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Dit proefschrift is goedgekeurd door de promotor:
Prof. dr. K.L.M. Bertels

Copromotor:
Dr. S.D. Cotofana

Samenstelling promotiecommissie:
Rector Magnificus, voorzitter Technische Universiteit Delft, NL
Prof. dr. K.L.M. Bertels, promotor Technische Universiteit Delft, NL
Dr. S.D. Cotofana, copromotor Technische Universiteit Delft, NL

Onafhankelijke leden:
Prof. dr. Y. Lebleblici Ecole Polytechnique Fed. Lausanne, CH
Prof. dr. J. Pineda de Gyvez Technische Universiteit Eindhoven, NL
Prof. dr. ing. A. Rubio Universitat Politecnica de Catalunya, SP
Prof. dr. P.J. French Technische Universiteit Delft, NL
Prof. dr. C. Dan University Politehnica of Bucharest, RO
Prof. dr. ir. G.J.T. Leus, reservelid Technische Universiteit Delft, NL

CIP-DATA KONINKLIJKE BIBLIOTHEEK, DEN HAAG

Marius ENACHESCU

Hybrid NEMS-CMOS Architectures for Ultra Low Power Smart Systems
Delft: TU Delft, Faculty of Elektrotechniek, Wiskunde en Informatica - III
Thesis Technische Universiteit Delft.

Met samenvatting in het Nederlands.

ISBN 978-94-6186-630-1

Subject headings: nems, nemfet, power management, zero-energy, 3D-SICs.

Copyright c© 2016 Marius ENACHESCU
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic, mechanical,
photocopying, recording, or otherwise, without permission of the author.

Printed in The Netherlands



This dissertation is dedicated to my family and my girlfriend, Maria.
Their love and support helped me through all the trying times and have

pushed me to reach within myself to accomplish my goals.





Summary

T he availability of inexpensive and powerful processors provides the
means for the computation ecosystem to change its fundamental
paradigm towards the Internet of Things (IoT) where ubiquitous nano-

systems add intelligence to every object that surrounds us. The new trend for
most of those systems is to autonomously operate into a “zero-power” regime,
i.e., manage their energy budget in such a way that they can provide the re-
quired functionality without any service until they become obsolete. Con-
sidering that these systems are most of the time inactive, the static power is
the dominant power consumption component, thus the most effective way to
fulfill the “zero-power” operation requirement is to diminish the energy con-
sumption into the so called sleep/idle mode. The semiconductor community
has been addressing the static power reduction issue at device level, but for the
CMOS technology the effectiveness of such approach is limited by the interde-
pendence between static power consumption and device performance. In view
of this observation this thesis focuses on improving the energy efficiency of
electronic products, battery-powered, and autonomous ones by making use of
emerging leakage proof technologies in conjunction with the versatile CMOS
counterpart. First, we performed a design space exploration to identify the
most promising NEMFET geometries and to evaluate their potential perfor-
mance in terms of switching delay, current capability, and leakage. Moreover
we compared those parameters of interest with the ones offered by traditional
transistors utilized in up to date CMOS technologies. Second, we assessed
the NEMFET potential when utilized as sleep transistor in circuits featuring
2D cell based power gating, and find out if NEMFETs constitute a viable al-
ternative to High − VTH FETs in sleep mode circuits. Furthermore, we pro-
posed a novel 3D power management approach that attempts to alleviate is-
sues associated with the NEMS utilization as sleep transistor in CMOS power
gated integrated circuits. Given the two designs, we evaluated the 2D and 3D
NEMFET based power management implementations energy efficiency when
embedded into a computation platform executing a bio-medical sensing appli-
cation. Third, we introduced a NEMFET based logic family tailored to the
implementation of ultra-low energy functional units and processors. Fourth,
we proposed a memory cell that relies on a NEMFET based inverter designed
in such a way that no short circuit current can occur. Finally, we proposed
and evaluated the “zero-energy” operation scenario potential of an improved
version of the 3D-Stacked NEMS based power management architecture.
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Samenvatting

D e beschikbaarheid van goedkope en krachtige processoren biedt de
mogelijkheid voor een computing ecosysteem om haar fundamentele
paradigma te veranderen in de richting van Internet of Things (IoT),

waar de alomtegenwoordige nano-systemen intelligentie toe voegen aan alle
objecten die ons omringen. De nieuwe trend voor de meeste van deze syste-
men is het zelfstandig opereren in een “zero-power” regime, d.w.z. het zodanig
beheren van hun energiebudget dat ze de vereiste functionaliteit kunnen lev-
eren zonder service, totdat ze verouderen. Gezien het feit dat deze systemen
de meeste tijd inactief zijn, is het statische vermogensverbruik het dominante
vermogensverbruik, dus is de meest effectieve manier om te voldoen aan de
“zero-power” eis het energieverbruik in de zogenaamde slaap/stand-by modus
te verminderen. De halfgeleider gemeenschap heeft de kwestie van statische
vermogensvermindering op device niveau geaddresseerd, maar voor CMOS-
technologie is de effectiviteit van een dergelijke aanpak beperkt door de on-
derlinge samenhang tussen statische stroomverbruik en de device prestaties.
Gezien deze waarneming focust dit proefschrift zich op het verbeteren van
de energie-efficiëntie van elektronische producten, batterij aangedreven en au-
tonoom, door gebruik te maken van opkomende lekkage-bestendige technolo-
gieën in combinatie met de veelzijdige CMOS tegenhanger. Ten eerste hebben
we een design space verkenning uitgevoerd om de meest veelbelovende NEM-
FET geometrieën te identificeren en om hun mogelijke prestaties op het gebied
van switching delay, stroom capaciteit en lekstromen te evalueren. Bovendien
vergeleken we die parameters die van belang zijn met de degenen die aange-
boden werden door traditionele transistors, die gebruikt worden in up-to-date
CMOS technologieën. Ten tweede, beoordeelden we het NEMFET poten-
tieel wanneer deze wordt gebruikt als slaap transistor in circuits met op 2D
cel-gebaseerde power gating en onderzochten we of NEMFETs een levensvat-
bare alternatief vormen voor High − VTH FET’s circuits in slaapstand. Verder
stelden we een nieuwe 3D energiebeheer methode voor, die issues probeert te
verlichten geassocieerd aan het NEMS gebruik als slaap transistor in CMOS
power gated geı̈ntegreerde schakelingen. Voor de twee ontwerpen evalueerden
we de energie-efficiëntie van de op 2D en 3D NEMFET gebaseerde energiebe-
heer implementaties, wanneer deze zijn ingebed in een computation platform
die een bio-medische sensingapplicatie uitvoert. Ten derde, introduceerden we
een op NEMFET gebaseerde logica familie gericht op de uitvoering van func-
tionele eenheden en processors met ultra-lage energie. Ten vierde, stelden wij
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een geheugencel berust op een NEMFET gebaseerde inverter voor die zodanig
is ontworpen dat er geen kortsluitstroom kan optreden. Ten slotte hebben we
het potentieel van de “zero-energy” operatie scenario voorgesteld en geëval-
ueerd voor een verbeterde versie van de op 3D-Stacked NEMS gebaseerde
energiebeheer architectuur.
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1
Introduction

T he Curta mechanical portable calculator introduced by Curt Herzs-
tark in 1948, was a revolutionary innovation able to perform real-time
complex mathematical function evaluations, without the use of elec-

tricity or batteries. Starting with early 1960s , such portable mechanical cal-
culators were embedded in rally sport cars for real-time computation of time
to checkpoints, distances off-course, and so on. Later on, Curta’s utilisation
expanded to both commercial and general-aviation flights, because of its abil-
ity to precisely calculate airplanes’ weight and balance, and power supply free
autonomous operation. However, Curta’s main drawback has been the compu-
tational latency owed by its hand movement limited mechanical handling.

While the mechanical computation era was coming to its end, most digital
computers built at the beginning of the 20th century, e.g., Z2 [1], performed
calculation with electromechanical devices - electric switches drove mechan-
ical relays. Such computers had a low operation speed (large latency) when
compared with the mechanical counterparts and were eventually superseded by
much faster all-electric ones, e.g., Z3, Atanasoff-Berry, Colossus, and ENIAC,
which were built by hand, using relays and valves (vacuum tubes) [2]. While
being faster than (electro)mechanical counterparts they could not have any im-
pact on the portable computation market due to their huge dimensions and
power consumption, e.g., the ENIAC machine was weighing 30 tons, con-
taining over 18000 vacuum tubes, 1500 relays, and hundreds of thousands
of resistors, capacitors, and inductors while using 200 kilowatts of electric
power [2].

However, with the advent of Integrated Circuits (ICs) in 1958 by Jack St. Clair
Kilby at Texas Instruments [3], portable electronic calculators emerged to meet
the demand of solving larger computational problems with relatively higher
speed and reduced footprint. One of the major steps towards this was the

1
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introduction in 1971 of the first Intel single-chip microprocessor, i.e., Intel
4004, build with 2300 transistors on a 12 mm2 die and able to operate at a
maximum clock frequency of 108KHz. Employing a 10µm silicon-gate en-
hancement load pMOS technology, Intel 4004 could execute a total of 0.092
Million Instructions Per Cycle (MIPS), while an 8-bit addition took 850µs or
79 cycles [4], for only about 1 Watt power consumption. Hence, ICs created
the premises for the realisation of portable electronic computers but could not
initially entirely eliminate the mechanical counterparts due to their large size,
reduced precision, high price, and relatively high power consumption.

Since 1960s the IC fabrication technology advanced and the planar bulk silicon
MOS Field Effect Transistor (MOSFET) became the main IC building block.
The MOSFET improvement pace was predicted by Gordon Moore in 1968 by
stating that due to transistor scaling, the number of components per IC chip will
double each and every two years [5]. Although Moore foresaw that the scaling
will last only for a decade, semiconductor technology improvements preserved
this trend to this day, which legendary became known as ”Moore’s Law”. Fol-
lowing Moore’s exponential growing trend, more components within the same
chip area were accommodated and nowadays, the high-end microprocessor In-
tel Core i7 (2014 edition) is exceeding 1 billion transistors within a die size of
257 mm2. It runs at a clock frequency of 4GHz [4] and can execute 20 kMIPS
at the expense of about 88W power consumption.

Thus, due to the spectacular fabrication technology evolution that allowed for
the realisation of ICs with diminishing size, enhanced precision, and affordable
price, portable mechanical computers were eventually superseded by fully-
electronic computational systems. Moreover, MOSFET shrinking allowed for
the proliferation of microprocessors in many other aspects of our life starting
from home appliances to toys. However, for the newly developed battery pow-
ered application-specific microprocessors, power/energy requirements tight-
ened. More important, shrinking by itself is creating power density issues,
hence power density became the primary constraint [6]. As a response to these
market and fabrication technology developments the computer engineering re-
search and design community went through an optimization goal switch from
high performance to energy effective computation. In this line of action solu-
tions have been proposed and implemented to: (i) diminish the power density
while conserving performance by means of parallelism, and (ii) better manage
the available energy.

A notable cornerstone was Intel’s decision to follow the paradigm change ini-
tiated by IBM’s Power 4 and Sun Microsystems’ Niagara processors and to



3

announce in 2005 that its high-performance microprocessors would hence-
forth rely on multiple processors or cores [7]. Hence, multi-core micropro-
cessor chips (with up to 8 integrated computing cores) became the norm for
mobile applications. Subsequently, in 2012 ARM released its most energy ef-
fective processor intended for deeply embedded applications that require area
and power consumption optimized computation facilities, the ARM Cortex-
M0+, which consumes 3µW/MHz [8].

Thus, due to the availability of inexpensive and powerful processors, the com-
putation ecosystem went into a fundamental paradigm change towards the In-
ternet of Things (IoT) where ubiquitous nano-systems add intelligence to al-
most every object that surrounds us such that sensing and actuating function-
alities are ”hidden” within the environment. The new trend for most of those
systems is to autonomously operate into a ”zero-power” regime, i.e., manage
their energy budget (from battery and scavenging) in such a way that they can
provide the required functionality without any service (battery replacement)
until they become obsolete.

We note that most of the IoT nano-systems experience long idle periods, re-
quire low energy calculations, are context aware, and able to interact wire-
lessly with people and with each other. Furthermore, their computation and
memory requirements are growing while the available energy resources do not
increase [9].

From the power consumption perspective, there are three main power modes
in a duty-cycled IoT nano-system, as graphically depicted in Figure 1.1:

• Operation: Dynamic power is consumed by the active system;

• Stand-by: Static power is consumed by the idle system; and

• Power-up/Power-down: State switching power is consumed during
on↔off state transitions.

Considering that these systems are most of the time inactive, e.g., a Zigbee
sensor node is 99.9% of the time in sleep mode, waking up periodically for
a few milliseconds [9], the static power is the dominant power consumption
component (as graphically suggested in Figure 1.1), thus the most effective
way to fulfil the ”zero-power” operation requirement is to diminish the energy
consumption into the so called sleep/idle (stand-by) mode [10].

The semiconductor community has been addressing the static power reduction
issue at device level, but for the CMOS technology the effectiveness of such
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Figure 1.1: Active and sleep power consumption for a battery operated sensor node.

a approach is limited by the interdependence between static power consump-
tion and device performance. As MOSFET feature size is scaling down the
supply voltage value (VDD ) follows the same trend to reduce the active power
consumption, which quadratically depends on VDD . However, supply voltage
scaling increases MOSFET’s switching delay unless the transistor threshold
voltage is also scaled down, which at its turn results in a significant static
power consumption increase.

Therefore, for a given application to perform a task within a given amount of
time, a clear tradeoff between the static and the active power consumption, i.e.,
power supply and transistor threshold values, has to be identified [11]. How-
ever, as IoT nano-systems evolution enabled the execution of a wide mixture
of functions on a single die, it became increasingly difficult to find an optimal
point applicable to all circuit blocks on the same die, which suggests that al-
ternative static power reduction/management avenues have to be investigated.

In view of this observation this thesis focuses on improving the energy effi-
ciency of electronic products, especially portable, battery-powered, and au-
tonomous ones by making use of emerging leakage proof technologies in con-
junction with the versatile well-established CMOS counterpart.
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1.1 Problem Statement

According to the International Technology Roadmap for Semiconductors
(ITRS) [12], the following static power consumption contributing factors are
projected to exponentially increases with MOSFET feature size scaling:

• subthreshold leakage, a weak inversion current across the device; and

• gate leakage, a tunneling current through the gate oxide insulation.

By scaling threshold voltage as a natural effect of MOSFET feature size
scaling, the subthreshold leakage current increases exponentially, i.e., for
100mV threshold voltage decrease, the subthreshold leakage current increases
10×. Moreover, with temperature, the subthreshold leakage increases about
10×/100◦ C and the gate leakage increases about 2×/100◦ C [13].

In an attempt to diminish the severity of these device scaling related phenom-
ena, the static power consumption reduction issue has been addressed at circuit
level by techniques such as Dynamic Voltage Scaling (DVS) [14], Power Gat-
ing (PG) [15,16], Body Biasing (BB) [17], forced transistor stacking [18], and
multi-threshold voltage designs [19].

The most effective techniques, i.e., PG and DVS, use power supply voltage,
VDD , as the primary knob for reducing leakage currents, by gating a circuit
from its power supply, or by lowering VDD to reduce leakage, respectively.
Specifically, PG relies on placing Switch (Sleep) Transistors (STs) between
power/ground rails and the to be isolated Functional Unit (FU). When STs
are active, power is supplied through them to the FU providing normal opera-
tion conditions, and, respectively, when the STs are open the power supply is
cut-off. One can observe from Figure 1.1 that the main PG consequence is that
the FU (power gated block) leakage power is now determined by the STs leak-
age and PG may result in substantial power savings if low leakage devices are
utilised as STs. Low-Leakage High -VTH Metal-Oxide-Semiconductor Field
Effect Transistors (MOSFETs) were initially utilized as STs, while later on,
various enhancements based on Multi-Threshold CMOS (MTCMOS) tech-
nologies have been proposed to further diminish the High -VTH ST leakage
current [20]. By applying such enhanced PG techniques to several benchmark
circuits up to 90% leakage power savings have been reported in [21].

Dynamic Voltage Scaling is a supply voltage adaptation method, which re-
lies on a voltage regulator to dynamically scale the supply voltage for various
digital circuits as their workload varies with time. It allows the application
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to dynamically change FUs processing performance such that the lowest pos-
sible power consumption is achieved while maintaining a given application
execution scenario specific throughput. At the expense of additional power
management circuitry DVS can provide up to 4.5× energy reduction for less
compute-intensive AUDIO benchmarks executed on a general purpose 8-bit
microprocessor while for computing-intensive MPEG application it delivers
only a 11% energy consumption reduction [14].

Body biasing is a VTH regulation method, which relies on biasing the sub-
strate/wells on a die by something else then GND (in case of n-channel MOS) or
VDD (in case of p-channel MOS). Hence by dynamically adjusting the VTH value
one can boost performance when the system is active and reduce transistor
subthreshold leakage thus the static power, when the system is idle. However,
the reverse body biasing approach worsens short channel effects like Drain
Induced Barrier Lowering (DIBL), and increases VTH variation across a die,
which makes it less effective with technology scaling [19].

The leakage current flowing through series connected transistors decreases
with the number of ”OFF” transistors increase. For example, when consider-
ing a 2-input NAND logic gate with already build in 2 stacked (series) nMOS
transistors, the leakage when both nMOS transistors are ”OFF” is 1 order of
magnitude lower when compared with the situation when only one nMOS tran-
sistor is ”OFF” [22, 23]. However, for digital circuits, i.e., 32-bit Kogge Stone
adder, the standby leakage varies with 30%-40% [23] based on the number of
transistor stacks in the design with more than one ”OFF” device. The number
of series ”OFF” transistors depend on the input vectors values. Hence, transis-
tor stacking method emerged as a static power reduction technique for digital
circuits by storing a predefined input vector sequence and generating it during
standby so that the number of nMOS/pMOS stacks is maximized to more than
one OFF device. This approach has a low impact on the area overhead due to
the presence of stack transistors in a large number of logic gates, for example
pMOS stack in NOR logic gates and nMOS stack in NAND logic gates. How-
ever, the transistor stack method requires additional active power consumption
to switch to the desired low leakage state and for more complex digital circuits
the leakage reduction may become trivial [19].

