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Abstract — This paper presents techniques based on dual oxide
thickness assignment to reduce the leakage power of SRAM but
maintaining their performance. The proposed a new seven
transistors (7T) dual oxide thickness SRAM cell is proposed in
this paper for simultaneously reducing the active and standby
mode power consumption while enhancing the data stability and
the read speed. With the new 7T SRAM cell, the storage nodes
are isolated from the bit lines during a read operation, thereby
enhancing the data stability as compared to the standard six
transistors (6T) SRAM circuits. The transistors of the cross-
coupled inverters are not on the critical read delay path with the
new technique. Minimum sized dual-oxide thickness transistors
are therefore conveniently used in the cross-coupled inverters for
significantly reducing the leakage power consumption without
causing degradation in the read speed. With the proposed 7T
SRAM circuit, the static noise margin and the read speed are
enhanced by up to 83% and 15%, respectively, as compared to
the conventional 6T SRAM circuits. Furthermore, the leakage
and the write power consumptions of the proposed dual-Tox
SRAM circuit are reduced by up to76% as compared to the
conventional6T SRAM circuits in a 45Snm CMOS technology.

LINTRODUCTION

CMOS scaling technology node requires not only very
low threshold voltages to retain the device Switching speeds,
but also ultra-thin gate oxides to maintain the current drive
and keep threshold voltage variations under control when
dealing with short-channel effects [1]. Low threshold voltage
results in an exponential increase in the sub threshold leakage
current, whereas ultra-thin oxide causes an exponential
increase in the gate leakage current. The leakage power
dissipation is roughly proportional to the area of a circuit.
Since in many processors caches occupy about50% of the chip
area [2], the leakage power of caches is one of the major
sources of power consumption in high performance
Microprocessors.

While one way of reducing the sub threshold leakage is to use
higher threshold voltages in some parts of a design, to reduce
the gate leakage, it is necessary to use multiple oxide
thickness. There are different ways to achieve a higher
threshold voltage [3], among them are adjusting the channel
doping concentration and applying a body bias. To achieve
multiple oxide thicknesses, on the other hand, Arsenic
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implantation into the silicon substrat.before thermal oxidation
can be used. Leakage current is a primary concern for low
power, high performance digital CMOS circuits for portable
applications, and industry trends show that leakage will be the
dominant component of power in future technologies. New
leakage mechanisms, such as tunneling across thin gate
oxides, which lead to gate oxide leakage current (Igate), are
coming into play from the 90nm node onwards. According to
the International Technological Roadmap for Semiconductors
(ITRS) [1], physical oxide thickness (Tox) values of 3-7 A
will be required for high performance CMOS circuits, and
quantum effects that cause tunneling will play a dominant role
in such ultra-thin oxide devices. The probability of electron
tunneling is a strong function. Of the barrier height (i.e., the
voltage drop across gate ox-ide) and the barrier thickness,
which is simply Tox, and a small change in Tox can have a
tremendous impact on Igate. For example, in MOS devices
with SiOy gate oxides, a difference in Tox of only 2 A can

result in an order of magnitude increase in I [2], so that
reducing Tox from 3A to7A increases Ioue current. The other
component of leakage, sub threshold leakage (Isub), forms a
reducing fraction of the total leakage as Tox is reduced, so
that I, will become the dominant leakage mechanism in the
future. The most effective way to control Igate would be
through the use of high-k dielectrics, but such materials are
not expected before the 45nm technology. This chapter will
explore the use of dual Tox values for performance
optimization. Although this optimization can be exploited at a
number of points in the design methodology, our solution
considers Tox assignment as a step that is performed after
placement and transistor sizing, at which point it is used to
achieve a final performance improvement. Unlike earlier
stages of design, there is less design uncertainty at this point
and minor changes in layout parasitic due to Tox assignment
can be dealt with an incremental update. As a result, all of the
delay gains from our procedure can be guaranteed in the final
design, with a low leakage power overhead. Leakage power
can be broadly divided into two categories: standby leakage,
which corresponds to the situation when the circuit is in a
non-operating or sleep mode, and active leakage, which
relates to leakage during normal operation. Numerous
effective techniques for controlling standby leak-age have
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been proposed in the past, including state assignment [3], the

use of multiple threshold CMOS (MTCMOS) sleep ek i s B
transistors, body-biasing [5], and dual Tox combined with :;V:M

state assignment. Active leakage, however, has not been

addressed very widely in the literature so far, primarily 1000
because it has not been a major issue in the present
technologies. However, leakage power dissipation in the Be
active mode has grown to over 40% in some high-end parts
today. Therefore, reducing active leakage is vital for advanced
technologies in current-generation circuits, and for Next-
generation technologies. The range of options that are
available for reducing active leakage is considerably more

limited than for standby leakage, and the use of dual Tox L R e o e
assignments is a powerful method for this purpose.

