

8.7. Level Monitor

8.7.1. Level Monitor for Voltage Up-Converter

In order to protect scaled devices from an excessively raised voltage, the level
monitor is a key to designing a voltage up-converter. Figure 8.32 shows a
level monitor for voltage multiplier. Although we explained the monitor circuits
in Figs. 8.10 and 8.11, the circuit shown here, similar to those described in
Chapter 7, is more general one. The comparator, Comp, compares the reference
voltage V- with the voltage V,, generated by dividing V,, by resistors, and
stops voltage-up operation of the charge pump when V;, is higher than V.
The output voltage is expressed as

Vep = (Rl +R2)/R2 - Vrer-

Here, Vp, level can precisely be set by dividing the resistances. However,
the layout area of the resistors is large in comparison with that of MOSTs
because the sheet resistance of a resistor is generally low. Figure 8.32(b) shows
another division using MOSTs for a smaller layout area. A reference voltage
is input to the gate of one of the two dividing MOSTs. This method features
more flexible output-voltage setting than using n cascaded MOSTs with diode
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Vop T Vop T
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Vpp=(Ry +Ry)IR, Vip Vep=Vrer1+ Vrer

(@ (b)

FIGURE 8.32. Level monitor for positive voltage multiplier; using resistor divider (a), and
using MOST divider (b).

connection. Assuming that W/L of M, and M, are equal, the output voltage V,p
is expressed as:

Vep = Vegri + Veero-

In general, a higher V,, requires larger resistors so as to reduce the current
consumption in the voltage divider. Therefore, the parasitic capacitance (C, in
the figure) of resistors grows large, causing a delay of the feedback signal. If
the delay is large, the ripple of V,, increases and may cause unstable operation
of the load circuit of Vpp, as discussed in Chapter 7. It is effective to connect
bypass capacitor C in parallel with R, to reduce the delay. A large C is better
because it works as a speed-up capacitor.

8.7.2. Level Monitor for Negative Voltage Multiplier

Figure 8.33 shows level monitors for negative voltage multipliers. The circuits
need an extra positive reference voltage, which differs from those in Fig. 8.32.
This is because the output of the voltage dividing circuit should be positive to
make the comparator operate at a positive single-power supply. For the resistor
dividing type, the reference voltage Vr, is applied to R;, while V5, is applied
to the comparator. Output voltage V, is expressed as Vg = (R, +R,) /R Vrpr, —
R,/R, Vigrs, and Vigpp; < Vegr,. For the MOS driving type, three reference
voltages are needed. The output voltage, assuming that W/L of M, and M, are
equal, is expressed as Vg = Viprs + Vegrr — Vegrz, and Viges — Vege, > V..
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FIGURE 8.33. Level monitor for negative voltage multiplier; using resistor divider (a), and
using MOST divider (b).

A8.1. Efficiency Analysis of Voltage Up-Converters
AS8.1.1. Dickson-Type Charge Pump Circuit

Let us derive the equation for the voltage quintuplers shown in Figs. 8.26(a)
and 8.28(a).

(1) Case 1: parasitic capacitance ignored.

In Figure 8.26(a), let us denote the voltages of nodes N, — N, after charging and
before charging by (Vy5, V,), (Vay, Vo), (Vsg, V3), and (V,, V,), respectively.
Then, the following equations are obtained for each node.

Node N,, Ns: Because node N, becomes V,,+ V,,,, just after boost and becomes
V., after time T, we obtain the following equation:

out

(V40 + VDD - Vum) CB = Ium T. (AS])
Here, the lefthand side shows the charge that flows out of Cy,, and the righthand
side shows the charge that flows to the load.
Node N;, N,: The voltage of node Nj; is V;, just before boost, the voltage of node
N, is V, just before charging. The voltages of nodes N, and N, are equalized to
V,, after boost. Therefore,

V4CB + V30 CB = (V40 - VDD) CB + V40 CB’ (A82)
V4 = Vout - VDD' (A83)
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Node N,, N;, and N, and N,: We obtain the following equations in the same
manner:

V3Cp 4 Voo Cp = (V3o — Vipp) Cp+ V3 Cp (A8.4)
Vy= Vo=V, (A8.5)
Vo,Cr+ Vi0Cp = (Vag— Vpp) Cp+ Vi Cy, (A8.6)
Vy =Vi0—Vpp, (A8.7)
Vig=Vpp. (A8.8)

Here, T is the cycle time of clock . Thus, from Eqgs. (A8.6)-(A8.8),
Egs. (A8.4), (A8.5) and (A8.9), and Egs. (A8.2), (A8.3) and (A8.11) we obtain

1
Vo = ) (Vop + Vi) - (A8.9)
1
Vi = 3 (Vop +2Vi) - (A8.10)
1
Vio =3 (Voo +3Vou). (A8.11)
Finally, substituting Eq. (A8.11) into Eq. (A8.1) and solving for V,,, result in
I()llt T
Vour =5Vpp —4——. (A8.12)
Cp
Generalizing the above equation results in the following equation:
I
Vou=nVpp—(n—1) 22—, (A8.13)
Cp

Next, let us find the input current that flows from Vp line, ®, and ®. The
charging current 1;; (Vpp, — N;) to node N, is derived as follows. Because the
voltage of node N, becomes V,, after boost, the voltage just before charging,
Vi, is Vo — Vpp. Therefore,

V,=Vao—Vpp (A8.14)
(Vpp—V,) Cp = I, T. (A8.15)

