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As has become apparent in
Chapter 1, the behavior of
the MOS transistor, when
scaled into the sub-100 nm
regime, is having a large
impact on how and where
power is consumed in the
next-generation integrated
circuits. Hence, any discus-
sion on low-power design
should start with a good
understanding of the deep

submicron MOS transistor, and an analysis of its future trends. In addition, the availability of
adequate models, for both manual and computer-aided analysis, is essential. As this book empha-
sizes optimization, simple yet accurate models that can serve in an automated (MATLAB-style)
optimization framework are introduced.

Results in this and in the coming chapters are based on the Predictive MOS models, developed
byUCB and the University of Arizona, as well as industrial models spanning from 180 nm down to
45 nm. Whenever possible, MATLAB code is made available on the web site of the book.

Chapter Outline

Nanometer transistor behavior and models
Sub-threshold currents and leakage
Variability
Device and technology innovations 
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The chapter starts with a
discussion of the nan-
ometer transistor and its
behavior. Special attention
is devoted to the leakage
behavior of the transistor.
The increasing influence of
variability is analyzed next.
At the end of the chapter,
we evaluate some innova-
tive devices that are emer-

ging from the research labs and discuss their potential impact on low-power design technology.
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Nanometer Transistors and Their Models

Emerging devices in the sub-100 nm regime 
post challenges to low-power design
– Leakage
– Variability
– Reliability

Yet also offer some opportunities
– Increased mobility
– Improved control (?)

State-of-the-art low-power design should build 
on and exploit these properties
– Requires clear understanding and good models
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Beyond the degeneration of
the on/off behavior of the
MOS transistor, mentioned
in Chapter 1, sub-100 nm
transistors also suffer from
increased variability effects,
due both to manufacturing
artifacts and to physical lim-
itations. Once the feature
sizes of the process technol-
ogy approach the dimen-
sions of a molecule, it is
obvious that some quantum
effects start to play. In addi-
tion, the reduced dimen-
sions make the devices also

prone to reliability failures such as soft errors (single-event upsets) and time-dependent degradation.
While these issues affect every MOS circuit design, their impact is more pronounced in low-

power designs. Reducing power dissipation often means reducing the operational signal-to-noise
margins of the circuits (for instance, by lowering the supply voltage). Effects such as variation in
performance and unreliability are more apparent under these conditions. It is fair to say that
today’s low-power design is closely interwoven with design for variability or reliability. In this
sense, low-power design often paves the way for the introduction of novel techniques that are later
adopted by the general-purpose design community.

While it may seem that scaling MOS transistors down to tens of nanometers only brings bad
karma, some emerging devices may actually help to reduce power density substantially in the
future. Especially transistors with higher mobility, steeper sub-threshold slopes, better threshold
control, and lower off-currents are attractive.

The Sub-100 nm Transistor

Velocity-saturated
– Linear dependence between ID and VGS

Threshold voltage VTH strongly impacted 
by channel length L and VDS
– Reduced threshold control through body 

biasing

Leaky
– Sub-threshold leakage
– Gate leakage

→ Decreasing I on over I off ratio 
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Fromanoperationalperspec-
tive, the main characteristics
of the sub-100nmMOStran-
sistors can be summarized as
follows: a linear dependence
exists between voltage and
current (in the strong-inver-
sion region); threshold is a
function of channel length
and operational voltages;
and leakage (both sub-
threshold and gate) plays a
major role. Each of these
issues is discussed in more
detail in the following slides.
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ID versus VDS for 65 nm bulk NMOS transistor
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The simulated ID versus
VDS behavior of a 65 nm
NMOS transistor clearly
demonstrates the linear
relationship between ID
and VGS in the saturation
region. This is a result of
the well-known velocity-
saturation effect, which
started to impact CMOS
transistors around the
250 nm technology genera-
tion. The main impact is a
reduced current drive for a
given gate voltage. Of
course, this means that the

simple models of the past are inaccurate. To address this issue, we introduce some simplified
transistor models of varying complexity and accuracy. The main goal in the context of this book is
to provide the necessary tools to the circuit and systems designer to predict power and performance
quickly.

Another important effect to be observed from the curves is the decrease in output resistance of
the device in saturation.

[Ref: Taur-Ning, ‘98]

Drain Current Under Velocity Saturation

VGS − VTH + ECL
WCvI oxSatDSat = (VGS − VTH)2

Good model, could be used in hand or MATLAB analysis
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Probably the most accurate
model, which still allows
for fast analysis and
requires only a restricted
set of parameters, was
introduced by Taur and
Ning in 1998. One impor-
tant parameter in this
model is the critical electri-
cal field EC, which deter-
mines the onset of velocity
saturation. The problem
with this model is its highly
non-linear nature, which
makes it hard to use in opti-
mization programs (and

hand analysis); for instance, EC itself is a function of VGS. Hence, some further simplification is
desirable.
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[Ref: Rabaey, DigIC’03]

Models for Sub-100 nm CMOS Transistors

Further simplification:
The unified model – useful for hand analysis
Assumes VDSat constant
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The ‘‘unified model’’ of the
MOS transistor was intro-
duced in [Rabaey03]. A
single non-linear equation
suffices to describe the
transistor in the saturation
and linear regions. The
main simplification in this
model is the assumption
that velocity saturation
occurs at a fixed voltage
VDSat, independent of the
value of VGS. The main
advantages of the model
are its elegance and simpli-
city. A total of only five
parameters are needed to

describe the transistor: k0, VTH, VDSat, � and g. Each of these can be empirically derived using
curve-fitting with respect to the actual device plots. Observe that these parameters are purely
empirical, and have no or little relation to traditional physical device parameters such as the
channel-length modulation �.