In view of the previous discussion we can conclude that the efficiency of all
the above leakage reduction techniques is determined by the MOSFET’ leak-
age and the designer ability to control it by means of, e.g., BB, with negligible
circuit performance reduction. Hence, in an attempt to determine a power man-
agement efficiency upper bound for current and future CMOS technologies we
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Figure 1.2: Typical transfer characteristics plots (ID -VG ) for an nMOS. ID is plotted
in (a) linear scale and (b) log scale

analyze in the next subsection the MOSFET capability to effectively reduce
the overall energy consumption.

1.1.1 CMOS Delay-Leakage Vicious Circle

A MOSFET is essentially speaking an electronic switch whose ON /OFF state is
controlled by the potential difference between its gate and source (VGS ). If we
increase VGS as depicted in Figure 1.2a, at some point, i.e., the threshold volt-
age VTH , the source potential barrier height becomes insignificant such that the
carriers can easily diffuse into the channel region. This happens when the tran-
sistor is towards inversion (ON state). On the other hand, if we decrease VGS ,
at the same point (VTH ) the mobile positively charged holes are attracted to the
region beneath the gate. This happens when the device leaves the depleted re-
gion towards accumulation (OFF state) [24]. The MOSFET drain current (ID )
is plotted on a logarithmic scale against VGS in Figure 1.2b to show the mild
transition between the two operation regions. Hence, the ON /OFF state current
(ION /IOFF ) of a MOSFET can be approximated by the following equations:

ION∝µCOX
W

L
(VDD − VTH)

2 (1.1a)

IOFF∝10
−VTH

/ Subthreshold Slope (S)︷ ︸︸ ︷
ln 10

kT

q
(1 +

CDEP

COX
)
, (1.1b)

where µ is the carrier mobility, COX the gate capacitance, CDEP the depletion
capacitance, kT

q
the thermal voltage (26mV at room temperature), and W and L

are the transistor gate width and length, respectively.
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Figure 1.3: a) Typical CMOS inverter schematic; b) transfer characteristics plot (VOUT -
VIN ); c) CMOS inverter current (IOUT ) versus VIN

.

According to ITRS [25], VTH is predicted to scale well bellow 300mV in the
next few years, which results in the reduction of the MOSFET’s VGS margin
required to mitigate the ID value when the transistor is turned OFF . From Fig-
ure 1.2b, it can be noticed that by decreasing VGS bellow VTH , ID decreases
exponentially with respect to VGS , hence by mitigating the inverse slope of the
logID -VG curve, i.e., the Subthreshold Slope (SS ), the ION /IOFF ratio increases.
Therefore, considering ION constant, IOFF reduces with respect to the SS , ac-
cording to (1.1b). However, ideally, COX�CDEP , hence the minimum achiev-
able SS becomes ln 10kT

q
, i.e., 60mV/decade at room temperature, leading to

a maximum ION /IOFF ratio of only 105. Regrettably, in real life conditions,
e.g., for a commercial 65nm technology, SS becomes 100mV/decade, leading
to a significant IOFF increase to about 0.1% of ION . This is very unfortunate as,
e.g., given that in a general purpose microprocessor, only about 10% of the de-
vices are active during normal operation [26], the energy consumed by the idle
devices becomes equal with the energy consumed by the active ones, which
are producing the useful calculation, thus for the above considered 65nm tech-
nology, 50% of the energy is lost due to leakage.

Apart of the due to leakage energy lost current ICs waste energy also in the ac-
tive devices. This relates to the fact that MOSFET based Boolean logic gates
rely on n -type and p -type transistors to achieve complementary switching be-
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havior, i.e., only one device is turned on at a time when the gate voltage is high
(VDD ) or low (GND ), which is the modus operandi that made Complementary
MOS (CMOS) the most spread digital IC design style and technology. If we
analyze the inverter depicted in Figure 1.3a, which is the most popular CMOS
digital circuit, we observe that the p -channel MOSFET turns on when its gate
voltage is low to help ”pull-up” the output node to VDD , while the n -channel
MOSFET turns on when its gate voltage is high to help ”pull-down” the out-
put node to ground (GND ), as illustrated in Figure 1.3b. Consequently, during
the inverter output switching process a direct unwanted current path from VDD
to GND is formed which leads to a short-circuit current that does not help cal-
culations, i.e., it does not charge inverter’s output, as Figure 1.3b indicates. A
theoretical solution to overcome the inverter non-ideal switching behaviour can
be found by examining Figure 1.2b: if the SS can be made steeper around VTH ,
below 60mV/decade, to improve the ION /IOFF ratio, the CMOS inverter would
experience a lower IOFF , making further energy efficiency improvements pos-
sible. Fortunately, when the inverter is not switching, the direct current path is
not forming, thus the static power dissipation is limited to the leakage compo-
nent [27].

Generally speaking, the energy dissipated by a system over a time interval
T (see Figure 1.1) corresponds to the integral of the instantaneous consumed
power as follows:

E =

∫ T

0

P(t)dt (1.2)

For the particular case of a CMOS circuit the total energy consumption relates
to two major components as indicated in (1.3): (i) The Dynamic Energy (EON )
consisting of Switching Energy (ESW ) spent for load capacitance charging, and
Short-Circuit Energy (ESC ) dissipated when both nMOS and pMOS transis-
tors are partially ON , and (ii) Static Energy (EOFF ) consisting of subthreshold
leakage (IS ), gate leakage (IG ), junction leakage (IJ ), and contention current
(ICT ):

E =

EON︷ ︸︸ ︷
αfLDCV

2
DD︸ ︷︷ ︸

ESW

+αfLDISCVDD︸ ︷︷ ︸
ESC

+

EOFF︷ ︸︸ ︷
fLD (IS + IG + IJ + ICT)︸ ︷︷ ︸

IOFF

VDDtD, (1.3)

where α is the activity factor, LD the logic depth, f the average fan-out of the
logic gates through which the signal needs to travel from source to destination,
C is circuit intrinsic capacitance, and tD the system’s latency per operation.

Until recently, according to ITRS [28], in parallel with declining fabrication
cost per device, digital logic device size, delay, and supply voltage have been
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also reduced. In relation with this trend we can conclude from (1.3) that VDD
scaling is effective for diminishing ESW (quadratic dependency of VDD ) but has
limited impact on ESC and EOFF (linear dependency of VDD ).

We note that when designing a digital circuit expected to experience long idle
periods, e.g., IoT devices, a parameter that can extend or reduce its duty cycle
is the per operation delay [27] defined as:

tD =
LDfCVDD

2ION
(1.4)

According to (1.1a), (1.4), and Figure 1.2b, when VDD scales down, ION reduces
and tD increases, which results in a system performance degradation, thus
in a longer duty cycle and by implication on a higher energy consumption.
The circuit’s performance could in turn be maintained if VTH is reduced while
VDD −VTH is maintained constant, however, this is not an effective solution as it
results into a MOSFET ID -VG characteristic left shift, i.e., in an IOFF increase,
which is closing the CMOS delay-leakage vicious circle.

Another way to maintain the circuit performance is by scaling MOSFET’s
channel length. However, CMOS technology is approaching its physical limits
due to an onslaught of new challenges, i.e., lithography limitations for print-
ing sub-wavelength features, short-channel effects, increasing static leakage
with threshold voltage reduction, increasing transistor performance variability,
etc. Furthermore, due to the fact that the thermal voltage kB ∗ T/q does not
scale with transistor dimensions, the threshold voltage (VTH ) reaches a scal-
ability frontier, which is enforcing a saturated supply voltage value [29]. In
practice, for a 65nm n-channel MOSFET at 70◦C, SS=100mV/decade, and
VTH≈300mV [24], hence, only ≈ 3 decades separate ION from IOFF . Accord-
ing to ITRS [25], with the MOSFET feature size dropping to 22nm, ≈100mV
VTH scalability frontier was reached. Hence ION /IOFF ratio became≈ 1 decade,
which is by no means the best fit solution for portable, battery-powered, au-
tonomous systems implementation.

To sum up, CMOS can certainly deliver the required performance for cur-
rent and future IoT nodes, moreover, scaling helps on this matter. Oppositely,
ION /IOFF ratio cannot be improved beyond 10VDD/(2×0.1), which limits the
effectiveness of any kind of MOSFET based power management technique.
Given that IoT nodes tend to be more and more idle and the active power con-
sumption diminished by means of architectural choices and technology scal-
ing, IOFF is becoming more and more the dominant energy consumption con-
tributor. Thus we need to investigate hybrid solutions which rely on CMOS
logic for calculation and another alternative device with a lot larger ION /IOFF
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ratio for power management.

In the next section we briefly analyze state of the art emerging devices in an at-
tempt to identify potential candidates that are better fitted for portable, battery-
powered, autonomous systems implementation.

1.1.2 Is More than Moore providing the solution?

As an alternative, emerging More then Moore (MtM) technologies have been
proposed and investigated to overcome the basic CMOS device ION /IOFF ratio,
e.g., Carbon Nanotube FETs (CNTFETs), spin trasistors, ferromagnetic nan-
odots, tunnel FETs, quantum-dot cellular automata, Single-Electron Tunnel-
ing Junctions (SETs), Nano-Electro-Mechanical Relays (NEM-Relays), and
NEMFETs [12]. If one candidate technology is to partially replace the MOS-
FET in the context of portable, battery-powered, autonomous systems imple-
mentation, it must satisfy as many of the following requirements as possi-
ble: (i) given the anticipated device density, the candidate technology should
have extremely low IOFF and switching power consumption, and (ii) the de-
vice switching should occur sufficiently fast, such that it can compete with or
even outperform ”classic” CMOS-based computation in terms of active energy
consumption. In the following we briefly discuss the mentioned devices by fo-
cussing on the following aspects: (i) IOFF , (ii) if possible ION /IOFF ratio, and
(iii) other aspects that facilitate or preclude their utilization as ultra-low IOFF
device, in an attempt to identify the most promising one in view of the previous
discussion.

CNTFETs could potentially increase the switching speed and minimize SS
(i.e., minimize the short channel effects) by a surround gate geometry due to
the charge carriers high mobility [30], when compared with 32nm CMOS. Lin
et al. [31] reported ION /IOFF ratios from 5 × 103 to 5 × 105 with a minimum
IOFF of about 100pA. On the other hand, there are multiple challenges one
has to face in order to achieve such rations, including: (i) ability to control
the bandgap, (ii) growth of the nanotubes in required locations and directions,
(iii) control of charge carrier type and concentration, (iv) deposition of a gate
dielectric, and (v) formation of a low resistance electrical contact [12].

Spin transistors exhibit transistor behavior by making use of magnetoresistive
devices. Spin transistor’s primary feature is the ability to control its output via
spin or magnetization [32] [33]. ION /IOFF ratios of 104 were reported in [34],
however, remaining core issues that require addressing are the injection of a
high percentage of spin-polarized electrons from a half-metal source into the
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channel, and the interconnection of such devices [12].

Ferromagnetic (FM) logic devices operate on a completely different paradigm
than spin devices as they rely on the individual spin dynamics of one or a
few charge carriers [35]. FM devices store the computational state by means
of the local magnetization orientation of a domain of a ferromagnetic mate-
rial. Moreover, they have the potential of being non-volatile and radiation
hard, which is derived from the properties of the ferromagnetic materials them-
selves. ION /IOFF ratios larger than 104 for hole and 102 for electron conduc-
tion regimes were reported in [36]. However, a very large SS of about 11V
per decade was observed, which is equivalent with a SS reported in other 2D
semiconductor devices with 285nm SiO2 dielectric. This large SS is attributed
to the thicker SiO2 backgate dielectric and the possible presence of interface
states [36].

A SET junction can be viewed as two (metal) conductors, separated by a thin
layer of insulating material (see [37] [38] [39] for overview papers). The op-
erating principle of SET circuits is based on the controlled transport of charge
through tunnel junctions. Specifically, SETs switch ON /OFF tunnel currents are
conveying electrons that are being transported one by one from source to drain
through a small island [12, 40]. SET junctions can be potentially utilized to
build general purpose Boolean logic since they deliver high device density and
power efficiency at good speed [41] [42]. Hajjam et al. [43] reported ION /IOFF
ratios of only about 102 with minimum ION of about 2nA. However, before
their potential use in commercial circuits, the issues of the large VTH variation
and the low current drivability should be addressed. Moreover, the required
significant circuit and architecture changes constitute an additional overhead
for the industry [12].

Tunnel FETs (TFETs) are gated reverse-biased p-i-n junctions that are ex-
pected to potentially have low standby leakage current, and OFF-ON switch-
ing transitions much more abrupt than conventional MOSFETs, whose 60-
mV/decade SS limit is set by the thermal injection of carriers from the source
to the channel [44–46]. Guo et al. [47] reported ION /IOFF ratios of 5×104 with
ultra-low IOFF bellow 1aA. However, key challenges for achieving an experi-
mental TFET device include engineering the source tunneling region (junction
abruptness, band-gap, carrier effective mass) and enhancement of gate control
on the internal electric field. Moreover, for the design of TFET based inte-
grated circuits the development of TFETs compact models are needed [12].

NEM-Switches essentially are electrostatic switches having three terminals.
They rely on a nano-size mechanical beam to electrically open or close a con-
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tact, thus to connect or disconnect a circuit path [48]. NEM-Relays feature the
following desirable properties for logic computation which lack in MOSFETs:
(i) abrupt switching due to the electromechanical instability at a certain thresh-
old voltage (ideally SS is 0mV/decade ), (ii) ”zero” IOFF due to the air gap that
separates the source and drain electrodes in the OFF state, (iii) hysteresis, and
(iv) stiction induced by the surface forces [49] [27]. The former two features
enable a high ION /IOFF ratio thus NEM-Relays potential to reduce both dy-
namic and static energy consumption, while the latter two features make them
good candidates for (non)volatile memory applications [50, 51]. However, the
NEM-Relays ON state resistance is increasing from kΩ to tens of kΩ after only
104 actuation, which makes them applicable only to the implementation of
extremely low activity circuits. Moreover they require large control voltage
which negatively impact the dynamic energy consumption.

NEMFETs are basically FETs with the surface potential at the oxide-
semiconductor interface being controlled by a mechanically moving beam, i.e.,
a suspended gate [52]. Hence the current flow through the formed FET chan-
nel, not through the beam as is the case for NEM-Relays. While NEMFETs
have been initially meant to be utilized in sensing [53], it has been suggested
that they could be viable candidates for Sleep Transistor implementation due to
their extremely low IOFF [54, 55]. However, their main weakness is the large
ON ↔ OFF switching delay, which cannot be reduced under 1ns due to the
required beam movement [12].

To conclude, none of the above emerging devices can completely replace
MOSFETs. If we focus on the ION /IOFF ratio, the best in bread are NEM-
Relays. However, given their reliability issues and the required high voltage
operation, they are not fitted for portable, battery-powered, autonomous sys-
tems implementation. The next best candidate, which is also potentially co-
integrable with CMOS, is NEMFET with an ION /IOFF ratio larger than 106

(3 order of magnitude larger than MOSFET). In view of this and given that
NEMFETs: (i) do not require high voltage operation and (ii) have other in-
teresting properties (e.g., abrupt switching and hysteresis) that one can take
advantage in building slow but ultra low power logic, we decided to pursue
our investigations on the hybrid CMOS-NEMFET design avenue.

1.2 Research Questions

In view of the above discussion, we propose and asses in this thesis the po-
tential practical impact and feasibility of hybrid CMOS-NEMFET circuits and
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systems. The main goal is to demonstrate that CMOS-NEMFET device syn-
ergy enabled by 3D stacked integration can deliver substantial energy sav-
ings for power managed ICs as well as foster alternative implementations of
Boolean functions and Static-RAM (SRAM) memory arrays. In view of this
we address a number of research questions as follows:

What is the potential Nano-Electro-Mechanical Field Effect Transistor
(NEMFET) device level benefit when compared with the ”classical” MOS-
FET?

Starting with a conventional power gating technique, to reduce the idle energy
consumption, the possibilities to replace High-VTH MOSFETs with NEMFETs
have to be identified. Due to NEMFET abrupt switching and ultra low IOFF , it
appears that it has the potential to replace traditional FETs in sleep mode cir-
cuits. However, the performance, e.g., switching delay, ION capability, and en-
ergy consumption, of different NEMFET geometries might be different. Thus,
we have to investigate which NEMFET’s geometry is the more appropriate
for potential utilization as Sleep Transistor (ST) in energy efficient electronic
products, especially portable, battery-powered, and autonomous ones.

To which extend NEMFET-based power gating can take advantage of the
emerging 3D-Stacked integration?

Although fabrication feasibility of simple 2D hybrid CMOS-NEMS circuits
has been reported [56], further technological enhancements are needed for
such an approach to become a potentially viable industrial solution. Therefore,
relocating the NEMFET STs on a different tier within a 3D-Stacked integrated
structure could simplify the fabrication process complexity. In this context, it
is of interest to evaluate to which extent is the STs relocation affecting the IC
footprint when compared with the 2D counterpart. Moreover, a performance
comparison between 2D and 3D stacked implementations of a generic execu-
tion unit, e.g., a real life processor, equipped with a power gating mechanism is
of interest to determine the potential benefits the 3D-Stacked technology may
provide.

Can we build NEMFET based Boolean gates? How do they compare with
CMOS counterparts?

Given that both nNEMFETs and pNEMFETs can be realized we can start with
a conventional MOSFET based logic family and replace n/p-FETs with n/p
NEMFETs, respectively. However it is of interest to investigate to which extent
we can take advantage of the NEMFET specific behavior, i.e., abrupt switching
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and hysteresis, to obtain a slow but ultra-low power logic family?

Can NEMFETs be utilised in conjunction with FETs in the implementa-
tion of energy effective SRAM memory cells?