Eqgs. (A8.14), (A8.15), and (A8.1)—(A8.9) result in I;,;, = I,,,. The charging

currents I, (® — N, — N,) to node N,, I, (® - N, — N;) to node N, and
I, (® - N; — N,) to node N, are expressed as

(Vag=V,) Cp =I,,T. (A8.16)
(V3o —V3) Cp = I5T. (A8.17)

(Vio—V,) Cp = I,T. (A8.18)



AS8.1. Efficiency Analysis of Voltage Up-Converters 321

Using Eq. (A8.4), the charging current I,; (®N,N) to node Ny is expressed
as Is =1I,,. Substituting Eqs. (A8.1) — (A8.9) into Eqgs. (A8.16) — (A8.18) and
solving I,, I, I, and I results in I, =1;=1,=1,,. Here, I, — I,5 are
current that flow from V), line in one cycle. Thus, the total input current /; and
the generalized current are given as

L=1,,=>1,=51,, (A8.19)

Ipp=nl,,. (A8.20)

(2) Case 2: parasitic capacitance included.

In the Dickson type circuit, the voltage swing between both ends of parasitic
capacitance Cp is V. Therefore, the following current I, due to parasitic
capacitance C, is added to Eq. (A8.20).

;= > CpVDD _ (n—=1)kCsVpp
b T T
Here, n is the number of boost stages and k is a ratio of parasitic capacitance
and boosting capacitance, Cp/Cjg. Therefore, the input current is expressed as

(n=1)kCysVpp
T .
Solving Eq. (A8.13) for Cj and substituting it into Eq. (A8.22) give

(A8.21)

IDD = nIouI + (A822)

—1)°«l,,V, —1)*kV,
Iy =nl,, + (n—1)"«l,,Vpp B (n—1)"kVpp I, (A8.23)
nVDD - Vout nVDD - ‘/ouf
Ipp (n— 1)2 K
— =n+——-V (A8.24)

- DD-
[aut n—Vour/V
DD

This is the equation that expresses the I/O current ratio of the charge pump
circuit.

(3) Case 3: using charge recycle.

Figure 8.28 (a) shows a simplified model for the charge recycling. Due to the
charge recycling, the voltage swing between both ends of parasitic capacitance,
Cp, is halved. Therefore, the current that flows to C, (the second term of
Eq. (A8.23)) is also halved. Therefore, the I/O current ratio is given as

1 —1)?

ﬂz,ﬁ_&. (A8.25)
out 2 (n — Vuut % )

DD
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AS8.1.2. Switched-Capacitor-Type Charge Pump Circuit

Let us derive the equation for the voltage quintuplers shown in Figs. 8.26(b)
and 8.28(b).

(1) Case 1: parasitic capacitance ignored.

In this method, all n — 1 boosting capacitors are connected in series after V,,
is charged in them, and the voltage of nV,, is obtained for no load current.
If load current [, flows, the potential difference between the electrodes of

each boosting capacitor equally decreases. This is expressed by the following
equation:

(nVDD - vout) C

o w=1,T (A8.26)

out = *

Solving this equation for V,,, results in the following equation:

ut

1, T
1% —nVDD—(n—l)%. (A8.27)

out —
B

It is obvious that this is the same as Eq. (A8.13) of the Dickson charge pump
circuit. Next, let us consider the relation between the input current and the
output current. During boosting the charge of each boost capacitor has decreased
by 1,,T, so it should be charged by the same. Because (n— 1) capacitors are
simultaneously charged, the relation between input current /;; and the charge is
given as

(nVpp = Vou) Cp = Iy T (A8.28)
Substituting this equation into Eq. (A8.26) results in the following equation:

ILy=n-11

out*

(A8.29)

Moreover, the input current also flows during boosting because one of the
terminals of Cj, is connected with Vj line, and this is equal to 7,,,. Therefore,
the total input current is given by adding this current and the current of
Eq. (A8.29) as

IDD = Iaut + (I’l - 1) Iout = nI()ut' (A830)
This is also equal to Eq. (A8.20) for the Dickson method.
(2) Case 2: parasitic capacitance included.

It is difficult to derive a general formula for the switched-capacitor circuit because
the output voltage changes due to the charge sharing with parasitic capacitance
in addition to the load current. Even if it can be derived, the equation is complex
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and not comprehensive. Therefore, we show only the deriving method and an
equation under a specific condition here. Here, we assume that the decrease of
the charge of each boost capacitor Cy; is equal to the output charge. V, —V, in
the following equations are the voltages of node N, — N, just after boosting.

VopCp—(V,—V,_)Cy=1,,T for node N,. (A8.31)
VopCs— (Voo = V,_5) Cy =1, T+V,_,C, for node N,_,. (A8.32)
VopCp—(V3=V2) Cp=1,,T+(V,_; +V,_,+---+V;) C, for node N;.
(A8.33)
VopCp—(V, =V Cp=1,, T+ (V,_ +V, ,+---+V;4+V,) C, for no(de N2.)
A8.34

Adding both sides of the equations from node N, to N, results in the following
equation:

(n=1)VppCp—(V,=V))Cp=(n—1)1,, T+{(n=2)V,_,+(n=3)V, ,+---
+2V,+ V,} C, (A8.35)

Taking the difference of the equations of node N; and N,_,(i=3,...,n), n—2
simultaneous equations that contain n unknown variable from V, to V, are
obtained. Here, because V, and V, are constant (V, =V, V, = Vpp), and

I out?