Fig.2. Current in nMOS Transistor in Normal Vt and Tox
IILEAKAGE CURRENT IN LOW TOX

Ideally an MOS transistor conducts zero current when the o3, 2011
gate-to-source voltage is less than the threshold voltage (sub- o0
threshold regime) as shown in Fig. 1. A closer examination of
the IDS-VGS curve with a logarithmic scale shows that the
drain current is not zero in the sub threshold regime. The sub-
threshold drain current, however, drops exponentially with the
reduction in the gate-to-source voltage as shown in Fig. 3.3.
The sub-threshold drain current is caused primarily by the
diffusion of the minority carriers in the channel region [1].
This sub threshold leakage current depends on the bias
voltages of the transistor, the threshold voltage, the device
dimensions, the doping profile of the channel, the source and Wmov o 200 e 500 200
the drain, and the junction temperature [1]. A derivation of the
drain current in the sub-threshold regime and the parameters
that affect the sub-threshold leakage current are presented in
this section Sub threshold leakage is the drain-source current of a
transistor when the gate-source Voltage is lower than the
threshold voltage. There are two dominant sub threshold
leakage paths in a 7TSRAM cell:
1) To ground paths inside the SRAM cell and
2) The bit-line (or bit-bar line) to ground path through the pass
transistor.

?fm.“‘."m.mf'", S S To reduce the first type of leakage, the threshold voltages of

: the pull-down NMOS transistors and/or pull-up PMOS

transistors can be increased, whereas to lower the second type
of leakage, the threshold voltages of the pull-down nMOS
transistors and/or pass transistors can be increased. If the
threshold voltage of the pull up PMOS transistors is increased,
the write delay increases while the effect on the read delay
would be negligible. On the other hand, if the threshold
voltage of the pull down NMOS transistors is increased, the
read delay increases while the effect on the write delay would
be marginal. By increasing the threshold voltage of the pass
Fig.1 NMOS Transistor With Normal Case transistors, both read and write delay increases.

DC Response ]

Fig 3 Current in nMOS Transistor in Normal Vt and Tox
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2.1 Selecting Tox and Leff:

While an increased value of Tox succeeds in significantly
reducing Igate, several other physical effects must be taken
into consideration. Increasing the value of Tox while keeping
the channel length constant may adversely impact the
functionality of the transistor. Specifically, due to drain
induced barrier lowering (DIBL), an increase in Tox may
result in a situation where the drain terminal takes control of
the channel, so that the “on” or “off” state of the transistor is
no longer completely governed by the gate terminal.

This effect has been recognized during technology scaling,
and scaling trends have shown that Tox reduces nearly in
proportion with Leff. We maintain this proportion for each of
the chosen values of Tox by setting. The term Tox,e in this
equation refers to the electrical Tox, which is related to the

physical value of Tox as follows:
Leff@ ToxLo _ LeffET oxHi
Texelo  TexeHi
The term T,.e in this equation refers to the electrical Tox,
which is related to the physical value of Tox as follows:
Tox,e = Tox + Toxoffset

The Tox offset term is added to account for the gate depletion
and channel quantization effects, and a typical value is 0.3nm.
It will be implicit that as we change Tox, the value of Leff
will also be scaled. Before determining reasonable values for
ToxLo and Ty pi ,we will study the effect of varying Tox on
leakage for an inverter. The gate oxide leakage, Iy, and the
sub threshold leakage, Iy, for both the NMOS and PMOS
transistors in the inverter, are graphically depicted for various
values of Ty , at Toxo = 3 ; The values of Isub are
obtained through cadence simulations on predictive
technology models, and an analytical model is used to
generate Igate. The average leakage of the inverter is
calculated as the sum of the average Igate and I, leakages.