After proving the NEMFET logic benefits, the next obvious step is to design
an SRAM cell in NEMFET technology. In this context we want to investi-
gate low cost energy effective hybrid memory cells that can take advantage
of the NEMFET based inverter properties. Moreover, 3D stacked memory
cell structure and its potential low energy efficiency should be considered to
combine the appealing NEMFET properties, with the CMOS technology ver-
satility. Last but not least it is o interest to evaluate the potential performance
of such hybrid memory arrays for different capacities and memory utilisation
scenarios, as applications may have read or write dominated memory access
traces.

To which extent can hybrid NEMFET-CMOS 3D stacked power managed
computation platforms diminish the energy consumption of low activity
embedded applications?

To evaluate the practical implications of the proposed 3D stacked hybrid
NEMFET-CMOS power managed computation platform, we should asses the
potential energy savings it enables when a real life application is executing on
it. Hence, a 3D embodiment of an embedded low complexity 16-bit processor
based SoC platform running, for example, a bio-medical sensing application
for heart rate detection should be considered. Furthermore, it is of interest
to acknowledge the effects of the 3D hybrid architecture on sensitive metrics
used in power gating designs, e.g., delay degradation, power-up and power-
down behavior, and overall energy consumption. Last but not least, we should
investigate the energy consumption of the always-on circuity, e.g., isolation
(ISO) cells and the Power Management (PM) controller, and evaluate the per-
formance of their redesign with NEMFET based Boolean gates.

Can hybrid CMOS-NEMFET 3D staked platforms enable ”zero-power”
operated applications?

To investigate the capability of a hybrid CMOS-NEMFET 3D staked platform
to operate according to the ”zero-power” paradigm, e.g., perform its function
until it becomes obsolete without power supply and/or battery change, we rely
on a full NEMFET power management approach and evaluate the feasibility
of a multi tier stack that: (i) conserves the 3D IC footprint, and (ii) includes
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energy scavenging tire(s). Given that several types of scavengers have emerged
lately, a thorough analysis of their performance at circuit level is of interest.
Based on all of the above investigations, conclusions and guidance should be
formulated in order to help defining the most energy efficient hybrid NEMS-
CMOS 3D embedded platform.

1.3 Dissertation Contributions

In this section, we highlight the main contributions of the research work de-
scribed in this dissertation, as follows:

• We present a preliminary assessment of the NEMFET potential if uti-
lized as Sleep Transistor (ST) in real life circuits, e.g., microproces-
sors. We first evaluate various NEMFET instances in terms of switch-
ing delay, current capability, and leakage. Subsequently, we compare
these figures with the ones of traditional switch transistors utilized in
CMOS technologies. According to our simulation results, NEMFET
based sleep transistors enable substantial leakage reductions due to their
extremely low OFF currents (4 orders of magnitude lower than FET) at
the expense of a 4× larger active area for the same ION capability. Fi-
nally, we evaluate the potential implications of the utilization of NEM-
FETs as sleep transistors in a 90 nm CMOS technology 32-bit Adder.
Our simulations indicate that the leakage is mitigated, while the active
area of the sleep transistor is increasing with 130%.

• We introduce a novel power management architecture which relies
on the synergy of two new technological developments as follows:
(i) Nano-Electro-Mechanical (NEM) devices, i.e., the NEM Field Ef-
fect Transistor (NEMFET), as sleep transistors, and (ii) 3D stacking,
which allows for placing the sleep transistors (the entire power manage-
ment infrastructure) on a dedicated tier of the 3D-stacked hybrid plat-
form. As a test case, we consider the 3D embodiment of an embedded
openMSP430 processor based SoC platform running a bio-medical sens-
ing application for heart rate detection and measure the 3D hybrid archi-
tecture consequences on sensitive metrics used in power gating designs,
e.g., delay degradation, power-up and power-down behavior, and overall
energy consumption. Our experiments indicate that, the system idle en-
ergy is decreased by 2.74× for the same footprint, as the STs 4× area
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overhead is relocated on the NEMS tier. The energy-delay product of
the openMSP430 processor based SoC executing the heart rate detection
application is reduced by 9%, with a potential reduction of up to 60%
for applications with lower activity, e.g., wireless sensor networks. Last
but not least the 3D stacked architecture prevents clock period degrada-
tion phenomena, since the IR Drop is reduced with a factor of 4 when
compared with the 2D embodiment.

• We introduce a Short-Circuit-Current Free (SCCF) NEMFET based
logic family tailored to the implementation of low speed and ultra low
energy functional units and processors. We analyse and compare basic
Boolean gates implemented with NEMFETs against equivalent CMOS
realisations. Our simulations suggest that the proposed SCCF NEMFET
gates are between 10 to 20× slower, but provide up to 10× dynamic
energy reduction and up to 2 orders of magnitude less leakage, when
compared with CMOS counterparts. We also analyse the fan-in influ-
ence on gate performance and observe that the NEMFET gates energy
advantage increases with fan-in.

• We introduce a dual port 3D stacked hybrid SRAM memory that com-
bines the ultra-low power NEMFET capabilities with the MOSFET tech-
nology versatility. The proposed memory relies on NEMFET based
SCCF inverters to store data, and on adjacent CMOS based logic to al-
low for read and write operations, and data preservation. By utilising
only one inverter per memory cell, instead of a cross coupled pair, a low
write energy is achieved, as only one bitline is required. Furthermore,
the static energy is drastically reduced due to NEMFET’s extremely low
IOFF . The proposed dual port 3D NEMFET-CMOS hybrid memory re-
lies on a memory cell with 140% and 30% footprint increase, for 2-die
and 3-die implementations, respectively. However, by placing the mem-
ory array column and row circuitry within the memory cells, the total
footprint of an 8-KB memory increases with only 60% for a 2-die im-
plementation and decreases with 20% for a 3-die implementation. The
access time, when compared with a state of the art CMOS based dual
port memory, is equivalent for read operations, while for write opera-
tions it is approximately 4× higher, as it is dominated by the mechani-
cal movement of the NEMFET’s suspended gate. However we propose
a solution to achieve a similar write access time by adding extra write
ports, which, due to the available CMOS tier real estate, has no negative
impact on footprint and read access time. We also compared the energy
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consumption of standard and hybrid memory arrays as follows: (i) for
small memory sizes of 2-KB and 8-KB our proposal results in about 10%
and 30% write energy reduction, and a read energy reduction of 10% and
13%, respectively, and (ii) for large memory sizes, e.g., 128-KB, we ob-
tain an energy reduction of 58%, regardless of the access type, as in this
case the static energy is predominant. We have further considered dif-
ferent memory utilisation scenarios for an 8-KB memory, case in which
our proposal results in up to 22% and up to 35% energy reduction for read
and write dominated memory access traces, respectively.

• We propose and evaluate the ”zero-power” operation paradigm poten-
tial of an improved version of the 3D-Stacked NEMS, i.e., NEMFET
and NEM-Relay, based power management architecture when execut-
ing a heart beat detection application. The platform builds upon the
following three embodiments: (i) an openMSP430 ultra low power pro-
cessing core appropriate for wireless sensor nodes, (ii) NEMS devices
for the implementation of Sleep Transistors and of the additional power
management low frequency circuitry necessary for power gating, and
(iii) energy harvesters to provide enough energy for the processing core
when executing a low duty cycle application. Our investigations indicate
that the hybrid NEMFET-oriented approach, which relies on sleep tran-
sistors and associated management logic implemented on a dedicated
NEMFET die, is the most promising in terms of energy consumption
and reliability. Moreover, when combined with a thermal energy har-
vester, of 0.23 cm2 potentially implementable on the same die, it can
enable the road towards energy autonomous computing.

1.4 Dissertation Organization

This dissertation is organised as a selection of papers as follows:

In Chapter 2 we introduce NEMFET background and in Chapter 3 we assess
NEMFET potential to be utilized as sleep transistor in real life circuits, e.g.,
microprocessors.

In Chapter 4 we propose a novel power management architecture that relies
on CMOS and NEMFET synergetic utilization within the framework of 3D
Through Silicon Vias based integration.

In Chapter 5 we describe and evaluate a 3D hybrid power management ar-
chitecture which makes use of NEMFETs as power switches that cut-off the
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power supply of inactive blocks. Furthermore, the relocation of isolation cells,
and components for power management controller design, on the NEMFET
tier is also investigated.

In Chapter 6, we introduce and analyze a NEMFET based logic family tailored
to the implementation of low speed and ultra low energy functional units and
processors. We also analyse the fan-in influence on gate performance and ob-
serve that the NEMFET gate energy advantage is increasing with its fan-in.
Finally, we consider a 3D-Stacked hybrid NEMFET-CMOS computation plat-
form running a heartbeat rate monitor application and demonstrate that NEM-
FET based logic is an enabling factor for the implementation of ”zero-energy”
operated systems.

In Chapter 7, we propose and evaluate a dual port 3D stacked hybrid memory
that combines NEMFET abrupt switching and hysteresis with CMOS technol-
ogy versatility.

In Chapter 8, we investigate the capability of a hybrid CMOS-NEM 3D staked
platform to operate according to the ”zero-power” paradigm, e.g., perform its
function until it becomes obsolete without power supply and/or battery change.
We evaluate 3D platforms equipped with NEMFETs and NEM-Relays based
power management in combination with various efficient energy harvesters
while having in mind the tight energy budgets of ”zero-power” operating au-
tonomous sensor systems.

Finally, Chapter 9 wraps up the dissertation, by presenting our conclusions and
indicating significant and promising follow-up research directions.
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2
Can NEMFET Replace FET in Sleep

Mode Circuits?1

Abstract: The Nano-Electro-Mechanical Field Effect Transistor (NEMFET)
appears to have the potential to replace traditional FETs in sleep mode circuits,
due to its abrupt switching enabled by electromechanical instability at a certain
threshold voltage and its ultra low OFF current (IOFF ). This paper presents a
preliminary assessment of the NEMFET potential if utilized as sleep transistor
in real applications, e.g., microprocessors. We first evaluate various NEMFET
instances in terms of switching delay, current capability, and leakage. Subse-
quently, we compare these figures with the ones offered by traditional switch
transistors utilized in CMOS technologies. Our simulation results indicate that
NEMFET based sleep mode circuits are potentially interesting as they clearly
enable substantial leakage reductions due to their extremely low OFF currents
(4 orders of magnitude lower than FET) at the expense of a 4× larger active
area for the same capability to drive current.

Copyright c© 2009 Springer. Personal use of this material is per-
mitted. However, permission to use this material for any other
purpose must be obtained from Springer by sending an email to
permissions.dordrecht@springer.com .

1This chapter is based on the research article published as ”Can SG-FET Replace FET In
Sleep Mode Circuits?” by M. Enachescu, S. D. Cotofana, A. van Genderen, D. Tsamados, and
A. M. Ionescu, ACM 4th International ICST Conference on Nano-Networks (NANO-NET), pp.
99-104, Luzern, Switzerland, October, 2009.
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2.1 Introduction

The Nano-Electro-Mechanical Field Effect Transistor (NEMFET) appears to
have the potential to replace traditional FETs in sleep mode circuits, due to its
abrupt switching enabled by electromechanical instability at a certain threshold
voltage and its ultra low OFF current (IOFF ). The purpose of this paper is to
asses the NEMFET potential if utilized as sleep transistor in real applications,
e.g., micro (processors), and to find out if NEMFET constitutes a promising
alternative to normal FET in sleep mode circuits. In this line of reasoning
we need to evaluate the NEMFET performance in terms of switching delay,
current capability, and leakage and compare those with the ones offered by
traditional switch transistors utilized in up to date CMOS technologies. To
achieve our goal we go through the following steps. We first perform a design
space exploration in order to identify the most promising NEMFET geometries
and to evaluate their potential performance. Subsequently, we compare the
performance of an N-channel NEMFET with the one of an N-channel normal
FET, having the same active area, in 90 nm CMOS technology.

This paper is organized as follows: in Section 2.2 brief introduction is provided
on NEMFET including its basic operation and modeling. Section 2.3 describes
the design space exploration for NEMFET model parameters. In Section 2.4
we compare nNEMFET with nFET by means of ION , IOFF , and switching delay
and finally concluding remarks are made in Section 3.5.

2.2 NEMFET Background

The NEMFET described in [1] and [2] is a rather complex device with a 3D
geometry as presented in Figure 3.1(a), where: (i) tox - the thickness of the
gate oxide, (ii) h - the thickness of the suspended gate, (iii) Wbeam - the width
of the beam, (iv) Lbeam - the length of the beam, (v) tgap0 - the gap between the
oxide and the suspended gate, (vi) kbeam - the lumped linear spring constant of
the beam.
Figure 3.1(b) presents the typical ID -VG characteristics of NEMFET. As VG
starts increasing, the beam starts moving down due to electrostatic attraction
and ID increases. During this phase, the gate-oxide capacitance is in series
with the air-gap capacitance resulting in low electrostatic coupling of the gate
to the channel and ID is very small. At a specific gate bias, the electrostatic
force cannot be compensated by the mechanical restoring force anymore, and
the beam collapses on the oxide. This is called pull-in effect as depicted in
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(a) Basic 3D NEMFET Geometry

(b) ID − VG characteristic

(c) NEMFET equivalent capacitive divider

Figure 2.1: (a) NEMFET geometry, (b) NEMFET transfer characteristic, and (c)
NEMFET equivalent capacitive divider.

Figure 3.1(b). After pull-in, increase in ID with VG is similar to the standard
MOSFET. If VG is decreased from some high value, then ID starts decreasing.
At certain value of VG , the system becomes unstable due to combined electro-
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mechanical force and beam is pulled-out. This causes sudden decrease in ID
due to large decrease in capacitance (Figure 3.1(c)). This effect is called pull-
out effect as indicated in Figure 3.1(b). NEMFET features a dynamic threshold
voltage: (i) high in the up-state, and (ii) low in the down-state. This property
is not always beneficial, especially in (micro)processors domain, where the
supply voltage should be as low as possible.

2.3 Design Space Exploration

To carry on a thorough analysis of the NEMFET potential capabilities we need
to generate a large set of feasible NEMFET geometries and to evaluate them by
means of simulations. To characterize the various NEMFET device instances
we utilize the NEMFET Verilog-A model introduced in [3] in combination
with Cadence Spectre circuit simulator [4].

Given the complexity of the design space we have to restrict the dynamic range
for the device parameters for (micro)processors. The supply voltage for pro-
cessor applications in 90 nm technology is 1.1V, according to the 2007 ITRS
roadmap [5]. This low supply voltage, assuming the lithography constraints
(minimum Wbeam = 350 nm, minimum tox = 3 nm, minimum tgap0 = 20 nm)
is not sufficient for such an NEMFET device to properly function. In view
of that, we focused the current investigation on finding NEMFET geometries
with a pull-in voltage of 3V, which can be of interest for applications with two
supply voltages (3.3V and 1.1V). To find the device that is best suited for
the considered application, we investigate a wide range of geometrical shapes
as follows: (i) we vary h from 70 nm to 100 nm with a step increment of
10 nm, and (ii) we vary tgap0 from 10 nm to 25 nm, with a step increment of
5 nm. Other parameters that influence the performance of NEMFET are the
gate work-function (WF ) and the quality factor (Q ). Every vibrating structure
is subject to some energy loss, which translates in a reduction of vibration am-
plitude over time. The long settling times associated with those large Qs are
however detrimental for rapidly switching devices such as the NEMFET [6].
We note here that in our preliminary study we only simulate one switching
cycle (pulse), due to large amount of simulation data (many samples), thus
the effect of the quality factor is not fully exposed. The gate work function
mainly influences transistors characteristics by shifting them with respect to
the applied gate bias [7]. In our experiments we assumed the following values:

• WF of 4.4eV , 4.6eV , 4.8eV , and 5eV , and
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(a) ION Analysis (b) IOFF Analysis (c) Propagation Delay Analy-
sis

Figure 2.2: (a) ION Analysis, (b) IOFF Analysis, and (c) Propagation Delay Analysis,
for WF = 5eV , h = 100 nm, tgap0 = 20 nm.

• we varied Q from 10to100, with a step increment of 10.

The parameters of interest are determined as follows:

• ION is 90% of the maximum drain current produced as result of an input
step signal,

• IOFF is the drain current after the pull-out event, and

• The switching delay is the time required for the device to reach 50% of its
maximum drain current, when the gate voltage is larger than the pull-in
voltage (VPI )

Examples of the ION , IOFF , and switching delay, we deduced via SPICE simu-
lations are depicted in Figure 3.3 and Figure 3.3.

The results of our simulations suggest the following:

• switching delay ∝ tgap0, h , 1/LBEAM (area)

• ION ∝ LBEAM , 1/WF , 1/h , 1/tgap0, and
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• IOFF ∝ LBEAM

Moreover we observe that while there are clear relations between the various
device parameters and the NEMFET performance there is no absolute best in
breed geometry and various tradeoffs are possible.
Table 3.1 presents three NEMFET configurations that we deduced from our
extensive simulations results. The first set of parameters was selected as opti-
mal for low switching time and high ION , with respect to pull-in and pull-out
effects, when (i) WF = 5eV , (ii) tgap0 = 20 nm, 25 nm and (iii) h = 70 nm,
80 nm, 90 nm, 100 nm. The second set of parameters was selected as optimal
for low switching time and high ION , with respect to pull-in and pull-out ef-
fects, when WF = 4.4eV, 4.6eV, 4.8eV, 5eV , selected as optimal for low
switching time and high ION , with respect to pull-in and pull-out effects, when
WF = 4.4eV, 4.6eV, 4.8eV, 5eV , tgap0 = 10 nm, 15 nm, 20 nm, 25 nm, and
h = 70 nm, 80 nm, 90 nm, 100 nm.