V. (i=2—(n—1)) are linear functions of V,,, and V,,,,, Eq.(A8.35) is simplified

out

as follows and V,, is given as
(I’l - 1) VDDCB - (Vout - VDD) CB = (l’l - 1) qutT+ (aVDD + quut) Cp (A836)
- -NT
sy, =K (n—1) (A8.37)

out — 1+«b DD_CB(l-‘er) out*

Here, k = Cp/Cyg, and a and b are constants determined by the number of
boosting stages, as explained later for n = 5.

Then, we derive the relation between the input current /,,, and the output
current /,,,. Here, the input current is the sum of the current flowing to the

load and parasitic capacitance during boosting and the current flowing to each
boosting capacitor during charging. Hence,

n—1
Ipp Zpr Z Vi+ 1L, + {(VDD = Vo + Vn—l) Cpf+ (VDD -V.a+ Vn—2) Cpf
i=1
+o A+ (Vop = Va+ V) Cpf}

n—1

:prZVi‘f‘Iom‘i‘(”VDD_ Vour) Cofs Vi=Vpp, f=1/T
i=1
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Here, because V, — V, are linear functions of V,,, and V,,, as mentioned previ-
ously, I, is given as

Inp = fCp (¢Vpp+dVy,) + 1+ (nVpp—V,,) Cpf
= {(CVDD + dVout) K+ nVDD - Vout} CBf+ Iout’ K= CP/CB'

Here, c and d are constants determined by the number of boosting stages. Solving
Eq. (A8.37) for Cjy results in the following equation:

(n—1) {(CK+n)+(dK— 1)%}
D g . (A8.38)
1, (n—ka) = (14«b) y

Here, constants a, b, ¢, and d are obtained for n =5 as follows. Equations of
the charge that flows to each node are expressed as:

VppCs— (Vs=V,)Cp=1,,,T, (A8.39)
VonCs— (Vo= V3) Cy = L, T+ V,C,, (A8.40)
VoCs— (Vs = V3) Cy = L, T+ (V, +V3) C,, (A8.41)
VopCs— (Vo= V}) Cg = L, T+ (V,+ V3 +V,) C,. (A8.42)

Adding from Egs. (8.39) to (8.42) results in the following equation:

(4Vpp — Vs + V) Cy = 41, T+ (3V,+2V; + V,) C,. (A8.43)
41,,T C
Vo =5V — —2 3V, 42V, + V) 2. (A8.44)
Cy : Cy

Subtracting Eq. (A8.40) from Eq. (A8.39), Eq. (A8.41) from Eq. (A8.40), and
Eq. (AS8. 42) from Eq. (A8.41) result in

(o

v+ <2+ C—f’) Yy~ v, =0, (A8.45)
B
Cp

—Vot (24 ) V= va=0, (A8.46)
B
C[’

“Vit(2+ ) V- Vi=0. (A8.47)
B

By using Eqgs. (A8.44)-(A8.47) the voltage relationship is obtained for Vs =

Vour» Vi ="Vpp, and C,/C, =k as
(10+6K + %) Vipp + (14 + 14K + 36%) V.,
3V, 42V, +V, = _av W
SRR (2+k) (2+4k+K?) aVpp+0Vou
(A8.48)
1046 2 14 + 14k + 3k>
e ok (A8.49)

R SRS Sy s S Y NUS S I
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On the other hand, the relationship between the input and output currents is
given as

4
IDD = pr Z Vl + Iout + (SVDD - Vouz‘) CBf (ASSO)
i=1

Substituting V,, V;, and V,, which are derived from Eqgs. (A8.45)—(A8.47), into
the term of ) in the above equation gives

(5+5k+K*) Vpp+(B3+K)V,,

4
Z‘/i:VDD+V2+V3+V4:

i=1 2+4k+ K2 = Voo +dVou,
(A8.51)

545k +kK2 3+«
_ LSS e . S A8.52
T iakt ke 2+ 4k +K? ( )

(3) Case 3: using charge recycling.

Using charge recycling, the voltage swing at the parasitic capacitance is
halved. Therefore, it is equivalent to the replacement of C, with C,/2 in
Eqgs. (A8.32), (A8.33), and (A8.34). This is also equivalent to the replacement of
k with k/2. If this replacement is applied to Eqs. (A8.38), (A8.49), and (A5.52),
the I/O current ratio for n = 5 can be obtained.
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9
High-Voltage Tolerant Circuits

9.1. Introduction

On-chip voltage converters are becoming increasingly important for ultra-low
voltage nano-scale memories, as discussed in Chapter 1. They include
the reference voltage generator, the voltage down-converters, the voltage
up-converter and negative voltage generator with charge pump circuits, and
level shifters to adjust resultant voltage differences between internal blocks,
and between the internal core and I/O circuits. In the past, DRAMs and flash
memories have required such voltage converters to ensure stable operations and
retention characteristics of memory cells, and they will continue to need such
converters. Even future SRAM cells may need such converters for ensuring low
subthreshold current and stable operation, as discussed in Chapters 1-3. For
example, the raised voltage necessary for such memory cells must be kept high,
independent of device scaling, to ensure data-retention characteristics, although
the operating voltage for peripheral logic circuits can be scaled down with
device scaling. Consequently, the voltage difference between memory cells and
peripheral circuits will grow with device scaling. In addition, interface circuits of
chips must operate at quite a high external voltage, although some internal circuits
using scaled devices can operate at another low external voltage. Moreover, in
the near future, even some logic gates will have to operate at high voltages
using raised (boosted) supply voltages and/or negative supply voltages, to
manage subthreshold currents, as discussed in Chapters 2—5. These circumstances
unavoidably call for stress voltage-immune circuits for the memory cell and
its related circuits, interface-related circuits, and subthreshold-current sensitive
circuits. This chapter describes high-voltage tolerant circuit techniques for such
circuits.