Models for Sub-100 nm CMOS Transistors
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Simplicity comes at a cost
however. Comparing the
I–V curves produced by
the model to those of the
actual devices (BSIM-4
SPICE model), a large dis-
crepancy can be observed
for intermediate values of
VDS (around VDSat). When
using the model for the
derivation of propagation
delays (performance) of a
CMOS gate, accuracy in
this section of the overall
operation region is not
that crucial. What is most
important is that the values

of current at the highest values of VDS and VGS are predicted correctly – as these predominantly
determine the charge and discharge times of the output capacitor. Hence, the propagation delay
error is only a couple of percents, which is only a small penalty for a major reduction in model
complexity.
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[Ref: Sakurai, JSSC’90]

Alpha Power Law Model

Alternate approach, useful for hand 
analysis of propagation delay

THGSoxDS VVCμ
L

W α
I −=

2

Parameter α is between 
1 and 2.
In 65–180 nm CMOS 
technology α ~ 1.2–1.3

This is not a physical model
Simply empirical:
– Can fit (in minimum mean 

squares sense) to a variety of 
α’s, VTH

– Need to find one with 
minimum square error – fitted 
VTH can be different from 
physical
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Even simpler is the alpha
model, introduced by
Sakurai and Newton in
1990, which does not even
attempt to approximate
the actual I–V curves.
The values of � and VTH

are purely empirical,
chosen such that the propa-
gation delay of a digital
gate, approximated by
tp ¼ kVDD

ðVDD�VTHÞ�, best resem-
bles the propagation
delay curves obtained
from simulation. Typically,
curve-fitting techniques

such as theminimum-mean square (MMS) are used. Be aware that these do not yield unique solutions
and that it is up to the modeler to find the ones with the best fit.

Owing to its simplicity, the alpha model is the corner stone of the optimization framework
discussed in later chapters.

Output Resistance

Drain current keeps increasing beyond the saturation point
Slope in I–V characteristics caused by:
– Channel-length modulation (CLM)

– Drain-induced barrier lowering (DIBL).

The simulations
show approximately
linear dependence
of IDS on VDS in
saturation (modeled 
by λ factor)

(kΩ
)

[Ref: BSIM 3v3 Manual]
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Beyond velocity satura-
tion, reducing the transis-
tor dimensions also lowers
the output resistance of the
device in saturation. This
translates into reduced
noise margins for digital
gates. Two principles are
underlying this phenom-
enon: (1) channel-length
modulation – which was
also present in long-channel
devices – and (2) drain-
induced barrier lowering
(DIBL). The latter is a
deep-submicron effect and
is related to a reduction of
the threshold voltage as a

function of the drain voltage. DIBL primarily impacts leakage (as discussed later), yet its effect on
output resistance is quite sizable as well. SCBE (Substrate Current Body Effect) only kicks in at
voltages higher than the typical operation regime, and its impact is hence not that important.

Fortunately, the relationship between drain voltage and current proves to be approximately
linear, and is adequately modeled with a single parameter �.
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Drain current vs. gate–source voltage

Thresholds and Sub-Threshold Current
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With the continuing reduc-
tion of the supply voltages,
scaling of the threshold vol-
tage is a necessity as well, as
illustrated at length in
Chapter 1. Defining the
actual threshold voltage of
a transistor is not simple, as
many factors play and mea-
surements may not be that
straightforward. The ‘‘phy-
sics’’ definition of the
threshold voltage is the
value of VGS that causes
strong inversion to occur
underneath the gate. This
is however impossible to
measure. An often-used

empirical approach is to derive VTH from the ID–VGS plot by linearly extrapolating the current in
the saturation region (see plot). The cross-point with the zero-axis is then defined asVTH (also called
VTHZ). Another approach is the ‘‘constant-current’’ (CC) technique, which defines the threshold
voltage as the point where the drain–source current drops below a fixed value (ID0), scaled appro-
priately with respect to the (W/L) ratio of the transistor. The choice of ID0 is however quite arbitrary.
Hence, in this book we use the extrapolation technique, unless otherwise mentioned.

Forward and Reverse Body Bias
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The threshold voltage is
unfortunately not a con-
stant parameter, but is influ-
enced by a number of opera-
tional parameters. The
foremost is the body-bias
or back-bias effect, where
the fourth terminal of the
transistor (the bulk or well
voltage) serves as an extra
control knob. The relation-
ship betweenVTH andVSB is
well-known, and requires
the introduction of one
extra device parameter, the
body-effect parameter g.
Observe that body-biasing
can be used either to
increase (reverse bias) or to

decrease (forward bias) the threshold voltage. The forward-biasing effect is limited in its scope, as the
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source–bulk diode must remain in reverse-bias conditions (that is VSB > –0.6 V). If not, current is
directly injected into the body from the source, effectively killing the gain of the transistor. For the
130nm technology, a 1V change in VSB changes the threshold voltage by approximately 200mV.

The beauty of the body-biasing effect is that it allows for a dynamic adjustment of the threshold
voltage during operation, thus allowing for the compensation of process variations or a dynamic
trade-off between performance and leakage.

Evolution of Threshold Control
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Regrettably, scaling of
device technology is gradu-
ally eroding the body-
biasing effect. With the
doping levels in the channel
increasing, changes in the
bias voltage have little
effect on the onset of strong
inversion. This is clearly
illustrated in this slide,
which plots the impact of
body biasing for three tech-
nology nodes.

Emerging technologies,
such as fully-depleted SOI
(in which the body of the
transistor is floating), even
do away completely with

the body biasing. This development is quite unfortunate, as this takes away one of the few
parameters a designer can use to actively control leakage effects.

Impact of Channel Length on Threshold Voltages
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Channel length is another
parameter that influences
the threshold voltage. For
very short channels, the
depletion regions of the
drain (and source) junc-
tions themselves deplete a
sizable fraction of the chan-
nel. Turning the transistor
on becomes easier, thus
causing a reduction in the
threshold voltage. To offset
this effect, device engineers
add some extra ‘‘halo
implants’’, which cause the
threshold to peak around
the nominal value of the

channel length. While this is beneficial in general, it also increases the sensitivity of the threshold
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voltage with respect to channel-length variations. For instance, it may happen that the channel
lengths of a particular wafer batch are consistently below the nominal value. This causes the
thresholds to be substantially below the expected value, leading to faster, but leaky, chips.

decreases leakage current by almost a factor of 20 for 90 nm technology

Impact of Channel Length on Threshold Voltages

50% increase in channel length
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Designers vying for large
threshold values with rela-
tively small variations
often size their transistors
above the nominal chan-
nel length. This obviously
comes at a penalty in area.
The impact can be quite
substantial. In a 90 nm
technology, leakage cur-
rents can be reduced by
an order of magnitude by
staying away from the
minimum channel lengths.
Just a 10% increase
already reaps major bene-
fits. This observation has
not escaped the attention
of designers of leakage-

sensitive modules, such as SRAM memories.

