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ABSTRACT

IC technology is continuing to scale according to Moore’s
Law, with the overall chip circuit requirements driving the
MOSFET device and process integration requirements and
optimal choices. In the 2001 International Technology
Roadmap for Semiconductors (ITRS) [1] the driver for the
high performance logic is maximizing MOSFET intrinsic
speed, while the driver for low standby power logic is
minimizing MOSFET leakage current. Total leakage
current of a MOSFET consists of three components: off-
state sub-threshold leakage current, gate direct tunneling
leakage current and source/drain junction leakage current.
In this paper, trends and challenges for each leakage current
component in low standby power and high performance
devices are discussed from the perspective of the 2001
ITRS and recently reported literatures.
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1. INTRODUCTION

In 1960, Kahng and Atalla [2] announced the "silicon
dioxide field surface device" which is often regarded as the
forerunner of the modern MOSFET. Today, silicon
MOSFET-based integrated circuits have become the
dominant technology of the semiconductor industry. There
are literally thousands of MOS-transistor circuits in
production today, ranging from simple logic gates to
complex system-on-a-chip (SoC) designs using logic,
memory and signal processing functions on the same silicon
chip. Since the mid-1960s, the history and progress in
MOS-IC technology has been dominated by the scaling of
the device feature size. Within a period of 35 years, the
minimum feature size in a MOS technology generation,
following Moore’s Law [3], has been reduced by a factor of
200, from about 20 to 0.1 um. For both memory and logic
chips, the result has been exponential increases in speed
and functional density versus time combined with
exponential decreases in power dissipation and cost per
function versus time. In particular, the number of logic
transistors and memory bits per chip have been quadrupling
every three to four years, while the speed of
microprocessors, for example, has been more than doubling
every three years, increasing from about 2 MHz for the
Intel® 8080 in the mid-1970’s to well over 1 GHz for
current leading-edge chips. Design rule scaling has led to
reductions in the design rules from about 8 um in 1972 to
the current 90 nm node leading-edge technology [4-7]. This
works out to a reduction by a factor of about 0.87 per year,
or by a factor of ~ 0.7 in a time interval of between two and
three years. The IC industry is running into increasing
difficulties in continuing to scale at this rate, owing to the
small dimensions in current IC technology and certain key
device, material, and process limits that are approaching.

The International Technology Roadmap for Semi-
conductors (ITRS) projects the progression of the CMOS
technology over the next 15 years deep into the sub-100nm
generations as shown in Table 1. There are two main
application categories for logic chips: high



Table 1 High Performance (HP) and Low Standby Power (LSP) Logic Technology Requirements. Data from 2001

ITRS [1]
Near Term T.ono Term
(Calendar Year 2001 2007 2003 2004 2005 2006 2007 2010 2013 2016
Technology Node 130nm 90nm 65nm | 45nm | 32nm | 22nm
HP Physical Gate Length | nm 65 53 45 37 32 28 25 18 13 9
Nominal HP Power Supply| V 1.2 1.1 1.0 1.0 0.9 0.9 0.7 0.6 0.5 0.4
HP Equi. Oxide Thickness| nm ]1.3-1.6|1.2-1.5|1.1-1.6|0.9-1.4]0.8-1.30.7-1.2 | 0.6-1.1 | 0.5-0.8 | 0.4-0.6 | 0.4-0.5
Nominal HP Ioff pA/um] 0.01 0.03 0.07 0.1 0.3 0.7 1 3 7 10
Nominal HP Idsat HA/um] 900 900 900 900 900 900 900 1200 | 1500 | 1500
HP NMOS Gate Delay ps 1.65 1.35 1.13 099 | 0.83 0.76 | 0.68 039 | 0.22 0.15
LSP Physical Gate Length | nm 90 80 65 53 45 37 32 22 16 11
Nom. LSP Power Supply A% 1.2 1.2 1.2 1.2 1.2 1.2 1.1 1 0.9 0.9
LSP Equi. Oxide Thickness| nm |2.4-2.8|2.2-2.6|2.0-2.4|1.8-2.2|1.6-2.0|1.4-1.8|1.2-1.6] 0.9-1.3| 0.8-1.2 | 0.7-1.1
Nominal LSP Toff pA/um 1 1 1 1 1 1 1 3 7 10
Nominal LSP Idsat pHA/um] 300 300 300 300 400 400 400 500 600 700
LSP NMOS Gate Delay ps 4.61 4.41 3.95 3.57 | 2.51 232 | 226 143 | 091 0.66
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Figure 1. 2001 ITRS projections of Vdd and Vt Scaling