9.2. Needs for High-Voltage Tolerant Circuits

Device scaling causes the reliability problem, such as device-parameter
degradation due to hot carrier, breakdown of gate oxide due to high electric field,
and punchthrough. Thus, releasing the stress-voltage is indispensable for MOSTs
in circuits operating at high stress voltages. Figure 9.1 shows the mechanism of
hot-carrier generation, as shown in Chapter 1. There exists a large electric field
around the drain of a short-channel device. Carriers (electrons for nMOSTs and
holes for pMOSTSs) accelerated by the field collide with the lattice, generating

327
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FIGURE 9.1. Hot-carrier injection mechanism [1].

electron-hole pairs (DAHC: Drain Avalanche Hot Carrier). In the case of an
nMOST, the generated electrons with high energy reach the gate through gate
oxide (gate current), while the holes flow to the substrate (substrate current).
The CHE (Channel Hot Electron), where the accelerated electrons are directly
injected into gate oxide, is smaller than DAHC. The substrate current raises the
substrate potential and may cause latch-up. On the other hand, the electrons are
trapped in the gate oxide if there are trap levels. The trapped electrons enhance
the threshold voltage and decrease drain current. Thus, the device performance is
degraded by hot carriers. In the case of a pMOST, the generated holes flow to the
gate and the electrons flow to the substrate. However, the injection of holes into
gate oxide is less than that of an nMOST because a hole has a larger effective
mass. The electrons that flow to the substrate lower the substrate potential and
may cause latch-up. However, since the latch-up can be avoided by careful layout
design, the degradation of nMOSTSs due to the electron injection into gate oxide
is the most serious problem.

In addition, the gate-oxide thickness becomes smaller according to device
scaling, causing breakdown and/or long-range reliability problem (TDDB: Time
Dependent Dielectric Breakdown) with too large of an electric field across the
gate oxide. Moreover, when the electric field between the drain and source of
a short-channel device becomes large to the extent that current flow cannot be
controlled by the gate voltage, punchthrough occurs, and the MOST is no more
a switching device.

9.3. Concepts of High-Voltage Tolerant Circuits

The following circuit techniques are proposed for the above problems.
Figure 9.2(a) shows a circuit to alleviate the hot-carrier effect. This circuit has a
protection device only for an nMOST because of the above reasons. Here, My,
is the protection device. The series connection of two nMOSTs halves the drain-
source voltage of each nMOST and reduces hot-carrier injection. Fig. 9.2(b)
shows the relationship between supply voltage V,,, and substrate current I,
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which is a good monitor of the amount of hot carriers [1]. Although I, exponen-
tially increases with V), as expressed in Eq. (1.16) in Chapter 1, the insertion of
the protection device reduces I, by three orders of magnitude. The gate voltage
of My, is V,, /24 V,, (V,, is the threshold voltage of My,) to minimize /. This
technique is applied to the circuit shown in Fig. 8.11 in the previous chapter. The
MOSTs surrounded by dashed lines are the protection devices, which protect
nMOSTs from higher voltages than V.

Circuit techniques for protecting the gate oxide from high voltages are
classified into two types. One is for the case of a high voltage being applied
to the drain terminal and the other is for the case of being applied to the gate
terminal. Figure 9.2(c) shows the former, while (e) shows the latter. The circuit
in Fig. 9.2(c) reduces both gate-source voltage and drain source voltage. This
circuit has two protection devices Mp, and My,, which respectively protect My,
and My, from high voltage. This is because the gate-source breakdown voltage
is almost equal for pMOSTs and nMOSTs, unlike the unequal behavior for hot
carrier injection. The gate voltages of the protection devices are between V,,
and ground (V,, for M, and Vy for My,). The minimum potential of node a is
Vp-+|V,,|, and the maximum potential of node b is V), —V,,, limiting the drain-
source voltages of My, and My;,. The characteristics of V), and V), are also shown
in the figure. V), and V,, are regulated based on ground and V,, respectively, so
that sufficiently high voltages are applied to the protection devices at low V,, in
order to reduce the on resistances. At higher V,,,, Vp =V, = V,,,/2. The voltage
level of input signals IN, is between (Vy —V,,) and Vg, while that of IN, is
between V,,, and (V,+|V,,|) to limit the gate-source voltages. The input signals
are generated by the circuit described later. Fig. 9.2(d) shows the maximum
voltages applied to each MOST. For example, when Vj,, =3.5V, |V, [=V,, =
0.5V, V, =V, =175V, the maximum voltage is 1.75V, much lower than
Vpp- The injection of hot-carriers is reduced because of the lower drain-source
voltages. This circuit also features the full-swing (Vp, — V) output signal.
Figure 9.2(e) shows the technique for the case that a high voltage is applied to
the gate. A protection device My, is inserted between the input and the gates of
M;, and My,. Even if a high voltage is applied to the input, the voltage of node
a is limited to V, —V,, (V,, is the threshold voltage of My,). On the other hand,
a low-level input voltage passes through My, as it is. Figure 9.2(f) shows the
maximum voltages applied to each MOST.

