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ABSTRACT

Although still negligible for state-of-the-at CMOS, gate |eakage
will become significant in the future for sub-100nm technologies,
due to the scaling of oxide thickness. We propose severa circuit
techniques to control gate leakage based on the fact that PMOS
transistors with SiO, gate oxide have an order of magnitude
smaller gate leakage than NMOS ftransistors in the same
technology. First, we compare n-type domino with p-type domino
circuits in terms of performance, leakage and switching power,
and explore the different tradeoffs between performance and
power. Second, we compare n-type with p-type gating for
MTCMOS to control the leakage during sleep. The proposed
circuits are smulated for a predictive 70nm CMOS technology
with 10A gate oxide thickness and 1.2V supply voltage.

Categories and Subject Descriptors
B.7.1 [Hardwar€]: Integrated Circuits — types and design styles.

General Terms
Algorithms, Performance, Design, Reliability.

Keywords
Gate leakage, low power, domino circuits, MTCMOS.

1. INTRODUCTION

Device dimensions are scaed down with each technology
generation in order to increase the complexity and performance of
VLS ICs. Extrapolating the present scaling trends, the standby
power will become a major limit for sub-100nm technologies. The
MOS devices will no longer be totally turned-off anymore, which
will result in anon-zero “off-current” even for idle circuits. There
are several sources for this off-current: (i) sub-threshold |leskage
current due to very low threshold voltage (V,), (ii) gate leskage
current due to very thin gate oxide (T), (iii) band-to-band
tunneling leakage current due to heavily-doped halo.
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As aresult of an exponential dependency on oxide thickness, gate
leakage has the potential to become the dominant factor for sub-
100nm generations [1],[2]. Process-level techniques to control the
gate leakage involve using higher-k gate dielectrics than SiO,
(k=3.9), such as SisN, (k=7.8), Zr and Hf oxides and silicates.
Transistors with higher-k gate dielectrics can use a thicker oxide
for a given technology node and thus reduce gate leakage. Inukai
et a. proposed a circuit technique (BGMOS) similar to MTCMOS
to cut off the standby current [1]. In this method, low V; MOS
transistors with ultra-thin T, are used for the circuit, and an
NMOS switch with high V, and thick T, is used to cut off both
sub-threshold and gate leakages during sleep. The switch isdriven
by a boosted gate voltage in the active mode to decrease the area
penalty. The off-current is suppressed with the cost of area and
delay increase. The design aso needs dua supply voltage and
more complicated fabrication process due to the dua Toy.

In this paper, we propose several circuit techniques to control the
off-current, using a single V4 and T,,. The techniques are based
on the fact that, under inversion bias, gate leakage through SiO,
for the PMOS transistors is an order of magnitude lower than for
the NMOS [3]. The reason for this difference is that electron
tunneling from conduction band (ECB) is the dominant
component of gate leakage for the NMOS, whereas it is the hole
tunneling from valence band (HVB) for the PMOS. As the barrier
height for HVB (4.5 eV) is significantly larger than for ECB (3.1
eV), thisresultsin the much lower gate leakage for the PMOS [3].

Our first circuit-level method explores using p-type domino
instead of n-type domino in order to control the gate leakage,
which will be the dominant part of the leakage for regular V,, sub-
100nm circuits. The second circuit-level method explores the use
of PMOS instead of NMOS as high V, gating transistors in
MTCMOS, in order to control the gate leakage of the transistors
that cut off the total leakage of the low V. logic circuit.

The rest of the paper is organized as follows. Section 2 presents
an analysis of the gate current (Ig) for NMOS and PMOS
transistors. Section 3 explores the first circuit-level method for
domino circuits and Section 4 explores the second circuit-level
method for MTCMOS. Finally, Section 5 concludes the paper.

2. NMOS/PMOS GATE CURRENT

The simulations in this paper use BSIM4 [4] device models,
which explicitly account for gate-current effects.  Unfortunately
very few simulators from the major EDA companies support
BSIM4 yet, furthermore most available device model cards are
only available for BSIM3v3, not BSIM4. As circuit simulator we



used AIM-Spice [5], which includes BSIM4 among the supported
models. For the BSIM4 device models we adapted available
Berkeley Predictive Technology (BPTM) [6] BSIM3v3 model
cards (for a 70nm technology) to BSIM4, by modifying and
adding several parameters to account for the gate leakage. Gate
current parameters have been adjusted to target 100 A/cm? (70
nA/um) gate leakage for NMOS and 10 A/cm? (7 nA/um) for
PMOS in 70nm technology at 10A oxide thickness and 1.2V
supply voltage as predicted from device measurements [3],[7].
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Figure 1. Dependence of gate current on Vdd and Tox for
NMOS and PMOStransistors (at Vds= 0V).