Drain-Induced Barrier Lowering (DIBL)

In a short-channel device, source−drain distance 
is comparable to the depletion region widths,
and the drain voltage can modulate the
threshold
VTH = VTH0 – λdVDS

Channel
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Long channel
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Drain voltage is another
variable that has a sizable
impact on the threshold
voltage. The DIBL effect
was already mentioned in
the context of the output
resistance of short-channel
devices. As the drain vol-
tage increases, the deple-
tion region of the junction
between the drain and the
channel increases in size
and extends under the
gate, effectively lowering
the threshold voltage (this
is a hugely simplified expla-

nation, but it catches the main tenet). The most negative feature of DIBL effect is that it turns the
threshold voltage into a signal-dependent variable. For all practical purposes, it is fair to assume
that VDS changes the threshold in a linear fashion, with �d being the proportionality factor.
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MOS Transistor Leakage Components

G

DS

B(W)

Gate leakage

D−S leakageJunction 
leakage

Slide 2.17

Quite a number of times in
the introduction, we have
alluded to the increasing
effects of ‘‘leakage’’ cur-
rents in the nanometer
MOS transistor. An ideal
MOS transistor (at least
from a digital perspective)
should not have any cur-
rents flowing into the bulk
(or well), should not con-
duct any current between
drain and source when off,
and should have an infinite
gate resistance. As indi-
cated in the accompanying

slide, a number of effects are causing the contemporary devices to digress from this ideal model.
Leakage currents, flowing through the reverse-biased source–bulk and drain–bulk pn junctions,

have always been present. Yet, the levels are so small that their effects could generally be ignored,
except in circuitry that relies on charge storage such as DRAMs and dynamic logic.

The scaling of the minimum feature sizes has introduced some other leakage effects that are far
more influential and exceed junction leakage currents by 3–5 orders of magnitude.

Most important are the sub-threshold drain–source and the gate leakage effects, which we will
discuss in more detail.

Sub-threshold Leakage
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In earlier slides, we have
alluded to a relationship
between the value of the
threshold voltage VTH and
(sub-threshold) leakage.
When the gate voltage of a
transistor is lowered below
the threshold voltage, the
transistor does not turn off
instantaneously. In fact,
the transistor enters the
so-called ‘‘sub-threshold
regime’’ (or weak inver-
sion). In this operation
mode, the drain–source
current becomes an expo-
nential function of VGS.
This is clearly observed
from the ID–VGS curves, if

the current is plotted on a logarithmic scale.
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The exponential dependence is best explained by the fact that under these conditions the MOS
transistor behaves as a bipolar device (npn for an NMOS) with its base coupled to the gate through
a capacitive divider. We know that for an ideal bipolar transistor, the base current relates to the

base–emitter voltage as ICE ¼ e
VBE
ðkT=qÞ where k is the Boltzmann constant and T the absolute

temperature. The so-called thermal voltage (kT/q) equals approximately 25mV at room tempera-
ture. For an ideal bipolar transistor, every increase in VBE by 60mV [= 25mV x ln(10)] increases
the collector current by a factor of 10!

In the weak inversion mode of the MOS transistor, the exponential is somewhat deteriorated by
the capacitive coupling between gate and channel (base). Hence, the sub-threshold current is best

modeled as IDS ¼ e
VGS

nðkT=qÞ where n is the slope factor ranging around 1.4-1.5 formodern technologies.
The net effect of this degradation is that, for the current to drop by one order of magnitude in the
sub-threshold region, the reduction in VGS needed is not of 60mV, but more like 70–100mV.
Obviously, for an ideal switch we would hope that the current drops immediately to zero whenVGS

is lowered below VTH.

Impact of Reduced Threshold Voltages on Leakage
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The growing importance of
sub-threshold leakage can
now be understood. If the
threshold voltage is set, for
example, at 400mV, the
leakage current drops by
five orders of magnitude
between VGS = VTH and
VGS = 0 (assuming a sub-
threshold swing of approxi-
mately 80mV/decade).
Assume now that the
threshold voltage is scaled
to 100mV to maintain per-
formance under reduced
supply voltage conditions.

The leakage current atVGS= 0 for this low-threshold transistor will be approximately four orders
of magnitude higher than that for the high-threshold device, or the leakage current goes up
exponentially with a linear reduction in threshold voltage. This serves as another example of the
impact of exponential relations.
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Sub-threshold Current

Sub-threshold behavior can be modeled physically
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Since sub-threshold leak-
age is playing such a domi-
nant role in the nanometer
design regime, it is quite
essential to have good
models available. One of
the (few) advantages of the
sub-threshold operational
regime is that physical
modeling is quite possible,
and that the basic expres-
sions of the drain current
as a function of VGS or
VDS can be easily derived.

Sub-threshold Current - Revisited

� Drain-Induced Barrier Lowering (DIBL)
– Threshold reduces approximately linearly with VDS

� Body-Biasing Effect
– Threshold reduces approximately linearly with VBS
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The simple model of the
previous slide does not
cover two effects that
dynamically modulate the
threshold voltage of the
transistor: DIBL and
body biasing. While these
effects influence the
strong-inversion opera-
tional mode of the transis-
tor (as discussed earlier),
their impact is felt far
more in the sub-threshold
mode owing to the expo-
nential relation between
drain current and threshold
voltage. The current model
is easily adjusted to include

these effects with the addition of two parameters: �d and gd.
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Especially DIBL turns out to have a huge impact on the sub-threshold leakage of the nanometer
CMOS transistor. Assume, for instance, an NMOS transistor in the off-mode (VGS=0). The sub-
threshold current of the transistor is now strongly dependent on the applied VDS. For instance, for
the device characteristics shown in the slide, raising VDS from 0.1V to 1V increases the leakage
current by a factor of 10 (while in an ideal device it should stay approximately flat). This creates
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both a challenge and an
opportunity, as it means
that leakage becomes
strongly data-dependent.
Leaving this unchecked
may lead to substantial
problems. At the same
time, it offers the innova-
tive designer an extra para-
meter to play with.