A change in Tox of a transistor leaves the load capacitance
presented to the previous stage of logic un-changed. As a
result, the delay of a fan in logic gate does not change
significantly, and hence our optimization method needs only
to consider the delay change of a given logic gate when it’s
Tox is altered. A change in Tox of a transistor leaves the load
capacitance presented to the previous stage of logic
unchanged. As a result, the delay of a fan in logic gate does
not change significantly, and hence our optimization method
needs only to consider the delay change of a given logic gate
when it’s Tox is altered.

Since the capacitance is unchanged, the CVdd2f (dynamic)
power remains unaffected by changes in Tox. This is
extremely important since our optimization targets the active
mode of operation
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2.2 Leakage Models:

We will now describe the models used to calculate Isub and
Igate for each transistor, and the approach for computing the
average Isub and Igate values for a given logic gate. The total
leakage current for a logic gate is then computed as the sum of
its corresponding average Isub and Igate..

2.3. Tunneling Leakage Current:

Gate oxide leakage can be primarily attributed to electron
[hole] tunneling in NMOS [PMOS] devices. Physically, this
tunneling occurs in the gate-to-channel region, and in the gate-
to-drain/source overlap regions. Of tunneling, referred to as
edge direct tunneling (EDT) is ignored in our case for two
reasons: firstly, because the gate-to-drain/source overlap
region is significantly smaller than the channel region, and
secondly, because the oxide thickness in this overlap region
can be increased after gate patterning to further suppress. Our
work focuses on gate-to-channel tunneling, and we use the
following analytic tunneling current density (Jyn.) model
based on the electron [hole] tunneling probability through a
barrier height (EB).

:mrmel__ = S - . ) .
kT)2(1+ _—El ¥ exp l,k—E'%L_—:”-'— |exp | —C+Eg)

@

Where Eg(,Si/Si02 is the Fermi level at the Si/SiO2 interface
and m is 0.19Mo for electron tunneling and 0.55Mo for hole
tunneling, where Mo is the electron rest mass. The terms k,
hand q correspond to physical constants (respectively,
Boltzmann’s constant, Planck’s constant and the charge on an
electron, T is the operating temperature, and Eg is the barrier

height. Electron tunneling from the conduction band, which is
only significant in the accumulation region, results in direct
tunneling gate leakage current in nMOS transistors. In pMOS
transistors, on the other hand, hole tunneling from the valence
band results in the tunneling gate leakage current.

The tunneling gate current is composed of three main
components:

1) gate-to-source and gate-to-drain overlap current;

2) gate-to-channel current, part of which goes to the source.

3) gate-to-substrate current.

In CMOS technology, the gate-to-substrate leakage current is
several orders of magnitude lower than the overlap tunneling
and gate-to-channel current [6]. On the other hand, while the
overlap tunneling current dominates the gate leakage in the
OFF state, gate-to-channel tunneling dictates the gate current
in the ON state of the transistor. Since the gate-to-source and
gate-to-drain overlap regions are much smaller than the
channel region, the tunneling gate current in the OFF state is
much smaller than gate tunneling in the ON state.

32



ISSN : 2321 — 7529 (Online) | ISSN : 2321 — 7510 (Print)

If SiO2 is used for the gate oxide, PMOS transistors will have
about one order of magnitude smaller gate leakage than
NMOS transistors. Therefore, in SRAM cell, the power saving
achieved by increasing the oxide thickness of the PMOS
transistors is marginal.

2.4 Effect of High Tox in leakage reduction:

While an increased value of Tox succeeds in significantly
reducing Igate, several other physical effects must be taken
into consideration. Increasing the value of Tox while keeping
the channel length constant may adversely impact the
functionality of the transistor. Specifically, due to drain
induced barrier lowering (DIBL), an increase in Tox may
result in a situation where the drain terminal takes control of
the channel, so that the “on” or “off” state of the transistor is
no longer completely governed by the gate terminal of the

barrier
I High T
Transisior

Fig 2.4 anMOS Transistor with High-Tox
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Fig 2.4b Leakage Current in nMOS Using High-Tox
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Fig 2.4 ¢ Tunneling Leakage Current in nMOS Using High-Tox

Hight (i.e., the voltage drop across gate oxide) and the barrier
thickness, which is simply T, and a small change in T, can
have a tremendous impact on Igate. For example, in MOS
devices with SiO2 gate oxides, a difference in Tox of only 2A
can result in an order of magnitude increase in Igate [2], so
that reducing Tox from 7 A t03 A increases Lywe by
approximately 1000x. The other component of leakage, sub
threshold leakage (I,), forms a reducing fraction of the total
leakage as Tox is reduced, so that I, will become the
dominant leakage mechanism in the future. The most effective
way to control I, would be through the use of high-k
dielectrics.