performance (HP) and low standby power (LSP) logic.
Since each of these application areas has different overall
chip requirements, the scaling goals are different. HP logic
is used mainly for high-end microprocessor and network
processors, where the main goal is maximum chip speed.
The scaling and the device design are aimed at maximizing
transistor speed, with a trade-off of relatively high
MOSFET oft-state leakage current. In contrast, LSP logic is
used mainly in mobile systems, where the main goal is
preserving battery life by minimizing the chip power
dissipation, particularly the static power dissipation. Hence,
the device design and scaling are aimed at minimizing the
MOSFET off-state leakage current, with a tradeoff of
reduced MOSFET speed. Figure 1 shows the 2001 ITRS
projections of Vdd and Vt scaling for both HP and LSP
devices.
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Figure 2. 2001 ITRS projected scaling of MOSFET
frequency (f;) and off-state sub-threshold leakage (L,q
sup) for high performance and low standby power
devices




must stay relatively high to maximize fi. Hence, as shown in
the table, the NMOSFET Ion stays constant at 900 pA/pm
until the 65 nm technology node in 2007, and then it
increases somewhat in the later years. (The PMOSFET Ion
is 40 — 50% of the NMOSFET Ion.) Ion is strongly
dependent on the overdrive, (Vdd—Vt), where Vt is the
effective threshold voltage, and as shown in the table, Vdd
is decreasing sharply with device scaling. Hence, Vt must
be reduced along with Vdd to keep Ion at the specified
values. But (1/Ioff-sub) is exponentially dependent on Vt,
where loff-sub is the off-state subthreshold leakage current
of the MOSFET. Hence, loff-sub increases rapidly as Vt
decreases, and becomes particularly large, at greater than
1pA/um, for the long-term years. As a result of the
increasing loff-sub, the static power dissipation per device
increases with device scaling despite the reduction in Vdd
and device dimensions with scaling.

For LSP logic, the ITRS sets targets for maximum transistor
leakage current aimed at giving reasonable battery life for
mobile applications. LSP chips are used for consumer type
mobile applications such as cellular telephones, where the
performance is lower than HP chips. In the 2001 ITRS, the
maximum loff-sub for LSP logic starts at 1 pA/um in 2001
and stays at that level until 2007, after which it rises very
slowly. Note that Lg and Tox scale down sharply with
succeeding years, but the actual values of Lg lag behind
those used in high performance logic by two years (i.e., Lg
is 65 nm for high performance logic in 2001, but it is 65 nm
for LSP logic in 2003). The resultant average improvement
in the LSP device performance, fi, is about 14% per year
for LSP. As shown in Figure 2 and Table 1, Ioff-sub, Ion,
and fi are lower for LSP, and higher for HP logic, with Ioff-
sub for HP logic ranging from four to six orders of
magnitude larger than for LSP. One key issue is the
relatively slow scaling of Vdd for the LSP transistors. This
is because Vt must scale slowly to meet the low targets for
Toff-sub. Vdd must follow Vt in scaling slowly for two
reasons: to obtain reasonable device performance the
overdrive, (Vdd—Vt), must remain relatively large, and for
adequate circuit switching noise margins, Vdd must be
larger than at least 2 x Vt. Since dynamic power dissipation
is proportional to (Vdd)*, the dynamic power dissipation is
higher for LSP and lower for high performance logic.
However, the static power dissipation follows the Isub-off
values and is larger by far for the HP and smaller for the
LSP logic devices. Also, since the lateral electric field ~
(Vdd/Lg), this field increases sharply with device scaling,
and this sharp increase will result in difficulty in controlling
short channel effects and possibly in significant reliability
problems in the long-term years.

As CMOS technology scales down to 90nm technology
node and beyond, a new paradigm of device and circuit co-
design [8] such as well bias and power down/reduction is
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required to meet the competing requirements of high
performance and low standby/dynamic power. The rapid
increase in loff-sub with scaling must be dealt with to keep
chip power dissipation within tolerable limits so that the
low cost plastic package and general ceramic package may
be used for SoC products [5]. An increasingly common
approach of using multi Vt and multi gate oxide integrated
transistors on the same chip was reported in a 90nm node
modular CMOS technology platform that enables device
and circuit co-design techniques (e.g., well biasing and
power down/reduction) for low standby power, high
performance, and RF/Analog SoC applications [7]. These
multi-Vt and multi gate oxide integrated transistors have
various performance levels, off-state leakage differentiation
from tens of pA/um to tens of nA/um, and Vdd to best meet
diverse SoC product requirements on performance, static
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Figure 3. Device scaling and well bias scheme enable
LSP Hvt and Lvt transistors to meet 2.5G wireless SoC
requirements. The 3G wireless data rich SoC
requirement met by power down technique enabled by
HP/LSP transistors in the triple gate oxide SoC flow

high Vt devices may support die cost reduction and ~15%
performance improvement due to device scaling for a high
volume consumer wireless product migrating from 130nm
to 90nm technology node. However, further performance
improvement with the same standby power requires LSP
low Vt devices with higher drive currents while relying on
well bias to minimize standby power. HP devices are
required to meet the minimum performance requirement for
the third generation (3G) data-rich wireless SoC
applications. Due to lower body factor, well biasing on
these low Vt and high Ioff transistors are not effective (<2x)
in loff-sub reduction. Thus, low leakage (high Vt) LSP
transistors in the triple gate oxide process are needed as cut-
off devices to implement power down/reduction circuit
techniques to minimize standby power for 3G wireless
applications. Hence, a realistic picture of scaled HP/LSP
ICs is that the standby power dissipation due to Ioff-sub be



controlled by utilizing more than one type of transistor and
by utilizing device/design/architectural techniques.