Table 2.1: Optimized NEMFET instances for low switching times and high ION .

h tgap0 WF L W Q ION IOFF (Leakage Delay
(nm) (nm) (eV ) (nm) (nm) (mA) floor)(fA) (ns)

I 100 20 5 4.2 350 100 2.2 5e-7(12) 8.67
II 100 20 4.4 4 350 100 3 2e-4(4.5e3) 7.41
III 100 10 5 4.5 350 100 1E-06 5e-7(5e-4) 3.03

Table 3.1 indicates that the best compromise between high ION and low delay,
with respect to pull-in and pull-out effects, for tgap0 = 20 nm, 25 nm and WF =
5eV , can be reached for the set of NEMFET parameters Table 3.1(I).

2.4 NEMFET vs. FET

In this section we compare the performance of an N-channel NEMFET with
the one of an N-channel FET in 90 nm CMOS technology, assuming the
same active area. To do that we utilize the best performance NEMFET in-
stance still lithographically feasible having the parameters in Table 3.1(I):
WBEAM=350 nm, LBEAM= 4.2 µm, h=100 nm, tgap0=20 nm, WF=5eV , tox=
3 nm, NA=5× 1017cm−3.

For a fair comparison we assume as counterpart an N-FET with the width
equal to LBEAM of the NEMFET and the length equal to WBEAM , in order to have
the same active area for both transistors. The results of our simulations are
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presented in Table 2.2, which includes the key performance data for the normal
nFET transistors and the nNEMFET devices for VD=1.2V and VG=3V.

It is clear from Table 2.2 that the main NEMFET advantage is its extremely
small IOFF , and leakage floor, which are 10 and 4, orders of magnitude smaller,
respectively, while ION even though smaller it is comparable with the ION of
normal FET. The NEMFET however is about 100× slower then the normal
FET and the active area is 4× larger for the same capability to drive current.

Table 2.2: Optimized NEMFET instances.

ION IOFF Leakage Floor Delay
(mA/µm) (pA/µm) (pA/µm) (ps)

nFET 0.8 13 200 20
nNEMFET 0.52 2.5E-10 1.2E-02 8670

To conclude, Table 2.2 suggests that NEMFET is a viable alternative to FET as
sleep transistor due to its extremely low IOFF and leakage floor. However, due
to its relatively large switching delay, this device appears not to be suited for
applications where the switching between active mode and sleep mode occurs
too often. Fortunately, for processors, this is not the case in practice. For
example, as indicated in [8], the wake-up time for a mobile application is about
2µs.

2.5 Conclusions

In this paper we presented the results of the preliminary evaluation we carried
on to estimate the NEMFET potential if utilized as sleep transistor in (mi-
cro)processors, to find out if NEMFET constitutes a promising alternative to
normal FET. For this we evaluated various NEMFET geometries in terms of
switching delay, current capability, and leakage and compared those with the
ones offered by traditional switch transistors utilized in up to date CMOS tech-
nology. Our results indicate that NEMFETs can be potentially used as sleep
transistors, due to their very low leakage floor and IOFF , which are with 4 and
10 orders of magnitude smaller than the one of the normal FETs, respectively.
However, for the current fabrication technology limitations, we could not ob-
tain pull-in effects for gate voltages smaller than 3V and this implies some
design overhead due to the utilization of an additional power supply. More-
over, the NEMFET requires a larger area when compared with a ”normal”
FET for the same capability to drive current.
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3
Nano-Electro-Mechanical Field Effect
Transistor Based Power Management -

A 32-Bit Adder Case Study1

Abstract: Recent investigations suggest that the Nano-Electro-Mechanical
Field Effect Transistor (NEMFET) appears to have the potential to replace
traditional high-Vt FETs, utilized as sleep transistors in power management
circuits, due to its abrupt switching enabled by electromechanical instability
at a certain threshold voltage and its ultra low OFF current (IOFF ). This pa-
per presents a preliminary assessment of the NEMFET potential if utilized as
sleep transistor in circuits featuring cell based power gating. We first evaluate
various NEMFET instances in terms of switching delay, current capability, and
leakage. Subsequently, we compare these figures with the once offered by tra-
ditional switch transistors utilized in CMOS technologies. Finally, we evaluate
the potential implications of the utilization of NEMFETs as sleep transistors in
a 90 nm CMOS technology 32-bit Adder. Our simulations indicate that IOFF is
reducing by 10 orders of magnitude, while the active area of the sleep transis-
tor is increasing with 130%.

Copyright c© 2009 IEEE. Personal use of this material is permitted. However,
permission to use this material for any other purpose must be obtained from
IEEE by sending an email to pubs − permissions@ieee.org .

1This chapter is based on the research article published as ”Suspended Gate Field Effect
Transistor based Power Management - A 32-bit Adder Case Study” by M. Enachescu, A. van
Genderen, and S. D. Cotofana, IEEE 32nd International Semiconductor Conference (CAS), pp.
561-564, Sinaia, Romania, October, 2009.
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3.1 Introduction

According to International Technology Roadmap for Semiconductors (ITRS)
[1], leakage in nanometer CMOS technologies can exceed active power con-
sumption for VLSI circuits.

The Nano-Electro-Mechanical Field Effect Transistor (NEMFET) appears to
have the potential to replace traditional FETs in sleep mode circuits, due to:
(i) its abrupt switching enabled by electromechanical instability at a certain
threshold voltage that can lower the dynamic leakage, and (ii) its ultra low
OFF current (IOFF ) that can lower the static leakage [2].

The purpose of this paper is twofold: (i) asses the NEMFET potential when
utilized as sleep transistor in circuits featuring cell based power gating, and
(ii) find out if NEMFETs constitute a viable alternative to high-Vt FETs in
sleep mode circuits. In this line of reasoning we need to evaluate the NEMFET
performance in terms of switching delay, current capability, and leakage and
compare those with the ones offered by traditional switch transistors utilized
in up to date CMOS technologies.

To achieve our goal we go through the following steps. We first focus on NEM-
FET background and its advantages. Subsequently, we perform a design space
exploration in order to identify the most promising NEMFET geometries and
to evaluate their potential performance. Finally, we compare the performance
of an N-channel NEMFET with the one of an N-channel high-Vt FET in 90 nm
CMOS technology having the same active area. This paper is organized as fol-
lows: in Section 3.2 a brief introduction is provided on NEMFET including
its basic operation and modeling. Section 3.3 describes the NEMFET design
space exploration process. In Section 3.4 we evaluate the potential implica-
tions of the utilization of NEMFETs as sleep transistors in a 90 nm CMOS
32-bit Adder [3] and finally concluding remarks are made in Section 3.5.

3.2 NEMFET Background

The NEMFET described in [4] and [5] is a rather complex device with a 3D
geometry as presented in Figure 3.1(a), where: (i) tox - the thickness of the
gate oxide, (ii) h - the thickness of the suspended gate, (iii) Wbeam - the width
of the beam, (iv) Lbeam - the length of the beam, (v) tgap0 - the gap between the
oxide and the suspended gate, (vi) kbeam - the lumped linear spring constant of
the beam.
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(a) Basic 3D NEMFET Geometry

(b) ID − VG characteristic

(c) NEMFET equivalent capacitive divider. Cgap , Cox ,
Cdep , Cinv , and Cgg represent gap, oxide, depletion, inver-
sion, and gate-to-gate capacitances, respectively.

Figure 3.1: NEMFET’ (a) geometry, (b) transfer characteristic, and (c) equivalent
capacitive divider.
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Figure 3.1(b) presents the typical ID -VG characteristics of NEMFET. As VG
starts increasing, the beam starts moving down due to electrostatic attraction
and ID increases. During this phase, the gate-oxide capacitance is in series
with the air-gap capacitance resulting in low electrostatic coupling of the gate
to the channel and ID is very small (Figure 3.1(c)). At a specific gate bias, the
electrostatic force cannot be compensated by the mechanical restoring force
anymore, and the beam collapses on the oxide. This is called pull-in effect
as depicted in Figure 3.1(b). After pull-in, increase in ID with VG is similar
to the standard MOSFET. If VG is decreased from some high value, then ID
starts decreasing. At certain value of VG , the system becomes unstable due
to combined electro-mechanical force and beam is pulled-out. This causes
sudden decrease in ID due to large decrease in capacitance (Figure 3.1(c)).
This effect is called pull-out effect as indicated in Figure 3.1(b).

NEMFET features a dynamic threshold voltage: (i) high in the up-state, and
(ii) low in the down-state. This property is not always beneficial, especially
in (micro)processors domain, where the supply voltage should be as low as
possible.

3.3 Design Space Exploration

To carry on a thorough analysis of the NEMFET potential capabilities we need
to generate a large set of feasible NEMFET geometries and to evaluate them by
means of simulations. To characterize the various NEMFET device instances
we utilize the NEMFET Verilog-A model introduced in [6] in combination
with Cadence Spectre circuit simulator [7].

Given the complexity of the design space we have to restrict the dynamic range
for the device parameters for (micro)processors. The supply voltage for pro-
cessor applications in 90 nm technology is 1.1V, according to the 2007 ITRS
roadmap [1]. This low supply voltage, assuming the lithography constraints
(minimum Wbeam = 350 nm, minimum tox = 3 nm, minimum tgap0 = 20 nm)
is not sufficient for such an NEMFET device to properly function. In view
of that, we focused the current investigation on finding NEMFET geometries
with a pull-in voltage of 3V, which can be of interest for applications with two
supply voltages (3.3V and 1.1V). To find the device that is best suited for
the considered application, we investigate a wide range of geometrical shapes
as follows: (i) we vary h from 70 nm to 100 nm with a step increment of
10 nm, and (ii) we vary tgap0 from 10 nm to 25 nm, with a step increment of
5 nm. Other parameters that influence the performance of NEMFET are the
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gate work-function (WF ) and the quality factor (Q ). Every vibrating structure
is subject to some energy loss, which translates in a reduction of vibration am-
plitude over time. The long settling times associated with those large Qs are
however detrimental for rapidly switching devices such as the NEMFET [8].
We note here that in our preliminary study we only simulate one switching
cycle (pulse), due to large amount of simulation data (many samples), thus
the effect of the quality factor is not fully exposed. The gate work function
mainly influences transistors characteristics by shifting them with respect to
the applied gate bias [2]. In our experiments we assumed the following values:

• WF of 4.4eV , 4.6eV , 4.8eV , and 5eV , and

• we varied Q from 10to100, with a step increment of 10.

The parameters of interest are determined as follows:

• ION is 90% of the maximum drain current produced as result of an input
step signal,

• IOFF is the drain current after the pull-out event, and

• The switching delay is the time required for the device to reach 50% of its
maximum drain current, when the gate voltage is larger than the pull-in
voltage (VPI )

Examples of the ION , IOFF , and switching delay, we deduced via SPICE simu-
lations are depicted in Figure 3.3 and Figure 3.3.

The results of our simulations suggest the following:

• switching delay ∝ tgap0, h , 1/LBEAM (area)

• ION ∝ LBEAM , 1/WF , 1/h , 1/tgap0, and

• IOFF ∝ LBEAM

Moreover we observe that while there are clear relations between the various
device parameters and the NEMFET performance there is no absolute best in
breed geometry and various tradeoffs are possible.

Table 3.1 presents three NEMFET configurations that we deduced from our
extensive simulations results. The first set of parameters was selected as opti-
mal for low switching time and high ION , with respect to pull-in and pull-out
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(a) ION Analysis (b) IOFF Analysis (c) Propagation Delay Analy-
sis

Figure 3.2: (a) ION Analysis, (b) IOFF Analysis, and (c) Propagation Delay Analysis,
for for WF = 5eV , h = 100 nm, tgap0 = 20 nm.

(a) ION Analysis (b) IOFF Analysis (c) Propagation Delay Analy-
sis

Figure 3.3: (a) ION Analysis, (b) IOFF Analysis, and (c) Propagation Delay Analysis,
for for WF = 5eV , h = 100 nm, tgap0 = 10 nm.
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effects, when (i) WF = 5eV , (ii) tgap0 = 20 nm, 25 nm and (iii) h = 70 nm,
80 nm, 90 nm, 100 nm. The second set of parameters was selected as optimal
for low switching time and high ION , with respect to pull-in and pull-out ef-
fects, when WF = 4.4eV, 4.6eV, 4.8eV, 5eV , selected as optimal for low
switching time and high ION , with respect to pull-in and pull-out effects, when
WF = 4.4eV, 4.6eV, 4.8eV, 5eV , tgap0 = 10 nm, 15 nm, 20 nm, 25 nm, and
h = 70 nm, 80 nm, 90 nm, 100 nm.

Table 3.1: Optimized NEMFET instances for low switching times and high ION .

h tgap0 WF L W Q ION IOFF (Leakage Delay
(nm) (nm) (eV ) (nm) (nm) (mA) floor)(fA) (ns)

I 100 20 5 4.2 350 100 2.2 5e-7(12) 8.67
II 100 20 4.4 4 350 100 3 2e-4(4.5e3) 7.41
III 100 10 5 4.5 350 100 1E-06 5e-7(5e-4) 3.03

Table 3.1 indicates that the best compromise between high ION and low delay,
with respect to pull-in and pull-out effects, for tgap0 = 20 nm, 25 nm and WF =
5eV , can be reached for the set of NEMFET parameters Table 3.1(I).

3.4 90 nm CMOS 32-bit Adder Analysis

To evaluate the potential implications of the utilization of NEMFETs as sleep
transistors in a real application we consider a 32-bit adder equipped with a
sleep mode circuit. The main purpose of this analysis is to demonstrate that
NEMFET can be a better candidate for sleep transistor than FET for this kind
of applications. Before doing that, we would like to mention that when prop-
erly designing a sleep transistor in a real digital circuit, one must take in con-
sideration the followings parameters:

• leakage current,

• ON current

• area, and

• propagation delay.

Furthermore, the tolerance accepted for the degradation of the gate perfor-
mance is in the order of at most 5%. We carry on our analysis over the 2.5
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GHz CMOS 32-bit adder presented in [3]. For this circuit, in 90 nm tech-
nology, with high-Vt devices, Tox=2.2 nm, the sleep circuit (sleep transistor
together whit the sleep circuit that triggers it) has the following characteristics:

• the total leakage is 13 nA ,

• the ION is 10 mA ,

• the active area of the sleep transistor is 31.5 µm2,

• the switching delay of the sleep circuit is 10 µs.

If we want to replace the FET sleep transistor in this design with an NEMFET
we have to be sure that this one can drive the same active current of 10 mA . To
achieve this we need to use twenty-five NEMFET devices in parallel having
the following parameters: (i) WBEAM = 350 nm, (ii) LBEAM = 4.2 µm, (iii) h =
70 nm, (iv) gap = 90 nm, (v) NA = 5×1017, (vi) WF = 5eV , and (vii) Q = 100.
These parameters were selected from Table 3.1 as being the best suited for
this application. Such a NEMFET structure has the following characteristics:
(i) IOFF = 50×0.4×10-21=0.02 aA (sub-threshold drain current), (ii) ION =
50×0.2×10-3=10 mA , (iii) active area = 73.5 µm2, and (iv) propagation delay
= 10 ns.

One can observe that this replacement is very much reducing (makes it negli-
gible) the sleep transistor off current since IOFF of NEMFET is much smaller
(10 orders of magnitude) than IOFF of normal FET. This suggests that the leak-
age savings due to the simple replacement of the FET with an NEMFET are
very significant. Further research is required however in order to evaluate all
the leakage components and to take full advantage of the NEMFET technol-
ogy by designing special NEMFET tailored sleep circuits. The price that we
have to pay for the sub-thresholds reduction is the increase of the active area
of the sleep transistor by 130%, which can be quite significant in some circum-
stances.

It is hard to put into the right prospective the delay aspect. This is twofold:
(i) The delay for the original design is covering the entire go to sleep/weak
up process thus we do not have information about the actual delay of the FET
sleep transistor, and (ii) in this evaluation we assumed that we just replace the
FET sleep transistor with an SG-FET without changing anything in the rest of
the sleep circuit.

In this evaluation we assumed that we just replace the FET sleep transistor
with an NEMFET without changing anything in the rest of the sleep circuit.
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As suggested before this may not be the case in practice as this replacement
may requires changes in the sleep circuit as well.

3.5 Conclusions

NEMFET based sleep mode circuits are potentially interesting as they clearly
enable substantial leakage reductions due to their extremely low OFF currents
(10 orders of magnitude lower than FET). This holds true for the adder we
considered and by implication for computing dominated applications. There
is a clear area overhead associated with the utilization of NEMFET sleep tran-
sistors. We note here that our area estimates are not very accurate as they just
include the active area of the NEMFET transistors and do not take into consid-
eration extra area overhead that may result from potential changes in the rest of
the sleep mode circuit and NEMFET specifics layout design rules. However,
given that in nanotechnology context area is not the main issue any longer, as
it was replaced by energy consumption and reliability, area overhead may not
be perceived as a severe drawback.
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4
Advanced NEMS-based Power

Management for 3D Stacked Integrated
Circuits1

Abstract:In this paper we introduce a novel power management architecture
for 3D Through Silicon Vias based integration technology. Our approach re-
lies on the synergy of two new technological developments as follows: (i) we
utilize a NanoElectroMechanical (NEM) device, the NEM Field Effect Tran-
sistor (NEMFET), as sleep transistor; and (ii) we make use of the 3D potential
by placing the sleep transistor (the entire power management infrastructure) on
a dedicated tier of the 3D stacked Integrated Circuit. Due to the extreme low
leakage current of the NEMFET our proposal results in 2 orders of magnitude
static power reduction, when compared with equivalent counterparts based on
traditional CMOS devices. The NEMFET power switch requires about 4x
more area when compared to bulk CMOS, however, due to the 3D integration
which allows for heterogeneous dies to be stacked, the power gating devices
can be placed to a low cost dedicated layer, which also results in a substantial
IR-drop reduction with minimum impact on leakage.

Copyright c© 2010 IEEE. Personal use of this material is permitted. However,
permission to use this material for any other purpose must be obtained from
IEEE by sending an email to pubs − permissions@ieee.org .

1This chapter is based on the research article published as ”Advanced NEMS-based Power
Management for 3D Stacked Integrated Circuits” by M. Enachescu, G. Voicu, and S. D. Coto-
fana, IEEE International Conference on Energy Aware Computing (ICEAC), pp. 1-4, Cairo,
Egypt, December, 2010.