Figure 1 shows 1V-curve simulation results for the Ty, and Vg
dependencies of gate current for both NMOS and PMOS
transistors. Gate current increases by an order of magnitude for
each 2A decreasein T,,. Gate current also increases by an order of
magnitude for each 0.3V increase in V44 The difference between
NMOS and PMOS transistor gate currents, which can be observed
in al the figures, is used in the next sections to investigate ways
of decreasing the leakage power through circuit techniques.
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Figure 2. Dependence of gate current (Ig) and gate leakage
(max(ldg,lgs)) on Vgs.
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Figure 2 shows a subtle difference between gate current and gate
leakage. In the case of NMOS, for example, the gate current (lg)
is zero for Vg around Vy/2 because the gate-to-drain current |y
and the gate-to-source current |y cancel each other. The gate
leakage on the other hand, which can be defined as the actual
current that flows from the power supply due to oxide tunneling,
is not zero. This gate leakage is equal to the maximum of 14, and
ls and is nonzero even when the gate current is zero.
Unfortunately, from the point of view of power consumption, the
gate leakage is the one that counts, not the gate current.

3. GATE LEAKAGE CONTROL FOR
DOMINO CIRCUITS

In this section we consider transistors with regular V, and ultra-
thin 10A T,, which have relatively low sub-threshold leakage but
large gate leakage in a 70nm CMOS technology. Since the gate
leakage is the dominant part of the total leskage under these
conditions, controlling the gate current is the most important task
for reducing the total leakage. As the gate leakage for NMOS is
larger than for PMOS, any method that decreases the total width
of the NMOS in the circuit will aso decrease the total leakage.

Domino gates with NMOS networks in the dynamic stage, n-type
domino, are widely used for high-speed applications (Figure 3(a)).
Since only the zero-to-one transition at the output is critical for n-
type domino, the static stage, generaly represented by an inverter,
is typically skewed in the PMOS direction. An aternative to n-
type domino can be obtained by using a PMOS network in the
dynamic stage and a static stage skewed in the NMOS direction as
shown in Figure 3(b). Such a “p-type’ domino has the advantage
of requiring a smaller total NMOS width than the regular n-type
domino. In order to have a fair comparison between n-type and p-
type domino we compare gates that have the same topology for
the corresponding NMOS and PMOS networks. The justification
for doing thisis that a fair comparison should not be affected by
the fact that the network for one type has a transistor stack and the
other one does not. In general an n-type OR gate (no stack) will
aways be faster than a p-type OR gate (stack), and a p-type AND
gate (no stack) will adways be faster than an n-type AND gate
(stack). The interesting comparison then is between an n-type OR
gate and a p-type AND gate (both with no stack), and between an
n-type AND gate and a p-type OR gate (both with stack).

There is aso the issue of transistor sizing. The typical method for
sizing transistors in a high-performance domino circuit is to up-
size dl transistors on the critical path until the reduction in delay
with sizing saturates. The main idea is to counteract the net effect
of wire loads on the overal delay, without unnecessarily
increasing the total transistor area. The final result of such sizing
is that there will be a fixed optimal ratio of wire load to transistor
gate capacitance, this ratio being the one that resultsin the “kneg”
of the delay to total-transistor-size curve. In other words the
optimal transistor size at the input is given once the wire load is
known. For this reason a fair comparison needs to use the same
transistor sizes in the dynamic part of both n-type and p-type
domino. For similar reasons the inverter stage skew, as well asthe
transistor-strength to dynamic-stage network-strength ratios, for
both clock and keeper, need to be also kept the same for both n-
type and p-type domino.