The need of controlling short channel effects and the push
for more drive current through reduced source/drain
resistance for aggressively scaled HP and LSP MOSFETs
require higher channel doping and heavily doped abrupt
source/drain extensions. Figure 4 shows measured gated
edge junction leakage vs. channel doping for NMOS device
[9]. Source/drain junction leakage may become a significant
portion of total Ioff for LSP devices, which have lower loff-
sub targets than HP devices, for 65nm technology node or
beyond.
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Figure 4. Measured gated edge junction leakage
channel doping for MOS devices. Data from [9].

3. Trend and Challenges of Gate Direct

Tunneling Leakage Current

Gate direct tunneling leakage current (Jg) isone of the
crucial component of the total Ioff. Jg increases
exponentially with thickness and Vdd. For every 0.2nm
reduction Tox causes 10x increase in Jg. For HP devices,
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Figure 5. 2001 ITRS projections versus simulations of
direct tunneling gate leakage current density for low
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standby power logic. High K gate dielectric with
reduced gate tunneling current is projected to be
required in 2005 for LSP devices.
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Figure 6. Gate direct tunneling current dependence on
equivalent oxide thickness for pure, nitrided and metal
oxides.

the 2001 ITRS projected that heavily nitrided oxide will be
sufficient to meet the gate tunneling leakage requirements
until the end of the roadmap due large increases in the
allowable gate leakage current with HP device scaling.
However for LSP logic, given the Tox and Vdd in 2005, the
maximum gate tunneling leakage current target cannot be
met using oxynitride because of direct tunneling. Hence,
high K metal oxide gate dielectric will be required in 2005
for LSP devices as shown in Figure 5. Excessive gate
tunneling leakage has reported to cause performance
degradation due to inversion charge lose [10] and induce
significant fluctuations in device characteristics such as
threshold voltage and transconductance [11]. Recent study
[12] also suggests that static logic is able to tolerate high Jg
while dynamic logic and analog circuits are more
significantly affected by excessive Jg under low Vdd
operation.
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compared to SiO, devices even though HfO2 devices

yield ~1000x reduction in gate tunneling current [14]
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Figure 6 shows gate tunneling current (Jg) dependence on
equivalent oxide thickness for pure, nitrided and metal
oxide. ~10x reduction in Jg is possible at the same
equivalent oxide thickness for optimized nitrided oxides.
Extensive research in high K gate dielectrics as a
replacement for the IC industry workhouse of pure and
nitrided oxides has been conducted in the last five years
[13]. Popular high-K gate dielectrics are zirconium dioxide,
hafnium dioxide and their silicates. Recent study on 80nm
poly-Si gate CMOS with HfO, gate dielectrics [14] shows
that hafnium dioxide with 1.5nm equivalent oxide thickness
is able to yield ~1000x lower gate tunneling current than
nitrided and pure oxides as shown in Figure 6. High-K
material integration and process need to be optimized to
reduce defects such that the same gate tunneling current
reduction may be obtained in both small gate area
transistors and large gate area transistors.

Even though well behaved transistor characteristics such as
inversion Tox, sub-threshold slope and Vt are obtained with
high-K metal oxide devices, these devices suffer large Vt
shift especially in PMOS devices due to high fixed charge
as shown in Figure 7, raising reliability and performance
concerns. Mobility degradation is observed on HfO,
devices. Figure 8 and Figure 9 show that normalized
transconductances of HfO, NMOS and PMOS are
respectively ~70% and ~50% of that of the SiO, devices
[14]. Much more work is needed to improve high-K
material processing, interface layer quality and integration
with CMOS flow to eliminate or minimize mobility
degradation and high fixed charge. Both NMOS and PMOS
transistor mobility and performance may be enhanced with
the use of strained silicon independent of device scaling
[15].

4. Conclusions

IC technology is continuing to scale according to Moore’s
Law, with the overall chip circuit requirements driving the
MOSFET device and process integration requirements and
optimal choices. In the 2001 ITRS the driver for the high
performance logic is maximizing MOSFET intrinsic speed,
while the driver for low power logic is minimizing
MOSFET leakage current. The rapid increase in off state
sub-threshold leakage and gate tunneling currents due to
device scaling for more performance may be controlled by
utilizing multi Vt and multi gate oxide transistors and by
utilizing device/design/architectural techniques such as well
biasing and power down/reduction. High-K dielectrics has
been shown to reduce gate tunneling leakage current by
~1000X; however, much more work is needed to improve
high-K material processing, interface layer quality and
integration with CMOS flow to eliminate or minimize
mobility degradation and high fixed charge.
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