9.4. Applications to Internal Circuits

9.4.1. Level Shifter

Figure 9.3 shows a level shifter circuit using the high-voltage tolerant technique
in Fig. 9.2(c). The circuit diagram and the operating waveforms are shown
in Fig. 9.3(a) and (b), respectively. This circuit converts the input signal with
a voltage swing of Vp,, into the output signal with a larger swing of V.
This circuit consists of two sets of the inverters shown in Fig. 9.2(c). The
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FIGURE 9.3. High-voltage tolerant level shifter(1) [3]; shematic diagram (a), and operating
waveforms (b).

pMOSTSs My, and My; are cross-coupled, while nMOSTs My, and My; receive
complementary input signals. The voltages between terminals of MOSTs are
the same as in Fig. 9.2(d). The voltage of nodes a and b is between V,, —V,,
and ground, while that of nodes ¢ and d is between Vjp,, and V,+|V,|.
Therefore, they can be used as input signals IN, and IN, for the circuit
in Fig. 9.2(c).

Figure 9.4 shows another example of a high-voltage tolerant level shifter
circuit. The circuit diagram and the operating waveforms are shown in Fig. 9.4(a)
and (b), respectively. This circuit is fundamentally the same as the circuit in
Fig. 9.3. The differences include that thick gate-oxide MOSTs are used except
for the input nMOSTs (My;, My;) and that the gates of Myp,, M;,, My, and
My, are supplied with the input signal instead of dc voltage. The thick gate-
oxide MOSTs My, and My, are the protection devices for thin gate-oxide
MOSTs My, and My, respectively. When input signal IN does not change,
Vop1 (< Vpp,) is applied to the gates of My, and My,. The source potentials
of My, and My,, which are drain-source voltage of My, and My, are limited
to Vpp — V,,» even if one of the output terminals OUT and OUT is at V,,,
level. When IN becomes at Vj,,, level, My, is turned on and My; is turned
off. The voltage of node n, is boosted above V,,;,,; by capacitor C,. Since the
on resistance of My, becomes lower than constant-V,,, case, the charge of
OUT is quickly discharged. On the other hand, the gate voltage of Mj, changes
from V), level to Vg level. Since the on resistance of Mp, becomes lower
than constant-voltage case, output node OUT is quickly charged. Thus, this
circuit converts a small-swing input signal into a large-swing output signal at a
high speed.
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FIGURE 9.4. High-voltage tolerant level shifter(2); shematic diagram (a), and operating
waveforms (b). Reproduced from [4] with permission; © 2006 IEEE.

9.4.2. Voltage Doubler

Fig. 9.5 shows a voltage doubler using the high-voltage tolerant circuit technique.
The voltages of nodes A, B and C are 2V,,, 2V,, and 3V,,, respectively,
when @, is at Vj,,. Therefore 2V}, is applied between node B and ground,
and between node C and V). To tolerate the high voltage, this circuit utilizes
the following techniques. First, two serially-connected MOSTs M, and M, are
inserted between node B and ground. The gate of M, is connected to V,,;,, while

VppAL M,

E 2Vpp] m, §

3Vpp

Vpp (2Vppmax)

FIGURE 9.5. High-voltage tolerant voltage doubler [5].
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that of M; receives a switching signal. Since the drain-source voltages of M,
and M, are limited to V,,,, —V, and 2V,,,, — (V,, — V,) = V;,,, + V,, respectively,
MOSTs with ordinary breakdown voltage can be used as M, and M;. Second,
serially connected MOSTs Mg and M, are inserted between node C and V.. The
gate of M, is connected to 2V, which is supplied from node A through M,;. If
the falling timing of node C is earlier than that of node A, the gate voltage 2V,
does not flow back to node A. The source potential of My is 2V, — V,. Since
the drain-source voltages of Mg and My are 2V, —V,) —V,, =V, —V, and
3Vpp— QVyp—V,) =V, + V,, respectively, MOSTs with ordinary breakdown
voltage can be used as Mg and M,. The gate voltages of both Mg and M, are
2V,,p during precharging period ($; = Vg and @, = V,,,). Thus the capacitor
Cp, is precharged without having a V, drop.

9.5. Applications to I/O Circuits

Input and output buffers of the chip are different from internal circuits in that a
higher voltage than V,,,, or a negative voltage may be applied to I/O terminals
due to signal overshoots and undershoots. Therefore, more strict protection of
devices against high voltage is required.

9.5.1. Output Buffers

Figure 9.6 shows a high-voltage tolerant output buffer [3] using the technique
shown in Fig. 9.2(c). The MOSTs My, and My, are the protection devices for
Mp, and My, respectively. The input signal for My, is generated by the level
shifter shown in Fig. 9.3. The delay circuit inserted at the gate of My, adjusts
the driving timings of My, and My, to avoid an unfavorable DC-current flow,
which occurs if both My, and My, turn on at the same time.
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FIGURE 9.6. High-voltage tolerant output buffer. Reproduced from [3] with permission;
© 2006 IEEE.
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The gate voltages of Mp, and My,, V, and V,, are determined by the following
criteria. Let us denote the maximum voltage that can be allowed (including
design margin) to apply to the gate oxide as V. First, from the gate-drain
voltage of My, the following inequality stands:

[Vour — V| < Viafe: ©.1)
Second, from the gate-drain voltage of My,
VN - th < Vsafe (92)

stands because the minimum voltage of My,’s gate is zero and the maximum
voltage of node b equals V, —V,,, where V,, is the threshold voltage of an

> tn

nMOST. Finally, since My, must be turned on,
Vy >V, (9.3)

stands. From inequalities (1.1), (1.2) and (1.3), the allowable range of V, is
illustrated by the hexagon in Fig. 9.7(a). Here, V. and V,;, are the maximum

and minimum voltages, respectively, which may be applied to the output terminal.
Similarly the allowable range of V, is expressed by the following inequalities:

Vour — Vel < Vvafe’ 94)

Ve + 1Vl > Vop = Viuges (9.5)

Vop = Ve > 1[V,|, (9.6)

and is illustrated by the hexagon in Fig. 9.7(b). If V ;. + V0, > Vi = Viuges
that is,

Viage > ‘"T_V"’ 9.7)

both V,, and V), may be DC voltages between V,, +V,,;, and V,,,, — V. It is

favorable for reducing on resistances that V, is as low as possible and that V)
is as high as possible in the range. However, if inequality (1.7) does not stand,
Vp and V), must be dynamically changed according to V,,; as described below.