Assuming no parasitic capacitances, the p-type and the n-type
domino gates could have similar performance for a first-order



analysis. Although the PMOS network in Figure 3(b) has less
drive current than the NMOS network in Figure 3(a) due to the
lower mobility of PMOS, it is aso driving less capacitance since
the inverter is skewed in the NMOS direction and is smaller.
Unfortunately p-type domino is affected by parasitic capacitances
more than n-type domino, which will result in dightly slower
performance. However the gate leakage for p-type domino will
also be smaller since the total NMOS transistor area is smaller
than for n-type domino.
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Figure 3. Domino gates. (a) N-type. (b) P-type.

The comparison of n-type and p-type domino gates in terms of
delay, standby |leakage, energy, and energy-delay product is given
in Table 1 for two different dynamic stage circuit topologies; 2-
input parallel (OR gate n-type and AND gate p-type domino) and
2-input series (AND gate n-type and OR gate p-type domino). The
delay results are for a fanout of four, while the power and the
energy results are for a single domino gate. The larger delay of p-
type domino can be explained as follows: although the static stage
gate capacitance is smaller in this case, the parasitic capacitances
a the dynamic node are similar for both cases. Hence, the total
capacitance at the dynamic node for p-type domino is not as small
as could be expected from a first-order anaysis. In other words,
the drive current degradation due to the lower mobility of the
PMOS network is larger than the corresponding capacitance
decrease at the dynamic node. As expected, this delay degradation
is more significant for the series topology. The reason is that the
inverter size for the optima domino gate delay in the seriescase is
smaller than for the parallel one, thus the parasitic capacitance at
the dynamic node is more significant in this case.

Table 1. P-type vs. n-type domino simulation results

Delay Standby Leakage | Switching Energy | Energy-Delay Product
Increase (%) | Reduction (%) Reduction (%) Reduction (%)

2-input

rarand 103 486 450 303
2input 270 610 513 381
series

Even if the delay is increased, the standby leakage, mainly gate
leakage, for the p-type domino circuits is 48.6% to 61% less than
for n-type domino circuits as a result of decreasing the total
NMOS size. Besides, the switching energy of p-type domino is
also 45% to 51.3% less than for n-type domino, because, as
explained above, the total transistor size is also decreased. Thisis
due to the previously mentioned method of sizing the dynamic
networks at the “kneg” of the delay to total size curve, by which
the ratio of wire to gate capacitance at he input is kept the same
for both n-type and p-type domino.

4. GATE LEAKAGE CONTROL FOR
MTCMOS

In the previous section we assumed that only regular V. transistors
are used in the logic. However, usage of low V, transistors in
speed-critical  paths of current microprocessors becomes
unavoidable in order to decrease the delay further. Low V;
transistors lead to an exponentia increase in sub-threshold
leakage current with reduced V. For applications that are
sometimes idle, this large “off” current in sleep mode becomes a
significant portion of the total power, and therefore unacceptable.

Multi-threshold CMOS (MTCMOS) [8],[9], shown in Figure 4,
has been proposed to reduce the standby current. MTCMOS uses
low V, transistors in the main logic for fast operation in active
mode, and high V, gating transistors for reducing the “off” current
in sleep mode. In active mode the high V, gating transistors are
turned on, but the virtual ground for the entire circuit becomes
dlightly higher than zero (NMOS gating), or the virtual power line
becomes dlightly less than V4 (PMOS gating), due to the IR drop
across the gating transistors. This degrading of the power supply
levels leads to an increase in gate delay. The gating transistors
need to be sized properly in order to minimize this effect of IR
drop on circuit speed.

In dleep mode, the gating transistors are turned off and all the
node voltages in the circuit become close to Vg4 or ground,
including the virtual ground (vgnd) or virtual supply (vsup), in the
case of PMOS or NMOS gating, respectively. As a result, the
overal leakage is determined by the gating transistor sub-
threshold and gate current, with gate leakage being dominant
because of high V, but large gate-to-drain voltage in sleep mode.
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Figure4. MTCMOSfor cutting off the leakage in sleep mode.
(8 NMOS gating. (b) PM OS gating.

Although the MTCMOS technique can be applied to any circuit
family, it is less applicable to domino circuits. Similar reduction
of leskage as with MTCMOS can be obtained without any gating
transistors, by appropriately using dua V., transistors in domino
circuits [9]. Because of this we compare NMOS gating with
PMOS gating for a more generic circuit, a nine-stage ring
oscillator using static CMOS inverters with a fanout of four. In
active mode, dternating stage inverters switch in the same
direction and there is no overlap between these aternating stage
currents; because of that the optimal gating transistor size is
independent of the number of stages for such acicuit. In an n-well
process, widely used in current technology, al NMOS transistor
bodies are connected to ground through the substrate, whereas the



PMOS transistor bodies can be connected either directly to V44 Or
to the virtual supply vsup.