47



48
CHAPTER 4. ADVANCED NEMS-BASED POWER MANAGEMENT FOR 3D

STACKED ICS

4.1 Introduction

In the nano era context power consumption has become one of the most
important issues in Integrated Circuit (IC) design altogether with variabil-
ity/reliability related phenomena like electro-migration, IR-drop, crosstalk,
and gate delay variations [1]. Leakage power, that was irrelevant in technolo-
gies above 130nm, has emerged as an important constraint factor as technol-
ogy node shrinks. To mitigate the leakage power component in circuit design,
many low power techniques, e.g., power gating, body bias, multi threshold
voltage devices, frequency scaling [2], have been proposed and implemented
in practical designs.

A straightforward and successful way to reduce static power consumption
associated with inactive hardware is to apply a power shut-off technique
(Power Gating) to inactive (sleeping) Functional Units (FUs) in a design im-
plemented in Multi-Threshold CMOS (MTCMOS) technology. To this end
Switch (Sleep) Transistors (ST) are placed between the power/ground rails
and the FU. When the STs are active power is supplied through them to the
FU providing normal operation conditions, and, respectively, when the STs
are open the power supply is cut-off to the gated functional unit, hence the
leakage power of the entire FU (gated block) is reduced to the leakage power
of the STs. The drawbacks of the solution are: (i) area and propagation delay
penalty incurred by the addition to the gated block of STs, isolation and state
retention cells; and (ii) undesired IR drop voltage on the STs. Thus, along with
power gating benefits a number of design issues and power-performance-area
trade-offs need to be addressed [3].

For certain specific low activity battery-operated embedded systems used in
applications, e.g., environment monitoring sensors, biomedical implants, the
sleep mode power, though having a low value, adds up to an energy figure
that represents a significant fraction from the total energy consumed by the
chip [4, 5]. For this reason new ways to further reduce the leakage power
while mitigating the area and delay penalty are needed. Various enhancements
for MTCMOS technologies have been proposed to suppress the sleep tran-
sistor leakage current [6]. Moreover it has been suggested that nano-electro-
mechanical FETs (NEM-FETs) are viable candidates to replace the High-Vt

FET based sleep transistor [7, 8]. However, although fabrication feasibility of
simple hybrid CMOS-NEMS circuits has been reported in [9], further techno-
logical enhancements are needed for such an approach to become a potentially
viable industrial solution.
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In this paper we propose a novel 3D power management approach that attempts
to alleviate some issues associated with the NEMS utilization as sleep transis-
tor in CMOS power gated integrated circuits. Our proposal, graphically de-
picted in Figure 4.1, relies on a 3D arrangement of the power gated functional
units and power management circuits. In this way we allocate a dedicated tier
in the stack for the sleep transistors and the afferent control logic. The struc-
ture in Figure 4.1 can, in principle, be extended such that more levels of active
logic and power management tiers are intermixed. While this structure can be
also utilized in conjunction with MTCMOS technology we propose to use Sus-
pended Gate FETs (NEMFET) as sleep transistors due to their extremely low
off currents (leakage). The main implications of this approach are as follows:
(i) the fabrication process complexity is simplified as we do not make use of
a hybrid CMOS and NEMFET technology; (ii) the static power consumption
is reduced with up to 2 orders of magnitude due to the extreme low leakage
current of the SG-FETs; and (iii) the IR-drop is reduced when compared with
the 2D implementation, which has a positive effect on timing.

Figure 4.1: 3D Stacked NEMFET Based Power Management Architecture

We note inhere that CMOS-based power gating in 3D stacked circuits has been
previously addressed in [10] by studying the influence of TSV placement on
the power/ground network noise. Our paper however discusses the feasibility
of using NEMFET based power gating in 3D stacked circuits and investigates
power management architectures and techniques possible in 3D integration,
along with potential design trade-offs. To the best of our knowledge, this paper
is the first one to take advantage of the heterogeneous nature of vertical stacked
ICs in order to provide a power management architecture based on NEMFET.

To evaluate the practical implications of our proposal we analyze area, IR-drop
and leakage for a simplified OpenSPARC T1 processor Execution Unit imple-
mented with power gating using classic CMOS and NEMFET based Sleep
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Transistors (STs) in 2D and 3D stacked approaches. Our experiments indicate
that the NEMFET based implementation offers up to 2 orders of magnitude
reduction of the static power consumption, compared with equivalent counter-
parts based on traditional CMOS devices, at about 4x more area. Additionally
due to 3D integration the NEMFET based solution results in 50% IR-drop re-
duction with minimum impact on leakage.

The remainder of the paper is organized as follows: In Section 4.2 a brief
introduction is provided on NEMFET including its basic operation. Section 4.3
describes the proposed 3D power management architecture and Section 4.4
presents the results of an evaluation case-study and its associated methodology.
Finally, concluding remarks are made in Section 7.6.

4.2 Nano-Electro-Mechanical FET

The NEMFET described in [11] is a rather complex device with a 3D geome-
try as presented in Figure 4.2(b). Essentially speaking the device behaves like
an electromechanical switch which responds to gate bias changes as follows.
When the gate voltage (VG ) is low the gate-oxide capacitance is in series with
the air-gap capacitance (Figure 4.2(a)) resulting in low electrostatic coupling
of the gate to the channel thus in a negligible drain current (ID ). If VG in-
creases the situation remains unchanged until it reaches a certain ”on” voltage
case in which the electrostatic force cannot be compensated anymore by the
mechanical restoring force and the suspended gate (beam) snaps onto the gate
oxide, thus turning on the device. This is called pull-in effect and corresponds
to a sudden ID increase. After the pull-in, the ID increase with VG is compa-
rable with the one of a standard MOSFET. On the other way around when VG
is decreased from some high value ID starts decreasing until at a certain VG
value the system becomes unstable due to combined electro-mechanical force
and the beam is pulled-out. This causes an abrupt ID decrease due to a large
decrease in capacitance and it is called pull-out effect.

As indicated in [8] NEMFET devices can potentially replace High-Vt sleep
transistors due to their ultra low leakage characteristics. Note that for power
gated designs two major features are desirable for the sleep transistors: (i) low
sub-threshold leakage current to minimize the static power consumption; and
(ii) low ”on” state resistance to minimize the voltage difference between the
virtual and the real power supply nodes. A comparison between the ”on” state
resistance RON and ”off” state leakage current IOFF of NEMFET and 90 nm
High-Vt CMOS based Sleep Transistors (STs) is presented in Figure 5.2 for
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different area in terms of standard cells. The RON values are computed for an
IR-drop of 10mV over the ST, and the IOFF values consider a 1.2V power
supply.

(a) Schematic representation of an NEMFET
and the associated air-gap capacitance Cair .
V is the potential difference between the gate
and the upper surface of the gate dielectric
and k is the effective spring constant of the
gate.

(b) 3D schematic: tox - the thickness of the
gate oxide, h - the thickness of the suspended
gate, Wbeam - the width of the beam, Lbeam - the
length of the beam, tgap0 - the gap between
the oxide and the suspended gate, kbeam - the
lumped linear spring constant of the beam.

(c) RON and IOFF for NEMFET and 90 nm High-Vt CMOS Sleep Transistors.

Figure 4.2: Nano-Electro-Mechanical FET

One can observe that when the sleep transistor area is increasing the NEMFET
ST RON tends to become equal with the CMOS ST RON , while NEMFET ST
IOFF (leakage) is about 2 orders of magnitude smaller than the one of the
CMOS counterpart.
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4.3 Power Management in 3D Stacked ICs

One of the emergent solutions to achieve tight chip integration is to use 3D
stacking technology with Through Silicon Vias (TSVs) as interconnects be-
tween the stacked dies [12]. TSVs are relative large metal vias (<10 µm diam-
eter, <100 µm length) that are passing completely through the silicon die. The
immediate advantage of vertically stacking dies is the interconnect latency re-
duction, which lately became the dominant latency factor [13]. Moreover, dies
implemented in different technologies can be part of the same stack, which
opens novel system integration avenues and tradeoffs. The side effect of this
performance improvement is the increase in power density in the dies placed
in the middle of the stack.

Current power gating architectures place the STs as either a ring surround-
ing the gated block or as columns throughout the gated block [14]. In this
paper we introduce a power management architecture that capitalizes on the
heterogeneity of 3D stacked systems. The proposed architecture makes use
of NEMS technology dies containing NEMFET STs placed between dies con-
taining the actual power gated circuits, as illustrated in Figure 4.3 for a 2-die
stack. By moving the bulky STs to a different die, precious area surround-
ing/inside the gated blocks previously allocated to them in the planar case can
be reclaimed. Furthermore, interconnect length inside/between gated blocks is
reduced, thereby potentially resulting in increased performance. Moreover this
approach can make use of the extreme low NEMFET leakage without requiring
an expensive and currently not available NEMFET CMOS hybrid fabrication
technology.

One of the key issue in the proposed approach relates to the way the TSV
electrical characteristics [15] influence the power gating efficiency and gran-
ularity. The ”on” state voltage drop-out across the TSV and their behavior at
power-on need to be addressed. Copper TSVs exhibit low resistivity, approx-
imately 0.2 Ω for a 5 µm diameter and 20 µm length, hence negligible when
compared with the power switch RON . The TSV pillar is isolated through an
oxide layer from the silicon substrate thus the formed parasitic capacitance,
typically 40 fF, has the predominant effect on the TSV propagation delay, and
potentially limits the power-on time. This capacitance adds up to the gated
circuit capacitance, therefore the TSV has a direct impact on the granularity at
which the power gating technique can be optimally applied. This capacitance
combined with the TSV minimum footprint constraint make the scaling down
of the gating granularity being limited by the TSV characteristic instead of the
power switch ones.
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Figure 4.3: Detailed Representation of 3D Stacked NEMFET Based Power Manage-
ment Architecture

The power management controller and the always-on cells (for isolation and
state-retention) can be placed either on the NEMS die (NEMFET based logic
gates were successfully simulated in [16]), either on the logic die containing
the gated blocks. As indicated in Table 4.1, the power switches area is lower
than the one of the associated gated logic, thus it is advantageous from the sili-
con area point of view to place the NEMFET die between two computing dies
and/or to unify all the power management related blocks on a dedicated die.
However, the latest solution infers using a hybrid CMOS NEMFET die pro-
cessing technology, which can affect the yield. Alternatively, having a single
process NEMFET die with a greater yield decreases the manufacturing cost.
This cost can also be reduced by designing a generic power gating die con-
sisting of a regular array of NEMFET power switches and CMOS always-on
cells that can be reused for any logic designs just by connecting the TSVs to
the stacked dies. The power management controller, which is usually chip-
dependent, can be placed on the logic die.

To increase the reliability, we suggest to also include a thermal management
mechanism by placing NEMS temperature sensors on the same die with the
NEMFET sleep transistors. In this way the power management controller can
determine when a processing core becomes too hot and signals the operating
system to migrate the threads running on that core to other cooler cores. Once
the migration is complete the power controller can turn off the core and allow
it to cool down.
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4.4 Experimental setup and results

To preliminary evaluate the practical impact our proposal we performed a case
study on the 2D and 3D implementations of a simplified OpenSPARC T1 pro-
cessor [17] Execution Unit containing the ALU and the Shifter. We imple-
mented the design in a commercial 90 nm Low Power MTCMOS technology
using Cadence Encounter Digital Implementation 9.1 Low Power Flow. The
design is successfully signed-off at 333mHz. To evaluate the power savings
we first implemented a reference design with no power gating mechanisms (the
entire design is always powered-on), then we placed the Shifter in a switch-
able power domain, with 90 nm High-Vt CMOS power switches and NEMFET
switches, respectively. Four layouts are investigated: the reference one with-
out power gating (REF), 2D layouts with power gating with classic High-Vt
CMOS (2DHVT) and NEMFET (2DSGF) and a two-tier 3D layout with one
logic die and a NEMS die with NEMFET power switches (3DSGF).

To dimension the sleep transistors we first had to determine the Maximum
Instantaneous Current (MIC) of the Shifter in the routed design which is
4.73mA. Using the Finite Element Modeling characterization of NEMFET
in [16], we sized the power switches in both 2D cases according to [18], in
order to achieve a target IR-drop under 20mV on them for the measured MIC.
The total number of required NEMFET/High-Vt CMOS standard cells are pre-
sented in Table 4.2. Our 3D stacked floorplan takes advantage of the extra area
available and increases the area of NEMFET based ST up to the Shifter unit
one, in order to equally distribute the MIC on the STs and to mitigate the IR-
drop effect.
Accurate dynamic power and rail analysis with the switchable power domain
functioning and turned off were performed using Cadence VoltageStorm to
evaluate the power gating efficiency. The switching activity was set to 0.2.
Since a dynamic characterization of the NEMFET device was not available at
that time, we generated a power grid library containing only the static port view
model of it, based on the RON , IDsat and IOFF values from the FEM analysis
of the device. The static port power-grid view of the High-Vt CMOS power
switch was used for consistency. For the High-Vt CMOS power switch we
ran a multi-mode multi-corner analysis in typical (VDD = 1.2 V, T = 25 ◦C),
best (VDD = 1.32 V, T = 0 ◦C), and worst case (VDD = 1.08 V, T = 125 ◦C)
conditions; the NEMFET analysis was done only in the typical case.

Table 4.1 shows that when using 2D High-Vt CMOS based implementation
the Shifter leakage current is reduced by 34x with a cost of 19mV IR-drop and
13.25% area increase, and negligible total power penalty. By using NEMFET
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Table 4.2: Power switches dimensioning

Power gating Channel width ION at IOFF at Number
standard cell (W) VDS = 20mV VDS = 1.2V of cells

(µm) (mA) (A)

High-Vt based 52 513 8.58E-10 10
NEMFET based 7.5 51 4.47E-13 93

based ST we further reduce by 286x the Shifter leakage, with a further addition
in area cost of 34.43%, for roughly the same IR-drop. Furthermore, by placing
the NEMFET based STs on a separate die and increase its area according to
the Shifter footprint, the IR-drop is halved with a minimum effect on leakage.

4.5 Conclusions

In this paper we introduced a novel NEMFET based power management ar-
chitecture for 3D Through Silicon Vias based integration technology. Our pro-
posal demonstrates that 3D integration is an effective way to make use of the
NEMFET characteristics, i.e., abrupt switching and extreme low leakage, in
effective NEMS-based power/energy/thermal management.
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5
Leakage-enhanced 3D-Stacked

NEMFET-based Power Management
Architecture for Autonomous Sensors

Systems1

Abstract: With the technology moving into the deep sub-100 nm region, the increase of leakage
power consumption necessitates more aggressive power reduction techniques using emerging
devices. Power gating with Nano-Electro-Mechanical Field Effect Transistors (NEMFET) is
a promising avenue to reduce energy consumption of embedded autonomous sensor systems.
Our research emphasizes that 3D Stacked hybrid circuits with NEMFET sleep transistors can be
further enhanced to reduce leakage power by redesigning the entire power management circuitry
with NEMFETs. To evaluate the practical implications of such an approach we implement
NEMFET based power gating, which makes use of NEMFETs as sleep transistors, isolation
cells, and components for power management controller design, on an embedded SoC platform
running a bio-medical sensing application. Preliminary energy evaluations with Cadence EDI
flow indicate that the enhanced architecture provides a reduction of 7% over the 3D Hybrid
architecture at the expense of 4.7% area increase and of about 15% energy reduction with respect
to the ”classic” 2D CMOS counterpart. Furthermore, for applications with lower activity, the
potential energy improvement the enhanced architecture could provide can reach up to 90% with
respect to the 2D CMOS reference design.

Copyright c© 2011 IEEE. Personal use of this material is permitted. However, permission to
use this material for any other purpose must be obtained from IEEE by sending an email to
pubs − permissions@ieee.org .

1This chapter is based on the research article published as ”Leakage-enhanced 3D-Stacked
NEMFET-based Power Management Architecture for Autonomous Sensors Systems” by M.
Enachescu, G. R. Voicu, and S. D. Cotofana, IEEE 15th International Conference on System
Theory, Control and Computing (ICSTCC 2011), pp. 224-229, Sinaia, Romania, October, 2011.
Best PhD student paper award.
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5.1 Introduction

CMOS technology is approaching its physical limits; hence emerging tech-
nologies have been investigated and proposed to supersede the basic CMOS
device, i.e., the MOSFET. Examples of such devices are Nano-Electro-
Mechanical FETs (NEMFETs), carbon nano tubes, quantum-dot cellular au-
tomata, single-electron devices [1–4]. However, at this time, only low com-
plexity circuits ware successfully designed with the above technologies.

On the other hand, scaling CMOS technology could still provide 30% im-
provement in performance at 28 nm node with respect to 40 nm node accord-
ing to [5]. The price to be paid reflects also into the tremendously increase
of power dissipation of digital CMOS. Hence, the life of the battery operated
embedded systems with low activity, e.g., autonomous sensor systems, which
is mostly determined by the standby leakage power dissipated by the circuit
in sleep mode, is directly affected. Thus, the use of power gating technique
in portable devices is vital in achieving long life, low energy implementation
solutions.

Power gating works on the principle of using Sleep Transistors (STs) to cut
off supply voltage to the circuit in standby mode thus cutting off leakage cur-
rent path to ground. Various enhancements based on Multi-Threshold CMOS
(MTCMOS) technologies have been proposed to suppress the sleep transis-
tor leakage current [6], however the NEMFET based ST proved to be more
effective when compared with High-VT counterpart [7].

One solution that partially address the leakage issue by exclusively minimiz-
ing the leakage of the ST is a hybrid CMOS-NEMS 3D stacked chip architec-
ture. Benefitting from the NEMS-based power management, the architecture
proposed in [8], emphasizes the outstanding characteristics of NEMFET de-
vices, i.e., ”abrupt” switching and ultra low leakage. To validate this proposal
and evaluate its performance in a real-life scenario a careful assessment of the
implications of this hybrid power management architecture on the rest of the
system was described in [9].