The use of dual Tox values for performance
optimization. Although this optimization can be exploited at a
number of points in the design methodology, our solution
considers Tox assignment as a step that is performed after
placement and transistor sizing, at which point it is used to
achieve a final performance improvement. Un-like earlier
stages of design, there is less design uncertainty at this point
and minor changes in layout parasitic due to T, assignment
can be dealt with an incremental update. As a result, all of the
delay gains from our procedure can be guaranteed in the final
design, with a low leakage power overhead.

While an increased value of T, succeeds in
significantly reducing I,,., several other physical effects must
be taken into consideration. Increasing the value of T, while
keeping the channel length constant may adversely impact the
functionality of the transistor. Specifically, due to drain
induced barrier lowering (DIBL), an increase in Tox may
result in a situation where the drain terminal takes control of
the channel, so that the “on” or “off” state of the transistor is
no longer completely governed by the gate terminal. The
transistor with the minimum (most negative) cost provides the
largest delay reduction for the smallest increase in leakage
power, and is selected for assignment to T, The
corresponding L.y is also concurrently changed. If two
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transistors have the same cost, ties are heuristically broken,
first by selecting the transistor with the higher fan out.

111.Dual Tox 7T SRAM cell

The use of dual Tox values for performance optimization.
Although this optimization can be exploited at a number of
points in the design methodology, our solution considers Tox
assignment as a step that is per-formed after placement and
transistor sizing, at which point it is used to achieve a final
performance improvement. Unlike earlier stages of design,
there is less design uncertainty at this point and minor changes
in layout parasitic due to Tox assignment can be dealt with an
incremental up date. As a result, all of the delay gains from
our procedure can be guaranteed in the final design, with a
low leakage power overhead.

Leakage power can be broadly divided into two
categories: standby leakage, which corresponds to the
situation when the circuit is in a non-operating or sleep mode,
and active leakage, which relates to leakage during normal
operation. Numerous effective techniques for controlling
standby leakage have been proposed in the past, including
state assignment [3], the use of multiple threshold CMOS
(MTCMOS) sleep transistors, body-biasing [5], and dual Tox
combined with state assignment. Active leakage, however, has
not been addressed very widely in the literature so far,
primarily because it has not been a major issue in the present
technologies. However, leakage power dissipation in the
active mode has grown to over 45% in some high-end parts
today [6]. Therefore, reducing active leakage is vital for
advanced technologies in current-generation circuits, and for
next generation technologies. The range of options that are
available for reducing active leakage is considerably more
limited than for standby leakage, and the use of dual T,
assignments is a powerful method for this purpose.

3.1 SRAM cell configuration by using dual-Tox

The reversed biased p-n junction leakage has two main
components one is minority carriers’ diffusion near the edge
of the depletion region and the other is due to electron-hole
pair generation in the depletion region Of the reverse biased
junction [12]. The junction tunneling current is an exponential
function of junction doping and reverse bias voltage across the
junction.

To reduce the gate tunneling leakage of an SRAM
cell, only the oxide thickness of the pull down NMOS
transistors and pass-transistors need to be increased. Although
this is seemingly desirable from a low power point of view, it
is not applicable for all cells in the cell array; thin oxide needs
to be used in the cells far from the address decoder and sense
amplifiers. It should be emphasized that increasing the oxide
thickness. Also increases the threshold voltage, resulting in a
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Decrease in the sub threshold leakage. In the following, high-
V, transistors refer to those transistors whose threshold voltage
have been modified by increasing the channel doping, not the
ones whose threshold voltage has been boosted as a result of
increasing the oxide thickness. The simulation results in this
segment are obtained by using 45nm technology using
cadence software, which accurately models sub threshold gate
leakage current. The value of low threshold voltage is .25v
and the thin oxide thicknesses 3.10 A while the thick oxide is
3.20 A. The supply technology is .8v.

Table 3.1 Possible configurations for high oxide thickness
assignment

cell Leakage reduction | % leakage reduction
current in over (000) current in over (000)

0,0,0 | 20.813 _

0,0,1 | 20.66 0.035

0,1,0 | 17.82 0.69

0,1,1 17.7 0.71

1,0,0 | 19.45 0.31

1,0,1 19.3 0.34

1,L1,0 | 16.76 0.94

1,1,1 16.55 0.98

3.2Leakage current reduction for each configuration 3.2.1
Configuration (0, 0, 0)

For (0, 0, 0) Corresponds to a configuration with normal pull-
down transistors (M1, M2), normal pull-up transistors (M3,
M4) and normal pass transistors (M5, M6).