Gate-Induced Drain Leakage (GIDL)

Excess drain current is observed, when 
gate voltage is moved below VTH, and 
moves to negative values (for NMOS) 

More pronounced for larger values of VDS

(or GIDL ~ VDG)

High electrical field between G and D
causes tunneling and generation of
electron–hole pairs

Causes current to flow between drain and
bulk

Involves many effects such as band-to-
band direct tunneling and trap-assisted
tunneling

[Ref: J. Chen, TED’01]
© IEEE 2001

Slide 2.23

In addition, the current
flowing through the drain
in the off-state is influenced
by the ‘‘gate-induced drain
leakage’’ (GIDL) effect.
While one would expect
the drain current to drop
continuously when redu-
cing VG below VTH for a
given drain voltage VD,
the inverse is actually true.
Especially at negative
values of VG, an increase
in drain current is
observed. This is the result
of a combination of effects
such as band-to-band tun-
neling and trap-assisted

tunneling. A high value of the electric field under the gate/drain overlap region [as occurring for
low values ofVG (0V or lower) and highVD] causes deep depletion and an effective thinning of the
depletion width of the drain–well junction. This effectively leads to electron–hole pair creation and
an accompanying drain-to-bulk current. The effect is proportional to the applied value of VDG.
The impact of GIDL is mostly felt in the off-state of the transistor with VGS = 0. The upward
bending of the drain current curve causes an effective increase of the leakage current.

It should be noted that the GIDL effect is substantially larger in NMOS than in PMOS
transistors (by about two orders of magnitude). Also observe that the impact of GIDL is quite
small for typical supply voltages, which are at 1.2V or lower.

Sub-threshold Current as a Function of VDS

ID versus VDS for minimum size 65 nm NMOS transistor
(VGS = 0)

λd = 0.18
S = 100 mV/dec
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Combining All Drain-Leakage Effects

–0.4
10–12

10–10

10–8

10–6

10–4

–0.2 0 0.2 0.4 0.6 0.8 1 1.2

VGS (V)

I D
(A

)

VDS = 0.1 V

VDS = 1.0 V

VDS = 2.5 V

90 nm NMOS

GIDL

Slide 2.24

The combined effect of all
drain leakage components
is best illustrated by plot-
ting ID versus VGS for dif-
ferent values of VDS (as
shown in the slide for a
90 nm NMOS transistor).
Most important from a
leakage perspective is the
current at VGS = 0V. For
low values of VDS, the
drain current is set by the
sub-threshold current for
the nominal VTH (as well
as the drain–well junction
leakage current, which is
ignorable). When raising
VDS, DIBL reduces VTH

and causes a substantial increase in leakage current. For instance, increasing VDS from 0.1 to
1.0V causes the drain current to increase by a factor of almost 8.

The GIDL effect can clearly be observed for values of VGS smaller than –0.1V. However, even
for VDS at a very high value of 2.5V, the impact at VGS = 0 is still ignorable. GIDL hence plays a
minor role in most of today’s designs.

It is worth contemplating the overall picture that emerges from this. For aminimum-sized device
in a low-leakage technology with a VTH around 0.35V, the drain leakage hovers around 1 nA at
room temperature. This amounts to a total leakage current of approximately 0.1A for a design
with a hundred million gates (or equivalent functions). This value increases substantially at higher
temperatures (which is the standard operating condition), increases linearly with the device width,
and rises exponentially with a reduction in threshold voltage. Designs with standby leakage
currents of multiple Amperes are hence very plausible and real, unless care is taken to stop the
bleeding.

Slide 2.25

While sub-threshold currents became an issue with the introduction of the 180 nm technology
node, another leakage effect is gaining importance once technology scales below the 100 nm level
– that is, gate leakage. One of the attractive properties of the MOS transistor has always been its
very high (if not infinite) input resistance. In contrast, a finite base current is inherent to the
structure of the bipolar transistor, making the device unattractive for usage in complex digital
designs.

To maintain the current drive of the transistor while scaling its horizontal dimensions, general
scaling theory prescribes that the gate oxide (SiO2) thickness is scaled as well. Once however the
oxide thickness becomes of the order of just a few molecules, some significant obstacles emerge.
And this is exactly what happens with the sub-100 nm transistors, as is illustrated by the cross-
section SEM picture of a 65 nm MOS transistor with an oxide thickness of 1.2 nm. It is clear that
the oxide is barely a couple of molecules thick.
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While posing some
obvious limits on scaling,
the very thin oxides also
cause a reduction in the
gate resistance of the tran-
sistor, as current starts to
leak through the dielectric.
This trend is clearly illu-
strated in the chart, which
shows the evolution of the
gate thickness and the gate
leakage over various tech-
nology generations at Intel.
From 180 nm to 90 nm, the
gate leakage current
increased by more than
four orders of magnitude.
The reasons behind the
leveling and subsequent

drop in subsequent generations will become clear in the following slides. Observe also that gate
leakage increases strongly with temperature.

Unlike sub-threshold currents, which primarily cause an increase in standby power, gate
currents threaten some fundamental concepts used in the design of MOS digital circuits.

Gate-Leakage Mechanisms

Direct-oxide tunneling dominates for lower Tox
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[Ref: Chandrakasan-Bowhill, Ch3, ‘00]
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Gate leakage finds its source
in two different mechan-
isms: Fowler–Nordheim
(FN) tunneling, and direct-
oxide tunneling. FN tunnel-
ing is an effect that has
been effectively used in the
design of non-volatile mem-
ories, and is already quite
substantial for oxide thick-
ness larger than 6nm. Its
onset requires high electric-
field strengths, though.
With reducing oxide thick-
nesses, tunneling starts to
occur at far lower field
strengths. The dominant
effect under these conditions

is direct-oxide tunneling.

Gate Leakage

Silicon substrateSilicon substrate

1.2 nm  SiO1.2 nm  SiO22

GateGate

Scaling leads to gate-oxide 
thickness of a couple of molecules

MOS digital design has always been based on the assumption 
of infinite input resistance!
Hence: Fundamental impact on design strategy!