Table 2. Normalized leakage, area penalty, and the gating
transistor gate-to-drain voltagein sleep mode, compared to the
original case without gating

Normalized Area
e permiony | 3P | vana | el )
Original (No Gating) 1 0 NA NA NA
NMOS Gating 0.027 46 NA 1063 | 1.063
PMOS Gating 0.016 111 0.009 NA 1101
(pbody=vsup)
PMOS Gating
(pbody=vas) 0010 19 0.139 NA 1.061

Simulation results for three gating scenarios are given in Table 2
and Table 3. Gating transistors are sized in dl cases to tolerate a
maximum of 5% delay increase in active mode. The standby
leakage and area pendlties in Table 2 are normalized with respect
to the case without gating whose standby leakage is assumed to be
1. The leakage is reduced from 1 to 0.027 for NMOS gating with
a 4.6% area overhead, the remaining leakage being due to the
gating transistor gate leakage because of its large (1.063V) gate-
to-drain voltage in deep mode. Since the PMOS has smaller gate
leakage than NMOS, using PMOS gating instead of NMOS
gating, and connecting inverter PMOS transistor bodies to vsup in
order to eliminate the body effect, decreases the leakage further
down to 0.016 with a 11.1% area overhead. Although the leakage
is further reduced from 0.027 to 0.016, the reduction is not as
large as expected because of two reasons: first, the PMOS gating
transistor needs to be larger than the NMOS for the same 5%
delay; second, the gate-to-drain voltage of PMOS gating transistor
(1.191V) is larger than for the NMOS gating transistor (1.063V).
The third scenario connects inverter PMOS transistor bodies to
V yq for the case of PMOS gating. This has a larger area overhead
(19%) due to the body effect, but surprisingly has smaller leakage
(0.01) as a result of a smaller gating-transistor gate-to-drain
voltage (1.061V instead of 1.191V). The contribution of body
effect on gating-transistor gate-to-drain voltage is due to the fact
that, in the case of PMOS gating, the inverter PMOS will need a
larger gate-to-source voltage to overcome the reverse body effect
in order to be able to sink the gating transistor leakage current.
This results in a larger voltage at node vsup, which leads to a
smaller gate-to-drain voltage for the gating transistor.

Table 3. Standby leakage reduction and the area penalty of
PM OS gating compared to NM OS gating

L eakage Area
Reduction (%) | Penalty (%)
PMOS Gating
(pbody=vsup) 4l 62
PMOS Gating
(Pbody=V) €0 133

Table 3 shows a comparison of both PMOS gating scenarios with
the NMOS gating scenario, in terms of standby |eakage reduction
and area overhead. It is shown that using PMOS gating with the
PMOS bodies connected to Vg reduces the standby |leakage by

60% with a 13.3% area overhead, for the same 5% delay penalty,
compared to NMOS gating.

It is also worthwhile to mention that the area overheads of these
three cases decreases as the number of stages increases, since the
gating transistor size isindependent of the number of stagesin the
ring oscillator.

5. CONCLUSION

In this paper we have presented several circuit techniques to
control the gate leskage based on the fact that the PMOS
transistors with SiO, gate oxide have much smaller gate leakage
than NMOS transistors in the same technology. First, we analyzed
NMOS and PMOS gate leakage and also observed an interesting
difference between gate current and gate leakage. Next, we
compared p-type domino circuits with n-type domino circuits, the
results showing that although there is a 10.3% performance
penalty, the standby |eakage and the energy-delay product of a 2-
input parallel domino gate can be reduced by 49% and 39%,
respectively. Similarly, the standby leakage and the energy-delay
product of a 2-input series domino circuit can be reduced by 61%
and 38%, respectively, with a dlightly larger 27% pendty in
performance. Finaly, we compared p-type gating with n-type
gating for MTCMOS to reduce the leakage during sleep mode.
The results show that using p-type gating reduces the leakage by
60% with a 13% area overhead compared to n-type gating.
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