Fig.3.2.1a, Configuration (0, 0, 0) 7T SRAM Cell

Transien t Response
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zo.8132
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Fig 3.2.1b Leakage Current Reduction Waveform
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3.2.2Configuration (0, 0, 1)
For (0, 0, 1) Corresponds to a configuration with normal pull-

down transistors (M1, M2), normal pull-up transistors (M3,
M4) and high-T, pass transistors (M5, M6).

Fig.3.2.2a Configuration (0, 0, 1) 7T SRAM Cell in Dual Tox

Transient Response

— AVOSMINUS
20.66325
20.66
IR e e S S P e |
20.66275
20.6625
20.66225
=
=
20.662
20.66175
20,6615
20.66125
20661
o 25.0 s0.0 7RO 100

time (ns)

Fig 3.2.2b Leakage Current Reduction Waveform

3.2.3 Configuration (0, 1, 0)
For (0, 1, 0) Corresponds to a configuration with normal pull-

down transistors (M1, M2), high-T,x pull-up transistors (M3,
M4) and normal pass transistors (M5, M6).

Fig.3.2.3a Configuration (0, 1, 0) 7T SRAM Cell in Dual-Tox
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Transient Response

— SWOSMINUS
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time ins)

Fig 3.2.3b Leakage Current Reduction Waveform

3.3.4 Configuration (0, 1, 1)
For (0, 1, 1) Corresponds to a configuration with normal pull-
down transistors (M1, M2), high-T,, pull-up transistors (M3,
M4) and high-T, pass transistors (M5, M6).

Fig. 3.3.4a Configuration (0, 1, 1) 7T SRAM cell in Dual-Tox

Transient Response

— OAMINUS

17.7

17.6

17

o 25.0 50.0 F5.0 100
time (ns

Fig. 3.3.4b Leakage Current Reduction Waveform

3.2.5 Configuration (1, 0, 0)

For (1, 0, 0) Corresponds to a configuration with high-T,
pull-down transistors (M1, M2), normal pull-up transistors
(M3, M4) and normal pass transistors (M5, M6).
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Fig. 3.2.5a Configuration (1, 0, 0) 7T SRAM cell in Dual-Tox

Transient Response
— ALIMINUS
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Fig 3.2.5b Leakage current reduction waveform

3.2.6 Configuration (1, 0, 1)

For (1, 0, 1) Corresponds to a configuration with high-T,,
pull-down transistors (M1, M2), normal pull-up transistors
(M3, M4) and high-T, pass transistors (M5, M6).

Fig. 3.2.6a Configuration (1, 0, 1) 7T SRAM cell in dual-Tox

www.ijrt.org

International Journal of Research & Technology, Volume 1, Issue 3

Transient Response
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Fig 3.2.6b Leakage Current Reduction Waveform

3.2.7 Configuration (1, 1, 0)

For (1, 1, 0) Corresponds to a configuration with high-To
pull-down transistors (M1, M2), high-T,, pull-up transistors
(M3, M4) and normal pass transistors (M5, M6).

Fig.3.2.7a Configuration (1, 1, 0) 7T SRAM Cell In Dual-Tox

ransient Response
— SVLFMINUS
16.7

16.7

o z5.0 s0.0 ¥5.0 100
time (ns)

Fig.3.2.7bLeakage Current Reduction Waveform

3.2.8 Configuration (1, 1, 1)

For (1, 1, 1) Corresponds to a configuration with high-T,
pull-down transistors (M1, M2), high-T,, pull-up transistors
(M3, M4) and high-T,, pass transistors (M5, M6).
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Fig.3.2.8a Configuration (1, 1, 0) 7T SRAM Cell In Case of Dual-Tox

Transient Response
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Fig 3.2.8b Leakage Current Reduction Waveform

IV.CONCLUSION

From the above study it is concluded that the proposed
technique is used for reducing the total active leakage,
including gate oxide leakage, by determining appropriate
values of Tox, and iteratively assigning them to the individual
transistor in the circuit. Our approach shows a clear tradeoff
between leakage and delay, and an achievable delay reduction
of 25%.
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