Causes gates to leak!

Introduction of high-k dielectrics

[Ref: K. Mistry, IEDM’07]
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Direct-Oxide Tunneling Currents
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In this slide, the depen-
dence of the direct-oxide
tunneling current is plotted
as a function of the applied
voltage and the SiO2 thick-
ness. The leakage current
is shown to vary expon-
entially with respect to
both of these parameters.
Hence, even though we are
scaling the supply voltages
with successive process
generations, the simulta-
neous scaling of the oxide
thickness causes the gate
leakage current density to
continuously increase.

This trend clearly threatens the further scaling of MOS technology, unless some innovative
process technology solutions emerge.

A first approach to address the challenge is to stop or slow down the scaling of the oxide
thickness, while continuing the scaling of the other critical device dimensions. This negatively
impacts the obtainable current density and reduces the performance benefit that typically comes
with technology scaling. Yet, even considering these negative implications, this is exactly what
most semiconductor companies did when moving to the 65 nm node (as is apparent in Slide 2.25).
This should however be considered a temporary therapy, accompanying the mastering of some
quite substantial device innovations such as high-k gate dielectrics and high-mobility transistors.

High-k Gate Dielectric

Equivalent Oxide Thickness = EOT = Tox = Tg * (3.9/εg), 
where 3.9 is relative permittivity of SiO2 and g is relative permittivity 
of high-k material
Currently SiO2/Ni; Candidate materials:  HfO2 ( eff ~15 –30); HfSiOx

( eff~12–16)
– Often combined with metal gate

Electrode

Si substrate

Tox SiO2

Tg

High-k Material

Electrode

Si substrate

Reduced Gate Leakage for Similar Drive Current

ε
ε

ε
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TheMOS transistor current
is proportional to the pro-
cess transconductance para-
meter k0 ¼ �Cg ¼ �"=tg.
To increase k0 through scal-
ing, one must either find a
way to increase the mobility
of the carriers or increase
the gate capacitance (per
unit area). The former
requires a fundamental
change in the device struc-
ture (to be discussed later).
With the traditional way of
increasing the gate capaci-
tance (i.e., scaling Tg) run-
ning out of steam, the only

remaining option is to look for gate dielectrics with a higher permittivity � – the so-called high-k
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dielectrics. Replacing SiO2 with a ‘‘high-k’’ material yields the same effect as scaling the thickness,
while keeping gate leakage under control.

Device technologists have introduced a metric to measure the effectiveness of novel dielectrics:
the ‘‘equivalent oxide thickness’’ or EOT, which equals Tg � ð"ox="gÞ:

Introducing new gate materials is however not a trivial process change, and requires a complete
redesign of the gate stack. In fact, most dielectric materials under consideration today require a
metal gate electrode, replacing the traditional polysilicon gate. Incorporatingmajor changes of this
type into a high-yield manufacturing process takes time and substantial investments. This explains
why the introduction of high-k dielectrics into production processes was postponed a number of
times. Major semiconductor companies such as IBM and Intel have now adopted hafnium oxide
(HfO2) as the dielectric material of choice for their 45 nm and 32 nm CMOS processes in
combination with ametal gate electrode. The relative permittivity of HfO2 equals 15–30, compared
to 3.9 for SiO2. This is equivalent to between two and three generations of technology scaling, and
should help to address gate leakage at least for a while. The resulting drop in gate leakage current
for the Intel 45 nm processor is apparent in the chart on Slide 2.25.

High-k Dielectrics

Silicon substrateSilicon substrate

1.2 nm  SiO1.2 nm  SiO22

GateGate

Silicon substrate

Gate electrode

3.0nm  High-k

Buys a few generations of technology scaling

High-k vs SiO2 Benefits

Gate 
capacitance

60% greater Faster transistors

Gate dielectric 
leakage

>100% 
reduction

Lower power

[Courtesy: Intel]
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The advantages offered by
high-k gate dielectrics are
quite clear: faster transis-
tors and/or reduced gate
leakage.
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Gate Leakage Current Density Limit Versus 
Simulated Gate Leakage

[Ref: ITRS 2005]

Slide 2.30

The expected evolution
of gate leakage and gate
materials is best summar-
ized by this chart, extracted
from the International
Technology Roadmap on
Semiconductors (2005). By
analyzing the maximum
allowable leakage current
density (obviously, this
number is disputable –
what is allowable depends
upon the application
domain), it is concluded
that the step to high-k
dielectrics is necessary by
around 2009 (the 45 nm
technology node). Com-

bined with some other device innovations such as FD-SOI and dual-gate (more about these later
in this Chapter), this may allow for the EOT to scale to around 0.7 nm (!), while keeping the gate
leakage current density at approximately 100A/cm2 (or 1 mA/mm2).

Temperature Sensitivity

Increasing temperature
– Reduces mobility
– Reduces VTH
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temperature
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The influence of tempera-
ture on the leakage beha-
vior of a transistor was
mentioned a number of
times before. In general, it
can be assumed that the on-
current of a transistor
reduces (slightly) with an
increase in temperature.
The decrease in threshold
voltage is not sufficient to
offset the decrease in car-
rier mobility. The thresh-
old reduction on the other
hand has an exponential
impact on the leakage cur-
rent. Hence, higher tem-
peratures are detrimental

for the Ion versus Ioff ratio as demonstrated for a 90 nm NMOS transistor. Increasing the tempera-
ture from 0 to 1008C reduces the ratio by almost 25. This is mostly due to the increase in leakage
current (by a factor of 22), but also to slight decrease in on-current (10%).
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Variability

Scaled device dimensions leading to 
increased impact of variations
– Device physics

– Manufacturing

– Temporal and environmental

Impacts performance, power (mostly 
leakage) and manufacturing yield

More pronounced in low-power design due
to reduced supply/threshold voltage ratios

Slide 2.32

The topic of variability
rounds out the discussion
of the nanometer transistor
and its properties. It has
always been the case that
transistor parameters such
as the geometric dimen-
sions or the threshold vol-
tage are not deterministic.
When sampled between
wafers, within a wafer, or
even over a die, each of
these parameters exhibits a
statistical nature. In the
past, the projection of
the parameter distributions

onto the performance space yielded quite a narrow distribution. This is easily understandable. When
the supply voltage is 3V and the threshold is at 0.5V, a 25mV variation in the threshold has only a
small impact on the performance and leakage of the digital module. However, when the supply
voltage is at 1 V and the threshold at 0.3 V, the same variation has a much larger impact.