Figure 9.8 shows a high-voltage tolerant output buffer using the dynamic
changing of gate bias [6]. The circuit shown in Fig. 9.9 generates the gate voltages
Vp andV,,. The output voltage V,,, couples to V, and V,, through the feedback
circuit consisting of Mpy, Myg, Mp;o and My;,. When V- is at high level, a
current flows through My, and Mpg. The voltage V, = V), is determined by the
source follower of Mpg as V, = Vy =V, =V, +[V, |. On the other hand, when
Vour 1s at low level, a current flows through M, and M. The voltage V, = V),
is determined by the source follower of Myg as V, = Vy =V, +|V, |~ V,,. Thus,
the voltage V, = V) is limited between V, =V, + |V, | and V, +|V,,| = V,,. The
gate voltage of My, in the level shifter is also dynamically changed according to
Vour- The pMOST My, the gate of which is biased to a fixed voltage of 1.1 V,
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FIGURE 9.9. Circuit for generating dynamic voltages V,, and V,. Reproduced from [6]
with permission; © 2006 IEEE.

prevents the gate of My, from being discharged below 1.1V +V, |. It is reported
that this output buffer is tolerant to an overshoot of 4.1 V and undershoot of
—0.8'V despite of the usage of MOSTs with V,,,, =2.0V.

9.5.2. Input Buffers

Figure 9.10 shows a high-voltage tolerant input buffer [7] using the technique
shown in Fig. 9.2(e). When the input terminal is at high level (3.3 V), an nMOST
M, gives a high level voltage of V, —V,, on node a. Here V, is a DC voltage
of 2.5 V. Once the high input is received, the feedback pMOST M, holds node
a at Vyyr level (2.5V). Thus, the MOSTs are protected from a high-level input
voltage of 3.3 V. A capacitor C helps to speed up rising edges.

Figure 9.11 shows another high-voltage tolerant input buffer [8], which
features dynamic changing of M,’s gate voltage V,. When the input terminal
IN is at low level, the node a follows to the input and node b transitions to
Vinr(2.5V). This turns M; and M; on and a DC current flows from V,, to
ground through My — Mj. The conductance ratio among My — M is designed
so that V), ~2.2V. Thus, the gate oxide of M, is protected from undershoots.
When IN goes high, nodes a and b go high and low, respectively. This cuts
the DC conduction path, and V), is raised to Vj,. Therefore M, passes a high
enough level of V,, —V,, to fully turn off the pMOST M,, while protecting M,
and M, from overshoots.

Ve V=25V

33V
0 ' ~ N Ml ¢
|_
C

FIGURE 9.10. High-voltage tolerant input buffer [7].
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circuits
basic concepts, 154-157
gate-source offset driving, 156-157
gate-source self-reverse biasing, 155-156
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offset source driving, 157
substrate (well) driving, 157
reduction circuits versus, 157-158

level shifter, 23, 74, 330-332

high-voltage tolerant circuits, 330-332

logic circuits

RAMs, 151-179, see also RAMs

LSI design

CMOS analog circuit, 24-32, see also
separate entry
CMOS digital circuits, 19-24 see also
separate entry
DRAMs basics, 37-42
DRAM array, 38
read operation, 38—40
redundancy techniques, 57-59
refresh operation, 41-42
write operation, 40
flash memories, 45-56
cross-section, 46
flash memory cells, basic operation of,
45-50
NAND cell, 53-56
NOR cell, 50-53
read operation, 47
future memories, power management for,
68-73
internal supply voltages, dynamic control
of, 72-73
internal supply voltages, static control of,
70-71
introduction, 1-74
leakage currents, 14-19, see also separate
entry
LSI devices, basics of, 1-14
MOST characteristics, 1-9
resistors, 13—-14
memory LSI, see under separate entry
on-chip voltage converters, 73-74
power supply schemes, 63—-66
dual power supply, 64
single power supply, 64
power supply voltages, trends in, 66—68
scaling laws, 60-63
combined scaling, 63
constant electric-field scaling, 60-62
constant operation-voltage scaling, 62-63
scaling approaches, 62
soft error, 56-57
SRAMs basics, 42-45
read operation, 42-44
SRAM array, 43
write operation, 44—45

memory cells, 35-37

DRAM cell, 36

memory-cell array, 96
NAND flash memory cell, 36
SRAM cell, 36

memory chip architecture, 34-35
memory LSI

basics of, 32-37
destructive read-out (DRO) memories, 37
memory cells, 35-37, see also separate entry
memory chip architectures, 34-35
non-destructive read-out (NDRO)
memories, 37