Since power gated circuits spend very long times in standby mode, one can es-
sentially infer that the overall energy can be further substantially reduced when
the overall OFF state power consumption mostly generated by the Always-On
(AO) cells is mitigated. In this paper we propose a novel 3D power man-
agement approach that attempts to alleviate some leakage overhead associated
with the use of CMOS devices as AO cells, in isolation (ISO) cells and in the
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Power Management (PM) controller. Our proposal relies on: (i) moving the
ISO cells and the PM controller on the NEMS die, and (ii) redesigning them
in the NEMS technology to take advantage of the NEMFET ultra low leakage
power. Our goal is to explore these implications and evaluate the performance
and the energy efficacy of this power management architecture in a real-life
scenario.

Our experiments indicate that, due to the extreme low leakage and the ”abrupt”
switching of the NEMFET, the system idle energy is decreased by 6.35x at the
expance of a 4.75% area overhead on the NEMS tier. Moreover, due to the
leakage-enhanced 3D hybrid approach the energy-delay product of the em-
bedded SoC platform is reduced by 7% with a potential improvement of up to
90% with respect to the 2D CMOS reference design.

Even though the NEMFET based AO cells add overhead to the total area, this
does not affect the chip footprint since it is displaced to another tier (which
contains NEMFET sleep transistors). Moreover, since the AO cells are not on
the critical path, their replacement with the NEMFET-based cells, which for
the time being have a limited operation frequency of about 100MHz, do not
change the overall frequency of our approach. Exploiting 3D stacked hybrid
integration, our approach can be applied directly on an industrial low power
design which supports NEMS and CMOS technology.

The rest of the paper is organized as follows. First, in Section 5.2, we give
an overview of the 3D hybrid power management architecture and some rel-
evant NEMFET background. Section 5.3 describes the enhanced-leakage ar-
chitecture, which makes use of NEMFETs for the implementation of the entire
power gating related infrastructure, i.e., sleep transistors, isolation cells, and
power management controller. Section 8.4 discusses the experimental results
and finally, Section 8.5 presents the conclusions.

5.2 NEMFET based power management architecture

5.2.1 NEMFET Background

The Nano-Electro-Mechanical FET (NEMFET) described in [10] is a rather
complex device with a 3D geometry and cross-section as presented in Fig-
ure 5.1a.

Essentially speaking the device behaves like an electromechanical switch
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Figure 5.1: (a) Schematic diagram of NEMFET. (b) Equivalent circuit model for the
NEMFET

which responds to gate bias changes as follows. When the gate voltage VG
is low the gate-oxide capacitance is in series with the air-gap capacitance Fig-
ure 5.1b resulting in low electrostatic coupling of the gate to the channel thus
in a negligible drain current ID . If VG increases the situation remains un-
changed until it reaches a certain ”ON” voltage case in which the electrostatic
force cannot be compensated anymore by the mechanical restoring force and
the suspended gate (beam) snaps onto the gate oxide, thus turning on the de-
vice. This is called pull-in effect and corresponds to a sudden ID increase.
After the pull-in, the ID increase with VG is comparable with the one of a stan-
dard MOSFET. On the other way around when VG is decreased from some
high value ID starts decreasing until at a certain VG value the system becomes
unstable due to combined electro-mechanical force and the beam is pulled-out.
This causes an abrupt ID decrease due to a large decrease in capacitance and
it is called pull-out effect.

As indicated by [7] NEMFET devices can potentially replace High-VT sleep
transistors due to their ultra low leakage characteristics. Note that for power
gated designs two major features are desirable for the sleep transistors: (i) low
sub-threshold leakage current to minimize the static power consumption, and
(ii) low ”ON” state resistance to minimize the voltage difference between the
virtual and the real power supply nodes.

A comparison between the ”ON” state resistance RON and ”OFF” state leakage
current IOFF of NEMFET and 65 nm High-VT CMOS based Sleep Transistors
(STs) is presented in Figure 5.2 for different area in terms of standard cells.
The RON values are computed for an IR-drop of 10mV over the ST, and the
IOFF values consider a 1.2V power supply. One can observe that when the ST
area is increasing the NEMFET ST RON tends to become equal with the CMOS
ST RON , while NEMFET ST IOFF (leakage) is about 2 orders of magnitude
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Figure 5.2: RON and IOFF for NEMFET and 65 nm High-Vt CMOS Switch Transistors

smaller than the one of the CMOS counterpart.

5.2.2 3D-Stacked Hybrid Power Management Architecture

In [9] the integration impact that a recent proposed 3D stacked power man-
agement architecture based on Nano-Electro-Mechanical FET power switches
may have on a real-life embedded SoC design was described. The architecture
relies on NEMS technology dies containing NEMFET STs placed on top of
the die containing the actual power gated circuits, as in the two-tier stack test
vehicle from Figure 5.3. The bottom CMOS tier comprises the active logic
circuit, while the top tier incorporates the NEMFET STs. The dies are stacked
using Through-Silicon Vias (TSVs), allowing for large density, high speed,
and low power interconnect [11].

The approach has a number of advantages as follows: (i) it combines the
appealing extremely low leakage currents of the NEMFETs with the versatil-
ity of CMOS technology by allowing for the power switches to be fabricated
on a separate die, (ii) it simplifies the floorplanning in general, and can in-
crease the computation platform performance because of extra area cleared by
the switches on the CMOS tier, and (iii) it leverages the integration of other
NEMS/MEMS devices, e.g., energy harvesters, sensors, on the same tier with
the power management circuitry.
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The test vehicle has three power domains (PD Core, PD DMem and PD
PMem), which can be independently powered-off by the corresponding group
of sleep transistor on top of the power domain. The Always-On (AO) power
gating related blocks, contained in the PCM power domain are part of the bot-
tom die. The next section presents a way to reduce the leakage power by the
relocation of the PCM power domain, as displayed by the light blue arrow in
Figure 5.3.

5.3 Leakage-enhanced 3D-Stacked NEMFET-based
Power Management Architecture

We propose to enhance the above presented PM architecture by moving the
Always-On (AO) power domain location to the NEMS die. This entails re-
designing the isolation (ISO) cells and the PM controller in the NEMS tech-
nology. This translation alleviates part of the leakage overhead associated with
the use of CMOS devices as AO cells by taking advantage of the NEMFET
ultra low leakage power. The bottom CMOS tier comprises the active logic
circuit, while the top tier incorporates the STs, ISO cells, and PM controller
implemented with NEMFETs.

The Always ON cells include the following elements:

1. Isolation cells which controls the outputs of powered down blocks and
clamp the outputs to a specific, legal value;

2. The Power Management Controller, which generates the control signals
for the STs and the ISO cells in the appropriate sequence for shut-down
and power-up transitions.

5.3.1 Isolation cells

Floating outputs of the power-down blocks altogether with crowbar currents
during powering down may result in spurious behavior in the power-up blocks
inputs [6]. Isolation cells are practically basic NAND/NOR gates, or even
single pull-up/pull-down transistors with the gate input acting as the isola-
tion signal generated by the PM controller that can hold the output to logic
high/low.
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Figure 5.3: Leakage-enhanced 3D Stacked NEMFET Power Management Architec-
ture

By replacing the isolation cells with NEMFET pull-up/pull-down transistors
as indicated in Figure 5.4 we take advantage of the ultra-low leakage character-
istic of the NEMFET to reduce with approximately two orders of magnitude
the additional energy cost incurred by isolation. The twofold trade-offs are
area and delay penalties. Taking into account that the operating frequency of a
NEMFET based logic is currently limited to about 100MHz and the parasitic
TSV interconnect capacitance we can expect that the isolation sequence will
increase from one to two clock cycles.
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Figure 5.4: Substitution of nMOS Pull-down Isolation cell with NEMFET cell

Figure 5.5: Simulated waveform of Power Management Controller signals

5.3.2 Power Management Controller

This module performs the following sequence of operations to power-down:

1. Stop the clock to minimize leakage into the power-gated region;

2. Assert the isolation control signal to park all outputs in a safe condition;

3. Assert reset to the block, so that it powers up in the reset condition;

4. Assert the power gating control signal to power down the block.

To restore power the same sequence is performed in the reversed order. The
PM control signals for a complete power-down/power-up cycle simulated in
Cadence LP-NCSim are depicted in Figure 5.5.

5.4 Performance evaluation

To evaluate the energy savings of the 3D stacked NEMFET based Power Man-
agement (PM) architecture an energy analysis was first performed on the Ref-
erence single-tier design with classic High-VT sleep transistors. Subsequently,
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Figure 5.6: System on Chip platform for autonomous sensors

by moving the bulky STs to a different die, the Stacked design, precious area
surrounding/inside the gated blocks previously allocated to them in the pla-
nar case can be reclaimed. Finally, by substituting the High-VT STs with the
equivalent area of NEMFET STs, the Hybrid implementation was analyzed.

Figure 5.6 presents the considered experimental platform. It consists of a typ-
ical SoC for low power embedded devices, based on the open-source 16-bit
synthesizable processor core openMSP430 [12], a clone of the commercial
Texas Instruments MSP430 microcontroller. The program memory (PMEM)
and data memory (DMEM) sizes are 4−KB and 2−KB , respectively. Although
not used by the reference application, all the peripherals of the openMSP430
core (16-bit multiplier, timer, 6 8-bit input/output ports) are part of the plat-
form in order to account for their leakage power.

The reference application is a heart beat rate monitor which detects the QRS
complex in an digitized electrocardiogram (ECG) signal. The QRS event cor-
responds to the depolarization of the ventricles, comprising a series of three
deflections seen on a typical ECG signal. The middle one, i.e. the R wave,
is the well-known “peak” of the ECG. The application program identifies the
R peaks in the ECG signal and measures the interval between two consecu-
tive R peaks. The algorithm we use is based on the open source arrhythmia
detection software from EP Limited [13], which uses the filtering based Pan-
Tomkins [14] method for R peak detection. For this method the input data are
channeled through a five steps filtering process consisting of a low pass filter,
a high pass filter, a derivative, an absolute value, and an integrator function, in
this order. The utilized filter equations are valid for an ECG sample frequency
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of 200Hz.

5.4.1 3D-Stacked NEMFET-based Power Management Architec-
ture evaluation

The reference platform was implemented using Cadence Encounter Digital
Implementation [15] in a 65nm commercial Low Power CMOS technology.
A high operating frequency of the SoC means that it has to be synthesized
with tighter timing constraints, which results in a design with faster and/or
bigger cells. As a consequence leakage and dynamic power increase. For the
presented SoC this effect limits the operating frequency to 150MHz without
causing a significant increase in the leakage power.

The obtained energy consumption values for the three designs mentioned at
the beginning of this section are presented in Table 8.2. One can observe
that in spite of the reduced OFF leakage power the total improvement on the
energy-delay product figure is only 9%. This happens because of two reasons:
(i) the test application has a too high duty cycle, and (ii) the ON power term is
dominant in the total energy equation.

The power consumption could be further reduced in two ways:

• addressing the OFF state power through implementing the PM con-
troller and the isolation cells with NEMFET devices as discussed in
Section III,

• optimizing the design in terms of ON state power and the software ap-
plication to optimally utilize the hardware resources, hence reducing the
run time.

5.4.2 Leakage-enhanced 3D-Stacked NEMFET-based Power
Management Architecture evaluation

The proposed enhanced 3D power management hybrid approach makes use
of the first option and redesigns the entire extra power gating logic using low-
power NEMFET technology and place it on the different tier, taking advantage
of the 3D stacking technology. We compare the enhanced architecture with
the hybrid one and evaluate the overall energy gain from the embedded sys-
tem running the bio-medical application perspective. Using the same power
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Table 5.1: Power and energy results

Implementation
ON power OFF power [nW] Energy

[mW] STs Always-on cells* Total [µJ]

Reference 5.0340 56.28 26.02 81.28 9.05

Stacked 5.0343 900.44 26.02 925.44 9.46

Hybrid 5.0339 4.52 26.02 30.54 8.61

* Always-on cells = Power management controller and isolation cells

analysis methodology we extracted the power and area values presented in
Table 5.2.

Even though the total area overhead due to logic implementation using NEM-
FETs is 4.75% of the design size, this does not affect the chip footprint since it
is displaced to another tier (which contains NEMFET switch transistors). The
prominent reduction of about two orders of magnitude in the OFF state power
is due to the practical ”zero-leakage” characteristic of NEMFET. Furthermore,
the abrupt switching effect of the NEMFET causes a reduction in the dynamic
power of PM controller and ISO cells, reducing the total ON state power. The
changes in active and idle power are directly reflected in the energy figure,
improving the energy consumption by 7% with respect to the hybrid design.
Compared with the classic one-tier power-gated CMOS implementation Ta-
ble 8.2 the overall energy saving could be up to 15%.



70

CHAPTER 5. LEAKAGE-ENHANCED 3D-STACKED NEMFET-BASED

POWER MANAGEMENT ARCHITECTURE FOR AUTONOMOUS SENSORS

SYSTEMS

Ta
bl

e
5.

2:
L

ea
ka

ge
-e

nh
an

ce
d

ar
ch

ite
ct

ur
e

ar
ea

,p
ow

er
an

d
en

er
gy

re
su

lts

Im
pl

em
en

ta
tio

n
ty

pe
A

re
a

[%
of

di
e

si
ze

]
O

N
po

w
er

O
FF

po
w

er
[n

W
]

To
ta

le
ne

rg
y*

IS
O

ce
lls

PM
C

on
tr

ol
le

r
[m

W
]

ST
s

IS
O

ce
lls

PM
C

on
tr

ol
le

r
[µ

J]

H
yb

ri
d

[9
]

0.
15

0.
02

5.
03

39
4.

52
18

.0
1

8.
01

8.
61

Le
ak

ag
e-

en
ha

nc
ed

3.
75

1.
17

4.
7

4.
52

0.
28

9
0.

07
5

8.
00

*
A

ct
iv

e
tim

e=
1
.
7
3

m
s,

Id
le

tim
e=
9
9
3
.
3
5

m
s,

Tr
an

si
tio

n
tim

e=
5
.
3
2

m
s

@
1
5
0

M
H

z.



5.4. PERFORMANCE EVALUATION 71

Figure 5.7: Breakdown of leakage power (in nW) in an embedded processor for au-
tonomous sensors

Figure 5.7 presents a comparison of the system idle power for the classic High-
VT Reference, i.e., the 3D Hybrid, and the proposed Leakage-enhanced archi-
tectures. The idle power is equal with the leakage power of the only active
components in the idle state, the STs and the AO cells. A two-step approach
to reduce the leakage power can be observed. Hybrid design implements in the
first step only the STs in the NEMFET die, which results in a substantial re-
duction of the ST leakage but doesn’t affect the AO cell figure of merit. In the
second step, the Leakage-enhanced design contains all STs, AO cells and the
complete PM circuit on the top die, implemented with NEMFETs. In total, by
using the Leakage-enhanced architecture, we reduce the leakage power in the
idle state with 92%, from 82.3 nW in the 2D Reference design to 5.884 nW.

The ON state power consumption can be further reduced by optimizing the
design in terms of power and the software application to optimally utilize the
hardware resources, thus reducing the run time. To characterize the energy
consumption efficiency versus various applications, we plot in Figure 5.8 the
platform energy consumption for different operating duty cycles. We assume
the same ON and OFF state power figures as for the bio-medical application.
The duty-cycle is defined as: TON/(TON + TOFF).

One can observe in the figure that the energy requirement has a steep decrease
until the application duty-cycle reaches 0.0001. Optimizing and reducing the
application duty-cycle lower than this does not bring much energy savings any
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Figure 5.8: Energy Consumption versus Duty-cycle

longer. However, from this point further, for even lower activity applications
the relative savings in energy consumption due to our power architecture when
compared to High-VT STs start to increase, reaching up to 90% lower energy
consumption. Compared to the previous 3D-Stacked Hybrid PM architecture
the overall energy improvement is about up to 50% higher.

5.5 Conclusions

In this paper, we diminished the leakage power of the NEMFET based 3D-
stacked power management architecture by making use of NEMFETs also
for the implementation of isolation cells, and power management controller
design. We evaluated the practical implications of such an approach by im-
plementing an embedded SoC platform running a bio-medical sensing appli-
cation with NEMFET based power gating. We performed energy evaluation
of the enhanced design and our results indicated a reduction of 7% over the
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3D Hybrid architecture with the price of 4.7% increase in area and of about
15% energy reduction with respect to the ”classic” 2D CMOS counterpart.
Furthermore, for applications with lower activity, the potential energy im-
provement of the Leakage-enhanced architecture could deliver can reach up
to 90%, with respect to the 2D CMOS reference design. Our results suggest
that when utilized in conjunction with CMOS the NEMFETs can induce sig-
nificant performance improvements over CMOS only approaches in terms of
energy efficiency. This justifies the need for further efforts in evaluating other
aspects of the novel power management architectures, such as reliability and
technology integration issues.
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6
Ultra Low Power NEMFET Based

Logic1

Abstract: In this paper, we introduce a Nano-Electro-Mechanical Field Ef-
fect Transistor (NEMFET) based logic family tailored to the implementation
of low speed and ultra low energy functional units and processors. Basic
Boolean gates implemented with NEMFETs only are analysed and compared
against equivalent CMOS realisations. Our simulations suggest that the pro-
posed short-circuit current free NEMFET gates exhibit up to 10x dynamic
energy reduction and up to 2 orders of magnitude less leakage, at the expense
of 10 to 20x slower operation, when compared with CMOS counterparts. We
also analyse the fan-in influence on gate performance and observe that NEM-
FET the gate energy advantage increases with fan-in. Finally, we consider a
3D-Stacked hybrid NEMFET-CMOS computation platform running a heart-
beat rate monitor application and demonstrate that NEMFET based logic is an
enabling factor for the implementation of ”zero-energy” operated systems.

Copyright c© 2013 IEEE. Personal use of this material is permitted. However,
permission to use this material for any other purpose must be obtained from
IEEE by sending an email to pubs − permissions@ieee.org .