So, in past generation processors it was sufficient to evaluate a design over its worst-case
corners (FF, SS, FS, SF) in addition to the nominal operation point to determine the yield
distributions. Today, this is not sufficient, as the performance distributions have become
much wider, and a pure worst-case analysis leads to wasteful design and does not give a
good yield perspective either.

Variability Impacts Leakage
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[Ref: P. Gelsinger, DAC’04]
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While variations influence
thehigh-performancedesign
regime, their impact is far
more pronounced in the
low-power design arena.
First of all, the prediction of
leakage currents becomes
hard.The sub-thresholdcur-
rent is an exponential func-
tionof the thresholdvoltage,
and each variation in the lat-
ter is amplified in a major
way in leakage fluctuations.
This is illustrated very well
in the performance–leakage
distribution plot (for 130nm
technology). When sampled

over a large number of dies (and wafers), gate performance varies over 30%, while the leakage current
fluctuates by a factor of 5. Observe that the leakiest designs are also the ones with the highest
performance (this should be no surprise).
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Other reasons why variations play a more pronounced role in low-power design will emerge in
the subsequent chapters. However, they can be summarized in the following observation: In
general, low-power designs operate at lower supply voltages, lower VDD/VTH, and smaller sig-
nal-to-noise ratios; these conditions tend to amplify the importance of parameter variations.

Variability Sources

Physical
– Changes in characteristics of devices and wires.
– Caused by IC manufacturing process, device 

physics & wear-out (electro-migration).
– Time scale: 109s (years).

Environmental
– Changes in operational conditions (modes), VDD, 

temperature, local coupling.
– Caused by the specifics of the design 

implementation.
– Time scale: 10 to 10–9–6 s (clock tick).
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Process variations are not
the only cause behind the
variability in the perfor-
mance parameters of a
design (such as delay and
power dissipation). It actu-
ally originates from a
broad set of causes with
very different temporal
characteristics. In a broad
sense, we can classify them
into physical, manufactur-
ing, environmental, and
operational categories. It
is probably fair to state
that manufacturing varia-

tions – that is, fluctuations in device and interconnect parameters caused by the manufacturing
process – are dominant in today’s designs. However, with device dimensions approaching the
molecular scale, statistical quantum-mechanical effects start to play a role, as the ‘‘law of large
numbers’’ starts to be less applicable. Environmental and operational conditions are closely
related. While operating a circuit, some ‘‘external’’ parameters such as the supply voltage, the
operating temperature, and the coupling capacitance may change dynamically as a result of
environmental conditions or the activity profile of the design.

Slide 2.35

When trying to create
design solutions to address
the variability concerns, it
pays to understand the
nature and the behavior of
the sources of variation,
as these will ultimately
determine what design tech-
niques can be effective in
eliminating or reducing the
impact. The most impor-
tant statistical parameters
of concern are the temporal
and spatial correlations. If
a parameter has a strong
spatial correlation (i.e., all

Variability Sources and Their Time Scales
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devices in the neighborhood show the same trend), a solution such as global tuning proves to be
effective. The same is true in the time domain. Very strong temporal correlations (i.e., a device
parameter is totally predictable or may not even change over time) can again be addressed by one-
time or slow adaptation.

In this slide, we have classified the different sources of variations from a temporal perspective. At
the slow extreme of the spectrum are manufacturing variations, which last for the lifetime of the
product. Almost similar from a lifetime perspective, but entirely different in nature, are variations
caused by wear-out, which manifest themselves only after a very long time of operation (typically
years). Examples of such sources are electro-migration, hot-electron degradation, and negative-
bias temperature instability (NBTI). Next on the time scale are slow operational or environmental
conditions. The temperature gradients on a die vary slowly (in the range of milliseconds), and
changes are typically the result of alterations in the operation mode of the system. An example of
such is putting a module to sleep or standby mode after a time of intensive computation. Other
variations happen at a much faster time scale such as the clock period or even a single signal
transition. Their very dynamic nature does not leave room for adaptive cancellation, and circuit
techniques such as shielding are the only way to eliminate their impact.

Process Variations

Percentage of total 
variation accounted for 
by within-die 
variation(device and 
interconnect)

[Courtesy: S. Nassif, IBM]
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Process and manufacturing
variations are probably of
the most concern. The evo-
lutionary trend is clear: vir-
tually all technology para-
meters such as transistor
length, width, oxide thick-
ness, and interconnect
resistivity show an increas-
ing variability over time (as
measured by the ratio of
standard deviation over
the mean value). Although
each of these parameters is
important on its own, the
resulting impact on the
threshold voltage is what
counts most from a digi-

tal-design perspective. As shown in the table, the threshold variability is rising from 4% to 16%
while evolving from 250 nm to 45 nm CMOS technologies. One may assume that this variation
primarily results from the increasing deviations in channel length, since theVTH is quite sensitive to
variations in L around the critical dimension (remember the halo implants). The resulting impact
on both performance and power metrics is quite substantial.

Slide 2.37

Since the lengths of neighboring transistors tend to be similarly affected by deviations in the
manufacturing process, one would assume that the threshold voltages of closely spaced transistors
should be strongly correlated. This conclusion holds especially for > 100 nm technology nodes,
where strong systematic trends in thresholds of local neighborhoods can be observed.
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However, the observa-
tion becomes less true with
continued scaling, when
deviations in another
device parameter, channel
doping, start to become an
issue. As shown in the
graph, the number of
dopant atoms, which is a
discrete number, drops
below 100 for transistor
dimensions smaller than
100 nm. The exact number
of dopants in the channel is
a random variable, and can
change from transistor to
transistor. We may hence

expect that the correlation in threshold voltages between neighboring transistors will reduce
substantially in future technology generations.