VLSI memories

memory capacity, trends in, 33

memory-cell size, trends in, 33

metal-insulator-metal (MIM) stacked

capacitor, 81

Metal-Oxide-Semiconductor Transistor

(MOST)
bulk MOSTs, 9-11
double-well structures, 9
nMOST structures, 11
parasitic bipolar transistors, 10
triple-well structures, 9
characteristics, 1-9
depletion nMOST (DnMOST), see
separate entry
enhancement nMOST (E-nMOST), see
separate entry
enhancement pMOST (E-pMOST), see
separate entry
gate-source reverse biasing schemes, see
separate entry
leakage current, 152
leakage reduction, basic concepts for,
152-154
leakage reduction circuits, see separate entry
leakage reduction efficiency, 154
n-channel MOST (nMOST), see separate
entry
paired MOSTs layout, 224
common-centroid layout of, 225
small-size effects, 7
narrow-channel effect, 7
short-channel effect, 7
SOI MOSTs, see individual entry
standby subthreshold current, 69

Miller compensation, 260-261

circuit diagram, 260
gain and phase characteristics, 260
small-signal equivalent circuit, 260, 265

multi-stage amplifier, 243

gain and phase characteristics, 245



NAND gate, 21
dynamic NAND, 21
NAND architecture, 54
read operation, 55
static NAND, 21
nanometer era, variability issue in, 183-195
leakage variations, 184-185
1-Mb array current vs. Vt of cross-coupled
MOSTs, 185
reductions, solutions for, 189-193
controls of internal supply voltages,
190-192
fully-depleted SOIL, 193-195
raised power supply voltage, 192—-193
redundancy and ECC, 189-190
symmetric layouts for flip-flop
circuits, 190
speed variations of logic circuits, 185-186
speed variations of an inverter, 186
variations in V, mismatch of flip-flop
circuits, 186189
CMOS, standard deviation of Vt-mismatch
for, 187
maximum Vt-mismatch ratio, 188
Vt variation, 183184
standard deviations, 184
n-channel MOST (nMOST)
cross-section, 1-9
negative voltage generators
Dickson-type voltage multiplier, 306-307
for low-voltage operation, 307
equivalent circuit, 294
level monitor, 318
using resistor divider, 318
operating waveform, 294
simplified circuit, 294
switched-capacitor (SC)-type voltage
multipliers, 307-309
using inductor, 313-316
circuit diagram, 316
timing diagram, 316
with capacitor, 293-295
applications to memories, 297-301
negative word-line (NWL), 91
voltage scheme, 52-53
noise reduction
common mode, 102-104
differential mode, 101-102
folded-data-line 1-T cell, 101-104
open-data-line 1-T cell, 107-110
noise sources, 93-98
common-mode noise, see separate entry
differential-mode noise, see separate entry
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non-destructive read-out (NDRO) memories,
37, 139-140
non-saturated region, 4
NOR gate, 21
dynamic NOR, 21
erase operation, 51
read operation, 51
static NOR, 21
write operation, 51

offset gate driving
application to power switch, 156
application to RAM cells, 156
principle, 156
offset voltage
of differential amplifier, 214
output-voltage error, relationship with, 216
on-chip substrate bias, 130
on-chip voltage converters, 73-74
open-data-line 1-T cell, design of, 104-110
data-line shielding circuits, 110
noise reduction, concepts for, 107-110
noise-generation mechanism, 105-107
optical proximity correction (OPC), 130
output buffers, high-voltage tolerant, 333-336
output-voltage error
offset voltage, relationship with, 216

parasitic bipolar transistors
parasitic npn transistor
bandgap reference circuit using, 211, 213
cross sections of, 210
parasitic pnp transistor
bandgap reference circuit using, 213
cross sections of, 210
partially-depleted silicon-on-insulator
(PD-SOI), 83
peripheral circuits of RAMs, 168-170
features, 168-170
input-predictable circuits, 168—169
internal power-supply voltages, 170
multiple iterative circuit block, 168
robust Circuit, 170
slow RAM cycle, 169-170
pMOST
cross-coupled Vg generator, 300
transfer switch, 293
pole-zero compensation
circuit diagram, 256
gain and phase characteristics, 256
phase margin vs. load parameters, 259
small-signal equivalent circuit, 256
power supply rejection ratio (PSRR), 262-265
small-signal equivalent circuit, 263
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power supply voltage
microcontrollers, 67
RAMs, 67
power-supply controlled cells, 131-135
dynamic control of cell-power line, 135
offset source driving cell, 133-135
raised power supply cell, 131-133
programming disturbs, 52

RAMs
leakage reduction circuits, see
separate entry
leakage sources, 167-168
array driver blocks, 168
control logic block and others, 168
row and column decoder blocks, 168
sense amplifier block, 168
logic circuits, leakage reduction for,
151-179
minimum Vj, of, 143-146
cell and sense amplifier, 143—145
peripheral logic circuits, 145-146
peripheral circuits features, 168—170, see
also peripheral circuits of RAMs
power supply voltages, trends in, 67
principle of on-chip ECC for, 59
RAM chip, architecture of, 167
sleep mode, 169
read data line, 80
read operation
DRAM, 38-40
NAND gate, 55
NOR cell, 51
SRAM, 42-44
read word line, 80
reference voltage converter/trimming
circuit, 218-224
basic design, 218-219
burn-in test, design for, 219-224
burn-in test condition, 219-220
burn-in voltage generation, 220-224
circuit and its characteristics, 222-223
on-chip voltage down converter,
using, 219
uniform acceleration throughout chip, 220
voltage variation before and after
trimming, 224
reference voltage generators, see under voltage
generators, reference
refresh time, 82
dynamic, 88
resistors, layout of, 226
ring oscillator, 24-25