1This chapter is based on the research article published as ”Ultra Low Power NEMFET
Based Logic” by M. Enachescu, M. Lefter, A. Bazigos, A. M. Ionescu, and S. Cotofana, IEEE
International Symposium on Circuits and Systems (ISCAS 2013) , pp. 566 - 569, Beijing, China,
May, 2013.
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6.1 Introduction

While CMOS scaling substantially diminishes device delay the scalability
frontier of the threshold voltage (VT ) limits the reduction of the supply volt-
age; thus, the energy consumption does not gracefully scale with feature size
reduction. Moreover, feature size technology scaling implies high power den-
sity and leverages an abrupt leakage increase [1]. While for general purpose
and high performance applications the throughput and/or latency is the most
important figure of merit for many embedded applications, e.g., wireless sen-
sor networks [2], the capability to operate without a battery change until they
become obsolete is of premium importance. Such applications have a high idle
rate and relaxed time constraints thus, to meet such a ”zero-energy” operation
requirement, they should be implemented with low speed and extremely low
power technologies. Current CMOS technologies are not the best fit for their
implementation as they even have large leakage and/or require high power
supply thus tight ”zero-energy” budgets cannot be satisfied.

With the advent of Nano-Electro-Mechanical Systems (NEMS) novel devices,
e.g., NEM Field Effect Transistor (NEMFET) [3], have been proposed with
ultra-low leakage currents, low active energy due to abrupt switching, and
hysteresis. Such devices have been initially meant to be utilized in sensing [4].
However, their utilization as sleep transistors in power management schemes
has been also investigated [5].

In this paper, we introduce a NEMFET based logic family tailored to the im-
plementation of ultra-low energy functional units and processors. We intro-
duce basic Boolean gates implemented with NEMFETs only, analyse their
performance, and compare with CMOS counterparts. In our proposal, we
make use of the NEMFET hysteresis and introduce short-circuit current free
designs. Thus, the NEMFET gates do not experience short circuit path during
switching, and that energy component is eliminated. Our simulations sug-
gest that when compared with CMOS gates implemented in a technology with
similar transistor size the NEMFET gates are between 10 to 20x slower but
consume up to 10x less energy and have up to 2 orders of magnitude less leak-
age. We also perform an analysis of the fan-in influence on gate performance,
which suggests that NEMFET gates are even more advantageous in terms of
energy reduction as the number of inputs increases. We equipped the Trough
Silicon Via (TSV) based 3D-Stacked hybrid NEMFET-CMOS computation
platform in [5] with NEMFET implemented power management. This results
in a further 5% energy reduction for the heart beat monitoring and 21% for
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application with 10x lower activities rate [6]. Due to this reduction the size
of the vibration energy generator needed to power the SoC in a ”zero-energy”
regime decreases from 2.15cm2 to 2.03cm2 and 1.69cm2, respectively. This
clearly indicates that NEMFET-based logic is an enabling factor for the imple-
mentation of ”zero-energy” operated systems.

The rest of the paper is organised as follows. In Section 7.3.2, we provide a
brief NEMFET overview and introduce a novel, compact model that allows us
to simulate basic NEMFET based logic gates. Section 6.3 introduces the pro-
posed NEMFET based logic family, analyses its performance, and positions it
versus CMOS implementations. In Section 7.5, we make use of the NEMFET
logic for the implementation of the power management circuitry and we eval-
uate this implication by considering a 3D-Stacked hybrid NEMFET-CMOS
computation platform running a heartbeat rate monitor application as a case
study and evaluate its potential ”zero-energy” operation. Finally, Section 7.6
presents some conclusions.

6.2 NEMFET Background and Compact Modeling

The Nano-Electro-Mechanical Field Effect Transistor (NEMFET) has a 3D
geometry and cross-section as presented in Figure 6.1. It has ultra-low leakage
currents, low active energy due to abrupt switching, and hysteresis.

Essentially speaking, the device behaves like an electromechanical switch
which responds to gate bias changes as follows. When the gate voltage VG
is low, the gate-oxide capacitance is in series with the air-gap capacitance
resulting in low electrostatic coupling of the gate to the channel, thus in a neg-
ligible drain current ID . If VG increases the situation remains unchanged until
it reaches the pull-in voltage VPI in which case the electrostatic force cannot
be compensated anymore by the mechanical restoring force and the suspended
gate (beam) snaps onto the gate oxide, thus turning on the device. After the
pull-in, the ID increase with VG is comparable with the one of a standard MOS-
FET. On the other way around when VG is decreased from some high value ID
starts decreasing until at a certain VG value when the system becomes unstable
due to combined electro-mechanical force and the beam is pulled-out. This
causes an abrupt ID decrease due to a large decrease in capacitance, i.e., the
pull-out effect.

In our implementations, we make use of Fully Depleted Silicon on Insulator
(FD SOI) NEMFETs and in order to analyse the performance and potential of
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Figure 6.1: Illustrative cross-section of NEMFET. The two states, e.g., pull-out (OFF)
and pull-in (ON), are depicted

our proposal we rely in circuit simulations. Thus, compact models are required
to accurately capture the complex NEMFET behavior.

The model developed for the NEMFET consists of two main elements: (i) The
BSIM-IMG FD SOI model [7,8] is utilized for predicting the electrical behav-
ior of the transistor; (ii) A Verilog-A-based compact model was developed to
estimate the position of the suspended gate. Moreover, the variation of the
capacitor in series with the gate was taken into consideration. As the nature of
the device extends both in electrical and mechanical regimes, both such types
of Verilog-A natures were addressed in the model. An in-depth description of
the model can be found in [9].

The parameters of the model have been extracted after hybrid numerical sim-
ulations that combined multi-physics and semiconductor analyses [10, 11].
At the first step, the parameters of the BSIM-IMG FD SOI model were ex-
tracted, considering the NEMFET with a constantly pulled-in gate-beam. Sub-
sequently, the parameters for the electromechanical addition of the suspended-
gate model were as well extracted. In order to adapt the model to the TCAD
results, further optimizations were required, i.e., adapting the initial nominal
values for our parameters of interest. Since the model is written in Verilog-A
it is portable in a wide variety of simulators. Therefore, two design-kits have



6.3. SHORT CIRCUIT FREE NEMFET-BASED LOGIC 81

Figure 6.2: NEMFET inverter transfer characteristics

been implemented that easily introduce the NEMFET model to the Agilent
ADS and the Cadence Virtuoso software platforms.

6.3 Short Circuit Free NEMFET-based Logic

This section provides an answer to the following question: ”To which extent
can CMOS alike NEMFET based logic supersede traditional logic?” Hence,
we introduce NEMFET based Boolean gates tailored to the implementation of
ultra low energy functional units and processors, analyze and compare their
performance with CMOS counterparts. Finally, we address the following is-
sues related to NEMFET-based logic: (i) energy efficiency against the ”clas-
sic” CMOS logic, and (ii) scaling for improved performance.

By wiring two NEMFETs together in a traditional manner, we form an inverter
circuit. The dynamic inverter operation at a clock frequency of 125 MHz is
depicted in Figure 7.3, for a square-wave input signal supplied by a waveform
generator. The NEMFET hysteresis allows for n/p NEMFET channel sizing
that precludes the situation when the two NEMFETs are simultaneously open
during the switching. In this way the most important power component, i.e.,
the power consumption given by the Short Circuit (SC) current, is diminished.

Figure 6.3 depicts the SC current analysis of an NEMFET inverter without and
with hysteresis. First, if no proper attention is given to NEMFET sizing, the
inverter behaves like a normal CMOS gate (left side of Figure 6.3). However,
by proper dimensioning of the n/p-NEMFETs (Figure 6.3 right side) we can
adjust the occurrence of the Pull-In (PI) and Pull-Out (PO) events as follows:
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Figure 6.3: NEMFET inverter SC current analysis

(i) the nNEMFET PI takes place after the pNEMFET PO; (ii) the pNEMFET
PI takes place before the nNEMFET PO. In this way, we arrange the switching
moments such that the two transistors are never conducting at the same time,
which is practically cancelling the short circuit current and results in 2 order
of magnitude reduction of the energy consumption per switching event.

We can build upon the Inverter and construct basic Boolean gates operating
according the same SC free paradigm. The voltage transfer functions for two-
input (NAND, NOR) gates are depicted in Figure 6.4, for a 100 MHz clock
period. Thus, the NEMFET gates do not experience the creation of a short
circuit path during switching, and that energy component is eliminated.

Table 6.1 presents the delay and the static and dynamic energy parameters
for various (INV, NAND, NOR) gates implemented with NEMFETs and in a
commercial CMOS 65nm Low Power (LP) technology. The figures of merit
of the CMOS High-VT logic gates were obtained using Cadence Spectre while
Agilent ADS was utilised for the NEMFET-based logic.

One can observe in the table that NEMFET gates are between 10x to 20x
slower but consume up to 10x less energy and have up to 2 orders of magnitude
less leakage. Having these results in mind, we can conclude that the NEMFET
logic application field is rather limited for the time being to ultra low energy,
low frequency, low activity designs, e.g., wireless sensor node running a heart
beat rate application [5]. However, since it has been already proven that the
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Figure 6.4: Transfer characteristics for NEMFET NOR/NAND

Table 6.1: CMOS vs. NEMFET gates

NAND NOR INV

C N C N C N

E dynamic [fJ] 3.27 0.65 2.72 0.57 1.33 0.41
P leakage [pW] 11.72 0.16 13.44 0.16 8.21 0.08
Delay [ns] 0.04 0.80 0.05 0.78 0.03 0.31

C, N stands for CMOS and NEMFET, respectively.

NEMFET beam could scale at least up 260nm x 65nm [12] and the scaling
is predicted to continue in the following years [13], we expect the NEMFET
delay to decrease thus to make NEMFET logic more competitive.

We also perform an analysis of the fan-in influence on gate performance which
results are presented in Table 6.2. The Table suggests that NEMFET gates are
even more advantageous in terms of energy reduction as the number of inputs
increases. For example while a NAND2 CMOS consumes 5x more dynamic
energy than a NAND2 NEMFET this factor becomes 10x for the NAND4
case.

6.4 NEMFET-based Power Management Logic

State of the art ultra low power designs employ specific Power Management
(PM) circuitry to turn off inactive units in order to achieve energy savings [14].
While PM is substantially reducing the idle parts leakage by separating them
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Table 6.2: CMOS vs. NEMFET - variable fan-in NAND

NAND2 NAND3 NAND4

C N C N C N

E dynamic [fJ] 3.27 0.65 6.90 0.96 11.20 1.24
P leakage [pW] 11.72 0.16 13.28 0.22 14.42 0.28
Delay [ns] 0.04 0.80 0.06 1.20 0.09 1.55

C, N stands for CMOS and NEMFET, respectively.

from the supply voltage by means of High-VT MOSFET or NEMFET [15]
based Sleep Transistors (STs), it has been noticed in [15] that the always-active
PM circuitry significantly contributes to the total energy consumption of low
activity rate applications. Thus, in this section, we make use of the proposed
SC-free NEMFET logic for the implementation of the PM circuitry, i.e., Isola-
tion Cells (ISO), State Retention (SR) cells, and PM Controller (PMC). Addi-
tionally, to evaluate the impact of utilising SC-free NEMFET based logic for
the PM circuitry implementation, we consider, as a case study, a 3D Through-
Silicon Via (TSV) based hybrid NEMFET-CMOS computation platform run-
ning a heartbeat rate monitor application.

Next, we describe how the basic NEMFET logic gates can be utilised to im-
plement the PM circuitry in a heterogeneous 3D stacked power management
architecture composed out of a NEMFET and a CMOS tier.

Isolation Cells

Isolation cells (ISO) control the floating output of powered down blocks
and clamp the outputs to a specific, legal value. Thus, they prevent short
circuit current generation from the power gated block floating connections.
NEMFET-based logic gates are employed for Retain 1/Retain 0 isolation cells
as depicted in Figure 6.5(a), and Figure 6.5(b), respectively. An ISO group
part of the same power domain can share the isolation control signal. Ev-
ery isolation cell requires 2 TSVs, one for the input signal coming from the
powered-down block, and the other for the output to be clamped. The isola-
tion control signals are generated by the PMC and since it is implemented on
the same NEMS die as the isolation cells, no TSVs are needed for the control
signals. Hence, the total cost in terms of number of TSVs is given by NTSVsISO
= 2NISOCELLS , where NISOCELLS is the total number of isolation cells.



6.4. NEMFET-BASED POWER MANAGEMENT LOGIC 85

(a) Retain ”1” isolation cell (b) Retain ”0” isolation cell

Figure 6.5: NEMFET-based isolation cells in commercial designs and associated truth
table

State Retention

The storage capacity of the NEMFET inverter makes it suitable also for state
retention schemes [16]. Thus, we propose a NEMFET-based state retention
cell which preserves the state of a register before a module shuts down, with
the hybrid NEMFET-CMOS structure depicted in Figure 6.6 and operating
according with the signal waveforms from Figure 6.7. A specialised dual-
function NEMFET inverter with the input connected to the to-be-saved register
acts as a classic inverter while the gated block is powered on, and as a memory
cell when the power is switched off. A multiplexer selects the value (normal
operation or saved) to be written in the flip-flop register. The multiplexer
and the flip-flop register, active during normal operation of the power gated
block, are implemented on the CMOS tier. In contrast with the ISO case,
the NEMFET part of the SR circuit together with the inter-die TSV links are
inactive during normal powered operation. Hence, the scheme does not incur
any delay penalty that might have detrimental influence on the clock period.
Every state retention cell needs 2 TSVs, one for the saved signal value, and
the other one for the restored value. The TSV required for the control of
the specialised inverter can be shared across all the state retention cells that
commute in the same time. The total number of TSVs needed for the SR cells
is given by NTSVsSR = 2NSRCELLS + NPD , where NSRCELLS is the total number of
retention bits, and NPD is the number of power domains.
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Figure 6.6: Heterogeneous state retention cell

Power Management Controler

The PMC is typically a finite state machine that controls the sequence of
power-down and power-up events. Its functionality is highly dependent on
the actual design implementation and the power modes specifications. The
amount of communication between PMC and the design depends on the tran-
sition rules between power modes. At least a TSV is required to indicate the
power state of each power domain. The delay penalty of the NEMFET logic is
usually tolerable if the switching between different power modes is done not
very frequently. Thus, the controller can run at a reduced clock rate without
impeding the overall application performance. This is the case for the consid-
ered application presented in our example below.

6.4.1 Case Study

To get a more accurate insight on the ”zero-energy” potential of the NEMFET-
based power management circuitry, we consider a heart beat rate monitoring
application running on a typical SoC for low power embedded devices [5].
The SoC consists of a 16-bit processor core, with program and data memory,
peripherals, and PM circuitry implemented with either CMOS or NEMFET-
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Figure 6.7: State retention signal wave forms

based logic.

For this platform, the PM circuitry is composed of isolation cells and PMC
only as no SR cells are being present due to the fact that the system state
is software-saved in the always-on data memory before the processor core is
powered down. The PM circuitry consists of 74 isolation cells and 22 gates
for the PMC.

The power consumption values obtained after simulation in best-case technol-
ogy corner for CMOS, with respect to power consumption, and after simu-
lation with the NEMFET model in Section 7.3.2, for both the ISO cells and
PMC, are presented in Table 8.2. We can observe from Table 8.2 that while the
active power consumption during operation and during idle is halved when we
switch from CMOS to NEMFETs technology, for both ISO cells and PMC,
the leakage power is diminished by about 2 orders of magnitude.

We note that for ISO cell implementation we relied on complex gates (see Fig-
ure 6.5(a)) for the CMOS case, while for the NEMFET case we cascaded sim-
ple gates, which resulted in a larger number of NEMFET gates even though
the number of transistors is the same in both implementations. Although a
proper area comparison between NEMFET and CMOS-based gates is difficult
because of the differences in gate geometries, preliminary results indicate that
a NEMFET transistor is typically four times larger than its CMOS counterpart
for the same maximum ION current value. Thus our approach results in an area
overhead on the NEMFET tier and an CMOS tier are reduction. Given that in
3D-Stacked technology the design footprint is the relevant area metric, our
approach may even result in a footprint reduction. For the time being, NEM-
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FET circuits operating frequency is limited to about 125MHz, which may be
high enough given that for most application the PM circuitry operates at low
frequency (the entire power management philosophy relies on the assumption
that parts of the system stay idle for long periods of time). In case this is not the
case, the utilisation of NEMFET based PM circuitry may result in some extra
cycles, but with no fundamental implications on the application performance.

Table 6.3: PM Circuitry Power Consumption

SoC ON SoC OFF

No. Gates Pdynamic Leakage Pdynamic
[uW] [nW] [nW]

ISO CMOS 74 15.63 195 136
ISO NEMFET 158 7.69 2.11 66
PMC CMOS 22 217.73 49.81 1.79
PMC NEMFET 22 107.12 0.58 0.88

Our simulations indicate that if we replace the CMOS PM circuitry of the
System-on-Chip presented in [15] with NEMFET one, we can further reduce
the energy budget by 5%. We note, however that for an application that has an
activity factor 10x lower [6] than the proposed heart rate monitor the energy
savings increases to 21%. Due to this reduction, the size of the vibration energy
generator needed to power the SoC in a zero-energy regime decreases from
2.15cm2 to 2.03cm2 and 1.69cm2, respectively.