The main takeaway from this discussion on process variations is that most device and design
parameters will feature broader distributions over time, and that this is primarily caused by
variations in the transistor threshold. While these variations tend to be mostly systematic today,
we may expect larger random components in the future.

Device and Technology Innovations

Power challenges introduced by nanometer 
MOS transistors can be partially addressed by 
new device structures and better materials
– Higher mobility
– Reduced leakage
– Better control

However …
– Most of these techniques provide only a one (or two)

technology generation boost
– Need to be accompanied by circuit and system level 

methodologies

Slide 2.38

One may wonder whether
these many and profound
challenges may make
design in the nanometer
regime all but impossible.
This is a very valid question
indeed, which has kept
many semiconductor com-
pany executives awake at
night over the past years.

While reflecting, it pays
to keep the following con-
siderations in mind. Over
the years, designers have
proven to be quite inge-

nious, and they have come up over and over again with new design technologies andmethodologies
to address emerging challenges and roadblocks. We can be confident that this will continue to
happen in the future (this is what this book is about, after all). At the same time, device engineers
are not sitting still either. On the drawing board are a number of device structures that may help to
address some, if not all, of the concerns raised in this chapter. For a designer, it is important to be
aware of what may be coming down the device pipeline and plan accordingly.

Threshold Variations Most Important for Power
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Device and Technology Innovations

Strained silicon
Silicon-on-Insulator
Dual-gated devices
Very high mobility devices
MEMS – transistors 

DG-SOI

FinFET
GP-SOI

Slide 2.39

The devices introduced in
the coming slides present
any of the following fea-
tures: higher mobility, bet-
ter threshold control, or
faster sub-threshold cur-
rent roll-off.

Strained Silicon

Improved ON-Current (10–25%) translates into:
• 84–97% leakage current reduction
• or 15% active power reduction

[Ref: P. Gelsinger, DAC’04]
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The concept of strained
silicon was introduced by
IBM to increase the mobi-
lity in traditional CMOS
transistors. From the 65nm
generation onward, it is
used almost universally by
all semiconductor manufac-
turers. The generic idea is to
create a layer of silicon (typi-
cally in the transistor chan-
nel), in which the silicon
atoms are stretched (or
strained) beyond their nor-
mal inter-atomic distance.

A generic way to create
strain is to put a layer of

silicon over a substrate of silicon germanium (SiGe). As the atoms in the silicon layer align with
the atoms in the silicon–germanium layer, where the atoms are further apart, the links between the
silicon atoms become stretched – thereby leading to strained silicon. Moving the atoms further
apart reduces the atomic forces that interfere with the movement of electrons through the transis-
tors, resulting in higher mobility.

The practical realization may differ between manufacturers. The slide illustrates one strategy, as
employed by Intel. To stretch the silicon lattice, Intel deposits a film of silicon nitride over the
whole transistor at a high temperature. Because silicon nitride contracts less than silicon as it cools,
it locks the silicon lattice beneath it in place with a wider spacing than it would normally adopt.
This improves electron conduction by 10%. For PMOS transistors, the silicon is compressed. This
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is accomplished by carving trenches along opposite ends of the channel. These are filled with silicon
germanium, which has a larger lattice size than silicon alone and so compresses the regions nearby.
This improves hole conduction by 25%.
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The higher mobility may be
used to increase the perfor-
mance. From a power per-
spective, a better approach
is to use the higher mobility
to obtain the same perfor-
mance with either a higher
threshold voltage (reducing
leakage), or with a reduced
VDD/VTH ratio, as is illu-
strated in this slide.

Beyond Straining

Hetero-junction devices allow for even larger carrier mobility
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Straining is only one first
step toward higher mobi-
lity. Materials such as Ge
and GaAs are known to
have an intrinsic electron
mobility that is substan-
tially above what Si can
offer. Researchers at var-
ious locations are exploring
the potential of so-called
hetero-devices that com-
bine Si with other materials
such as Ge, offering the
potential of carriers that
are 10 times as mobile,
while still relying on tradi-
tional Si technology. An
example of such a device
is the Si-Ge-Si hetero-

structure developed at Stanford (this is only one example of the many structures being investi-
gated). While these high-mobility devices will need quite some time before making it to the
production line (if ever), they offer a clear glimpse at the potential for further improvement.
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Silicon-on-Insulator (SOI)

Reduced capacitance (source and drain to bulk) results 
in lower dynamic power
Faster sub-threshold roll-off (close to 60 mV/decade)
Random threshold fluctuations eliminated in fully-
depleted SOI
Reduced impact of soft-errors
But
– More expensive
– Secondary effects

Thin Oxide

Substrate

FD

S D

G

Thin
silicon
layer

[Courtesy: IBM]
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Silicon-on-Insulator (SOI)
is a technology that has
been ‘‘on the horizon’’ for
quite a long time, yet it
never managed to really
break ground, though with
some exceptions here and
there. An SOI MOS tran-
sistor differs from a ‘‘bulk’’
device in that the channel is
formed in a thin layer of
silicon deposited above an
electrical insulator, typi-
cally silicon dioxide.

Doing so offers some
attractive features. First,
as drain and source diffu-
sions extend all the way

down to the insulator layer, their junction capacitances are substantially reduced, which translates
directly into power savings. Another advantage is the higher sub-threshold slope factor (approach-
ing the ideal 60mV/decade), reducing leakage. Finally, the sensitivity to soft errors is reduced
owing to the smaller collection efficiency, leading to a more reliable transistor. There are some
important negatives as well. The addition of the SiO2 layer and the thin silicon layer increases the
cost of the substrate material, andmay impact the yield as well. In addition, some secondary effects
should be noted. The SOI transistor is essentially a three-terminal device without a bulk (or body)
contact, and a ‘‘body’’ that is floating. This effectively eliminates body biasing as a threshold-
control technique. The floating transistor body also introduces some interesting (ironically speak-
ing. . .) features such as hysteresis and state-dependency.