saturated region, 4-5
scaling laws, 60-63
combined scaling, 63
constant electric-field scaling, 60—-62
constant operation-voltage scaling, 62—-63
scaling approaches, 62
self-aligned contact (SAC), 80, 83
self-reverse biasing circuits
operating waveforms, 155
principle, 155
source driving, 157
operating waveforms, 157
series regulator, 233-269
AC characteristics and phase compensation,
243-261
compensation, 253-262
phase compensation methods versus, 253
phase margin, 248-253
simulation method, 251
stable conditions, 243-248
applications, 267-269
circuit diagram, 233
DC characteristics, 234-239
error amplifier, 232-234
low-power design, 265-267
power supply rejection ratio (PSRR), 262-265
transient characteristics, 239-243
signal-to-noise-ratio (S/N), 79, 119
single-stage amplifier
gain and phase characteristics, 244
small cell capacitance, 81
small-signal equivalent circuit
differential amplifier, 250
dominant pole compensation, 254
inverter circuit, 29
Miller compensation, 260
PSRR analysis, 263
small-size effects, 7
in a MOST
narrow-channel effect, 7
short-channel effect, 7
soft error, 56-57
alpha-particle induced, 56
soft-error rate (SER), 147
SOI (Silicon-On-Insulator) MOST
data-retention characteristics, 12
FD-SOI
nMOST structures, 11
PD-SOI
nMOST structures, 11
source-follower mode, 5-6
SRAM cells
6-T SRAM Cell, leakage currents in,
122-124



basics, 42-45
read operation, 42-44
SRAM array, 43
write operation, 44—45
development trends, 120-122
minimum V,, of, 144
power controls of, 132
read failure of, 124
signal charge, 126-129
thin-film-transistor (TFT), using, 121
ultra-low voltage nano-scale, 119-147
voltage margin of the 6-T SRAM cell,
124-129
SRAM peripheral circuits
leakage reduction, 176-179
multi-bank architecture, 178-179
startup circuit, design of, 212
static noise margin (SNM), 130-131
Static Random Access Memories, see SRAMs
substrate-source voltage (Vg) reverse biasing
circuits, 157
offset source driving, 157
substrate (well) driving, 157
application to power switch, 157
operating waveforms, 157
subthreshold current
reduction circuits, 70
standby subthreshold current, 69
switched capacitor type converter
charge pump circuits, 310
Dickson type converter versus, 286, 309-313
charge recycling multiplier, 311-313
influences of parasitic capacitances,
309-311
voltage multiplier
equivalent circuit, 308
simplified circuit, 308
switched-capacitor regulator, 272-276
equivalent circuit, 273, 275
operating waveforms, 274
switched-capacitor voltage halving
circuit, 273
switching regulator, 269-272
divided-switch technique, 272
operating waveforms, 270
switching-noise reducing scheme, 271

thin-film-transistor (TFT), 121

Ultra-low voltage nano-scale cells
DRAM cells, 79-115, see also separate entry
SRAM cells, 119-147, see also
separate entry
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variability issue in nanometer era
voltage doubler, 237, 288-293, 332-333
circuit diagram, 288
equivalent circuit, 289
external voltage vs. boosting ratio, 292
feedback type 291
feedback type, 291
high-voltage tolerant circuits, 332-333
operating mode, 289
operating waveform, 288
pMOST transfer switch, 293
transfer switch, 292
voltage down-converters, 231-281
conversion efficiency versus, 232
half-V,,, generator, 277-279
large-signal equivalent circuit, 240
nM OST-output circuit, 234
current driving capability, 236
open-loop small-signal equivalent circuit, 249
parallel connection, 266
phase margin, 248-253
loop gain, relationship with, 279-281
simulation method, 251
pMOST-output circuit, 235
current driving capability, 236-237
series regulator, 233-269, see also
separate entry
switched-capacitor regulator, 272-276, see
also separate entry
switching regulator, 269-272, see also
separate entry
types, 231
voltage down-converters versus, 232
voltage follower
using negative feedback, 245
voltage generators, reference, 198-227
application of AV, Vg generator, 206-209
bandgap Vgpp generator, see under separate
entry
comparison of, 200
reference voltage converter/trimming circuit,
see under separate entry
threshold voltage, based on
nMOST, 200
with improved temperature coefficient,
201-202
threshold-voltage difference, based on
between enhancement and depletion
MOSTs, 203
between pMOSTSs, 204-206
temperature dependency, 208
Vrer generator, layout design of, 224-227
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V,-difference (AV,) Vggp generator,
203-209
basic AV, V. generator, 203-206
V,-referenced Vggp generator, 200-203
voltage margins, types of, 125
voltage up-converters, 73
basic voltage converters with capacitor,
288-301
applications to memories, 296-297
voltage doubler, see separate entry
Dickson-type voltage multiplier, 301-306
for low-voltage operation, 303-305
efficiency analysis, 318-324
Dickson type charge pump circuit,
318-321
switched-capacitor-type charge pump circuit,
321-324
level monitor, 317-318
using resistor divider, 317
switched-capacitor (SC)-type voltage
multipliers, 307-309

fractional voltage up-converters, 308-309
with an inductor, 313-316
voltage-down converter(VDC), 64-65

WL pumping mechanism, 84
word boosting, 90-91
boosted sense-ground (BSG), 91
negative word-line (NWL), 91
word driver
conventional, 17
gate-tunneling-current-suppressed word
driver, 17
word-line voltage, 87-91
write data line, 80
write operation
DRAM, 38-40
NOR cell, 51
SRAM, 44-45
write word line, 80
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