Device engineers differentiate between two types of SOI transistors: partially-depleted (PD-SOI)
and fully-depleted (FD-SOI). In the latter, the silicon layer is so thin that it is completely depleted
under nominal transistor operation, which means that the depletion/inversion layer under the gate
extends all the way to the insulator. This has the advantage of suppressing some of the floating-
body effects, and an ideal sub-threshold slope is theoretically achievable. From a variation
perspective, the threshold voltage becomes independent of the doping in the channel, effectively
eliminating a source of random variations (as discussed in Slide 2.37). FD-SOI requires the
depositing of extremely thin silicon layers (3–5 times thinner than the gate length!).

48 Chapter #2



[Ref: M. Yamaoka, VLSI’04, R. Tsuchiya, IEDM’04]
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The FD-SOI device archi-
tecture can be further
extended with an extra fea-
ture that reinstates thresh-
old control through a
fourth terminal. A buried
gate below the SiO2 insula-
tor layer helps to control
the charge in the channel,
and thus also the threshold
voltage. As shown in these
graphs (published by Hita-
chi), the buried-gate con-
cept pretty much reinstates
the idea of body biasing as
a viable design option. The
reduced impact of random
doping variations on the
threshold voltage, as is

typical in FD-SOI, is also illustrated.

FinFETs – An Entirely New Device Architecture

UC Berkeley, 1999

S = 69 mV/decade• Suppressed short-channel effects
• Higher on-current for reduced leakage
• Undoped channel – No random dopant fluctuations

[Ref: X. Huang, IEDM’99]
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The FinFET (called a tri-
gate transistor by Intel) is
an entirely different tran-
sistor structure that actu-
ally offers some properties
similar to the ones offered
by the device presented in
the previous slide. The term
FinFET was coined by
researchers at the Univer-
sity of California at Berke-
ley to describe a non-planar,
double-gated transistor built
on an SOI substrate. The
distinguishing characteristic
of the FinFET is that the
controlling gate is wrapped
around a thin silicon ‘‘fin’’,

which forms the body of the device. The dimensions of the fin determine the effective channel length
of the device. The device structure has shown the potential to scale the channel length to values that are
hard, if not impossible, to accomplish in traditional planar devices. In fact, operational transistors with
channel lengths down to 7nm have been demonstrated.

In addition to a suppression of deep submicron effects, a crucial advantage of the device is again
increased control, as the gate wraps (almost) completely around the channel.
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This increased two-dimen-
sional control can be
exploited in a number of
ways. In the dual-gated
device, the fact that the
gate is controlling the chan-
nel from both sides (as well
as the top) leads to
increased process transcon-
ductance. Another option
is to remove the top part
of the gate, leading to the
back-gated transistor. In
this structure, one of the
gates acts as the standard
control gate, whereas the
other is used to manipulate

the threshold voltage. In a sense, this device offers similar functionality as the buried-gate FD-SOI
transistor discussed earlier. Controlling the work functions of the two gates through the selection
of appropriate type and quantity of the dopants helps to maximize the range and sensitivity of the
control knobs.

Intel tri-gate

Berkeley PMOS FinFET

Manufacturability still an 
issue – may even cause 
more variations

Gate
Drain

Source

[Courtesy: T.J. King, UCB; Intel]

New Transistors: FinFETs
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The fact that the FinFET
and its cousins are drama-
tically different devices
compared to your standard
bulk MOS transistor is
best-illustrated with these
pictures from Berkeley and
Intel. The process steps
that set and control the
physical dimensions are
entirely different. Although
this creates new opportu-
nities, it also brings chal-
lenges, as the process steps
involved are vastly differ-
ent. The ultimate success of

the FinFET depends greatly upon how these changes can be translated into a scalable, low-cost and
high-yield process – some formidable question, indeed! Also unclear at this time is how the adoption
of such a different structure impacts variability, as critical dimensions and device parameters are
dependent upon entirely different process steps.
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Some Futuristic Devices

FETs with sub-threshold swing < kT/q (I-MOS)
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[Courtesy: J. Plummer, Stanford]

Zero off-current transistor
Uses MEMS technology to 
physically change gate control.
Allows for zero-leakage sleep
transistors and advanced 
memories
[Ref: Abele05, Kam05]
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= 25 nm

Slide 2.48

It is worth pointing out
that the devices described
here represent by no
means the complete spec-
trum of new transistors
and switching devices that
are currently being
explored. In fact, the num-
ber of options that are
emerging from the research
labs these days is quite
extraordinary, and the
excitement is palpable.
Most of these will probably
die with a whimper, while
other ones are still decades
out in terms of true applic-
ability. Of the latter,
carbon-nanotube (CNT)
transistors seem to present

some true potential, but the jury is still out.
When looking from a power angle, some device structures emerging from the research labs merit

some special attention. The I-MOS transistor uses substantially different mechanisms, such as
impact ionization, to produce a transistor with a sub-threshold slope substantially below 60mV/
decade. This opens the door for a switch with close-to-ideal characteristics. The availability of such
a device would allow operation at supply voltages that are substantially lower than what we can
allow today.

Another entirely new device would allow for an almost complete elimination of leakage current
in standby mode: Using MEMS (Micro-electromechanical systems) technology, the suspended-
gate MOSFET (SG-MOS) physically moves the actual gate up and down depending upon the
applied gate voltage. In the down-position this device resembles a traditional transistor. Moving
the gate into the up-position is physically equivalent to mechanically turning off the switch,
effectively squelching all leakage current. The availability of such a device would come extremely
handy in the design of low-standby power components.
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Summary

Plenty of opportunity for scaling in the 
nanometer age

Deep-submicron behavior of MOS 
transistors has substantial impact on 
design

Power dissipation mostly influenced by 
increased leakage (SD and gate) and 
increasing impact of process variations

Novel devices and materials will ensure 
scaling to a few nanometers

Slide 2.49

For the circuit designer,
there are some important
takeaways from this chap-
ter. Scaling into the nan-
ometer regime has some
profound impact on the
behavior of the CMOS
transistor, both in the ON
and in the OFF modes.
Simple models that capture
the behavior of the transis-
tor in both modes are avail-
able, and will help us in
later chapters to build
effective analysis and opti-

mization frameworks. A profound awareness of the device characteristics and the ability to
adapt to its varying properties will prove to be essential tenets in low-power design in the
nanometer era.
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