6.5 Conclusions

In this paper, we introduced a NEMFET based logic family tailored to the
implementation of ultra low energy functional units and processors. Basic
Boolean gates implemented with NEMFETs only were analyzed and com-
pared with CMOS counterparts implemented in a technology with similar
transistor size. Our simulations indicate that the proposed NEMFET based
gates consume up to 10x less energy and up to 2 orders of magnitude less
leakage, at the expense of up to 20x delay increase. Moreover, for larger
fan-in gates, the energy consumption benefit is increasing. Finally, we consid-
ered a 3D-Stacked hybrid NEMFET-CMOS architecture running a heartbeat
rate monitor application and demonstrated that NEMFET based logic is an
enabling factor for the implementation of “zero-energy” operated systems.
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7
Low-Leakage 3D Stacked Hybrid

NEMFET-CMOS Dual Port Memory1

In this paper we evaluate a 3D stacked hybrid dual-port memory which combines the appealing
Nano-Electro-Mechanical Field Effect Transistor (NEMFET) properties, i.e., ultra-low leakage
currents and abrupt switching, with the CMOS technology versatility. The 3D stacked hybrid
memory relies on a hysteretic NEMFET inverter to store data, and on adjacent CMOS based
logic to allow for read/write operations, and data preservation. In the evaluation we performed
a comparison in terms of footprint, access time, and energy, against state of the art CMOS dual-
ports memories, considering small and large size memories implemented in various technology
nodes. The 3D NEMFET-CMOS hybrid dual-port memory is on the average −25%, 8%, and
95% larger in terms of footprint, when compared to 90nm, 65nm, and 45nm CMOS implemen-
tations. The write access time is approximately 2× higher, as it is dominated by the mechanical
movement of the NEMFET’s suspended gate, while the read access time is about 12% lower,
when compared with 45nm CMOS counterparts. For small size memories our proposal results
in 15% and 23% energy reductions for 100% and 50% data transition probability, respectively. For
large size memories an energy reduction of about 40% was obtained, as in this case the static
energy is predominant.

1Parts of this chapter have been published in the research article ”Energy Effective 3D
Stacked Hybrid NEMFET-CMOS Caches” by M. Lefter, M. Enachescu, G.R. Voicu, and
S.D. Cotofana, ACM/IEEE International Symposium on Nanoscale Architectures (NANOARCH
2014), Paris, France, July 2014. The entire chapter is under submission as ”Low-Leakage
3D Stacked Hybrid NEMFET-CMOS Dual Port Memory” by M. Enachescu, M. Lefter, G. R.
Voicu, and S. Cotofana, to IEEE Transaction on Emerging Topics in Computing Special Issue
on Design and Technology of Integrated Systems in Deep Submicron Era.
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CHAPTER 7. LOW-LEAKAGE 3D STACKED HYBRID NEMFET-CMOS

DUAL PORT MEMORY

7.1 Introduction

With the number of transistors on a single silicon die crossing the one bil-
lion threshold, power dissipation in CMOS technology developed as the most
important constraint in VLSI circuit design, overcoming traditional area and
delay metrics [1]. Performance-driven technology scaling can only marginally
reduce power consumption, since the MOSFET threshold voltage (VT ) scala-
bility frontier limits the power supply voltage reduction. Moreover, with scal-
ing, leakage increases abruptly and becomes a significant component of the
overall power consumption [2].

As most area of up to date Systems on Chip (SoC) is utilised for storage, recent
studies, e.g., [3], indicate that memory represents the major contributor to the
SoC energy consumption, both static and dynamic. Thus, reducing the mem-
ory energy consumption directly implies an important overall energy benefit.
As a result, memory power reduction techniques were proposed, e.g., forced
transistor stacking [4], PMOS-based pull-up networks with domino logic [5],
and supply voltage gating [6].

With the advent of emerging nano-technologies, alternative memory arrays
have been proposed, which make use of Nano-Electro-Mechanical (NEM)
devices [7], e.g., NEM Field Effect Transistor (NEMFET) [8], NEM Relay
(NEMR) [9] [10], in conjunction with CMOS devices to substantially reduce
their energy consumption. A preliminary study of NEMFET-based 1T DRAM
memory cells was presented in [11]. Moreover, features such as electrome-
chanical hysteresis and sticking induced by surface forces make NEM devices
attractive for memory applications, e.g., [12, 13], while in [14] the authors
replace SRAM’s CMOS inverters with NEMFET equivalent counterparts re-
porting a clear advantage in terms of leakage reduction at the expense of a
large area overhead. A less power effective approach, which replaces only
the nMOS transistors with NEM relays resulting in a diminished area and de-
lay overhead was presented in [15], while, the assessment of such memory cell
for thermal management within a 3D Integrated many-core memory-processor
system was presented in [16]. In [17] the authors identify the storage capabil-
ity of a single NEMFET inverter and open the path towards a memory cell
with reduced transistor count and a simple reading scheme.

In this paper, we follow the same line of investigation and propose a volatile
low-power dual port (one port for write and one for read) multi-tier 3D stacked
hybrid dual port NEMS-CMOS memory cell (3D-HdpMC) that combines the
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appealing NEMFET properties, i.e., ultra-low leakage currents, abrupt switch-
ing, and hysteresis, with the versatility of the CMOS technology. The pro-
posed memory cell relies: (i) on an energy effective NEMFET based inverter,
designed in such a way that no short circuit current can occur during switching,
to store the data, and (ii) on adjacent CMOS based logic to allow for read and
write operations, and for data preservation. We make use of 3D integration
in order to enable the potential co-integration of NEM and CMOS devices,
which, for the time being, appears not to be feasible on the same die. We note
that our proposal can be implemented with NEM-relays too, but we did not
consider them as an option as they need an extra large body bias (≈8V) and
exhibit a substantial ON state resistance increase after 104 actuations [9].

While the static energy of the 3D-HdpMC is drastically diminished due to the
NEMFET’s ultra-low leakage components, e.g., subthreshold and gate leak-
age, the dynamic energy is also reduced mainly due to the utilisation of only
one inverter per memory cell instead of a cross coupled pair, hence, only one
bitline is required for write.

To assess the practical implication of this memory cell, we analyzed at system
level the potential implications of utilizing the hybrid memory cell in L1 and
L2 cache implementation in [18]. However, a thorough investigation at cir-
cuit level is required. Hence, we compare memory arrays built with the pro-
posed 3D-HdpMC and with the dual port SRAM memory cell (10T-DPMC)
from [19] [20], the state of the art dual port memory cell for low switch-
ing activity, e.g., video processing, and low standby power applications. In
the comparison, we consider relevant metrics for embedded memory cell de-
sign: (i) footprint, (ii) access latency, and (iii) leakage and dynamic energy
consumption per access cycle. We implemented our designs as follows: (i) the
3D-HdpMC access logic, and the 10T-DPMC in 90nm, 65nm, and 45nm com-
mercial CMOS technologies, and (ii) the 3D-HdpMC store logic in 90nm,
65nm, and 45nm predictive NEMFET technology.

In terms of footprint, when compared to a 90nm CMOS 10T-DPMC, the pro-
posed hybrid memory utilises a memory cell 40% smaller, while for 65nm and
45nm, the 3D-HdpMC footprint is with 9% and 109% larger, respectively, for
2-die implementations.

The access time, when compared with a state of the art 45nm CMOS based
dual port memory, is about 12% lower for read operations, while for write
operations it is approximately 2× higher, as it is dominated by the mechanical
movement of the NEMFET’s suspended gate.
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In our energy consumption analysis, we have considered both small and large
memories, as their energy consumption is dominated by dynamic and static
components, respectively. For small memory sizes, e.g., 8-KB our proposal
results in about 24% and 29% write energy reduction, and a read energy re-
duction of 4.5% and 16%, for 100%, 50% transition probability, respectively.
For large memory sizes, e.g., 128-KB, we obtain an energy reduction of about
40%, regardless of the access type, as in this case the static energy is pre-
dominant. We have further considered different memory utilisation scenar-
ios as applications may have read or write dominated memory access traces.
When compared with 90nm, 65nm, and 45nm 10T-DPMC array implementa-
tions, 3D-HdpMC array’s total energy reduces with 40%, 37%, 29% for the 99-1
write-read scenario, respectively. When more read operations occur, i.e., 1-99
write-read scenario, 3D-HdpMC array’s dynamic energy reduces with 20%,
20%, and 16%, for 90nm, 65nm, and 45nm implementations, respectively.

The rest of the paper is organised as follows. First, in Section 7.2, we present
the power dissipation issue, in particular for memories, followed by a brief pre-
sentation of NEMFET background and design challenges for the Short Circuit
Current Free (SCCF) NEMFET-based inverter as storage element. Section 7.4
introduces the novel 3D stacked hybrid NEMS-CMOS dual port memory cell
that builds upon the SCCF NEMFET-based inverter. In Section 7.5 we com-
pare the proposed hybrid memory with state of the art low power dual port
CMOS SRAMs. Finally, Section 7.6 presents some conclusions.

7.2 Background

In this section we first address the power dissipation issue and determine the
major contributors and their impact on the overall memory energy consump-
tion. Next, we present background information about NEMFET, i.e., its geom-
etry and basic operation, followed by an effective way to eliminate the short
circuit current of NEMFET based Boolean logic gates.

7.2.1 SRAM Energy Consumption

The per application normalised total energy consumption of an N -bit memory
array addressed with a k -bit data width granularity can be expressed as:

E = af · Etd + (1− af) · Ets, (7.1)
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where Etd and Ets are the memory array per access cycle dynamic and static
energy consumption, respectively, and af is the activity factor, i.e., the per-
centage of cycles in which the memory is accessed (either for write or read)
from the total number of clock cycles an application executes. The memory
array dynamic and static energy consumption per access cycle can be further
expressed as:

Etd = (N − k) · Es + k · [tp · Ed + (1− tp) · Es], (7.2)
Ets = N · Es, (7.3)

where Es and Ed are the per access cycle static and the dynamic energy con-
sumption of a memory cell, respectively, and tp the transition probability,
i.e., the probability that a new operation writes/reads a different data than the
previously accessed data. By substituting Equations (7.2) and (7.3) in Equa-
tion (7.1) it results that:

E = (N − k · af · tp) · Es + k · af · tp · Ed. (7.4)

It can be noticed from Equation (7.4) that the majority of the cells compris-
ing a memory array are inactive and consume only static energy, i.e., mostly
leakage, as N is much greater than k , and that af and tp do not have a major
impact on the static energy value (they are both positive sub-unitary values).
Nevertheless, af and tp greatly influence the term that comprises the dynamic
energy from Equation (7.4). Note that, even though in practice Ed is few or-
ders of magnitude higher then Es , the memory array total dynamic energy can
be substantially reduced due to low af and/or tp values.

7.2.2 NEMFET Background and Basic Operation

The Nano-Electro-Mechanical FET (NEMFET), firstly described in [8], is a
rather complex device with a 3D geometry and cross-section as presented in
Figure 7.1, where gate -oxide is the thickness of the gate oxide, HBEAM is
the thickness of the suspended gate, WBEAM is the width of the beam, LBEAM
is the length of the beam, and Air -gap (gap ) is the gap between the oxide
and the suspended gate. The gate plate has a fixed position that leaves some
air-gap between the gate and the oxide. If we apply a difference of potential
between the gate and the oxide, the gate plate, at some point, pulls-in, and
touches the oxide. This happens when the transistor is towards inversion. On
the other hand, when the device is about to leave inversion towards depletion,



96
CHAPTER 7. LOW-LEAKAGE 3D STACKED HYBRID NEMFET-CMOS

DUAL PORT MEMORY

Figure 7.1: NEMFET Suspended-gate Illustrative Cross-section: the Two States, i.e.,
Pull-out (OFF) and Pull-in (ON), are Depicted

the electrical force gets smaller due to the reduction of the potential difference
that generated the force in the first place and, the gate pulls-out to its original
in-air position due to the spring force that pulls the gate plate towards its an-
chors. NEMFET has an extremely low OFF current and exhibits hysteresis as
the pull-in and pull-out effects occur at different gate voltage values, denoted
further as VPI and VPO , respectively [17].

When designing NEMFET-based logic, the Short Circuit Current (SCC) can
be eliminated by carefully sizing the geometry of NEMFET’s suspended gate,
hence adjusting nNEMFET and pNEMFET hysteresis cycles [21] such that
(as illustrated in Figure 7.2): (i) for an inverter with a positive ramping input
voltage (VIN ) the pull-in voltage of the nNEMFET (VPIn ) should follow the
pull-out voltage of the pNEMFET (VPOp ), and (ii) for a negative ramping VIN ,
the pull-in voltage of the pNEMFET (VPIp ) should follow the pull-out volt-
age of the nNEMFET (VPOn ). Practically, from the NEMFET inverter transfer
characteristic depicted in Figure 7.2 it can be noticed that when the nNEMFET
beam is pulled-in, the pNEMFET beam is pulled-out, and vice versa, hence
eliminating the short circuit current. On top of that, NEMFET’s abrupt switch-
ing propriety mitigates also the Subthreshold Leakage (SL), while NEMFET’s
Gate Leakage (GL) is mitigated in OFF state due to the gap between the sus-
pended gate and the oxide [22].

Given that for standard CMOS based Boolean logic gate implementations the
SCC contributes to dynamic energy dissipation, while the SL and GL con-
tribute to the static energy consumption, and that NEMFETs are able to di-
minish all these three components, we can conclude that they can be an energy
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Figure 7.2: NEMFET Inverter Schematic and its Hysteretic Transient Behaviour

effective MOSFETs replacement in CMOS-alike Boolean gate implementa-
tions.

Figure 7.3 presents the transfer characteristic of an SCC Free (SCCF) NEM-
FET inverter, obtained by Verilog-A compact model [21] based simulation.
We can observe the hysteresis influence on the NEMFET inverter behaviour
and current consumption. Practically, NEMFET’s inverter current consump-
tion mainly consists on the current required to charge and discharge load
and internal capacitances, while SCC, GL, and part of SL have been elimi-
nated [21]. As a consequence the SCCF NEMFET based inverter consumes
3× less dynamic energy and has 2 orders of magnitude less leakage, at the
expense of up to 10x delay increase, when compared with the CMOS coun-
terpart [21]. Hence, one can conclude that, if the energy consumption is at a
premium, the NEMFET inverter can be a very promising candidate for replac-
ing the CMOS cross-coupled storage inverters within the SRAM cell.

To have a better insight on the NEMFET-based inverter energy-efficient de-
sign implications, we address in the following section relevant aspects to be
considered at design time, particularly for NEMFET based memory cells and
arrays.
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Figure 7.3: NEMFET-based Inverter Transfer Characteristics

7.3 NEMFET Inverter as Storage Structure

Essentially, as also briefly suggested in [17], the NEMFET inverter with its
hysteretic behaviour depicted in Figure 7.2, can constitute the kernel of a mem-
ory cell. Based on the NEMFET inverter, we introduce the design of a novel
memory cell in Section 7.4, but before doing that, we address the following
NEMFET-based logic related concerns: (i) NEMFET based inverter noise
margin, and (ii) NEMFET scaling and variability.

7.3.1 NEMFET Inverter Stability

The stability of an inverter is given by its noise margin, i.e., the maximum
noise voltage on the inverter input which is not disturbing its output. The low
and high noise margins, i.e., NML , and NMH , respectively, are defined according
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Figure 7.4: CMOS vs. NEMFET Inverter Noise Margin

to [23] as follows:

NML = VIL − VOL (7.5a)

NMH = VOH − VIH (7.5b)

where VIH is the minimum HIGH input voltage, VIL is the maximum LOW
input voltage, VOH the minimum HIGH output voltage, and VOL the maximum
LOW output voltage. Based on the NEMFET-inverter hysteresis behaviour
depicted in Figure 7.4, we can observe that the NML and NMH are equal with
VPOp , and VDD − VPOn , respectively, since VOH is approximately equal with
logic "1", i.e., VDD , and VOL is approximately equal with logic "0", i.e.,
GND .

When designing the NEMFET-inverter, we can carefully select the geometry
of the n/p NEMFET device, such that, the VPOp is closer to VDD , and VPOn closer
to GND , to maximise NML , and NMH , respectively. Moreover, from Figure 7.4
it can also be observed that the NEMFET-inverter noise margin is larger than
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the one of a typical MOSFET-based inverter. Even for the worst case scenario,
when the VPOn=VPOp , this still holds true due to the NEMFET abrupt switching.

7.3.2 NEMFET Inverter Scalability and Variability

In state of the art SRAM architectures, the memory-cell array occupies about
60% of the total footprint [24], thus if NEMFET inverters are utilised instead of
CMOS inverters, their area is of major importance. Hence, in this subsection,
we present NEMFET’s inverter scalability and variability studies with respect
to the design aspects presented above, i.e., the noise margin, and the relative
position of the PI and PO events.

(a) VDD=1.2V (b) VDD=1V

Figure 7.5: NEMFET Inverter Stability Analysis: WBEAM=45/65/90 nm, HBEAM=10 nm,
and gap=10/15/20 nm

By varying NEMFET’s BEAM geometry, i.e., LBEAM , WBEAM , the impact of
NEMFET-scaling on its NMH and NML is depicted in Figure 7.5(a). We note



7.3. NEMFET INVERTER AS STORAGE STRUCTURE 101

Figure 7.6: A Macro-Model representation of the compact modelling approach for
the NEMFET

that the NEMFET Verilog-A compact model from [21] was utilised to simu-
late the NEMFET inverter in the context of Agilent Advanced Design System
(ADS), in dc and transient analysis. For a given WBEAM , i.e., 90nm , 65nm , and
45nm , a wide variety of LBEAM values are considered to capture NEMFET’s in-
verter Short-Circuit-Current Free (SCCF) operation interval, i.e., VPI and VPO
values for which the n/p channel NEMFETs respect the following occurrence
order: VPIp < VPOn < VPOp < VPIn.

NEMFET Compact Modeling and Evaluation Platform

The model used for the NEMFET covers both mechanical and electrical prop-
erties, as well as the discontinuous nature of the gate-beam pull-in and pull-out
events. It consists of two main elements. At the core level, the BSIM-IMG FD
SOI model [25,26] predicts the electrical behaviour of the transistor, while the
position of the suspended gate has been addressed separately [21]. The model
has been implemented in Verilog-A [27, 28]. The hierarchical macro-model
scheme is presented in Figure 7.6.

The gate-beam geometry and material properties determine the NEMFET me-
chanical behaviour [17, 29]. Considering an orthogonal gate-beam geometry,
with length, width, and thickness, LBEAM , WBEAM , and HBEAM , respectively, and
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Young’s Modulus E , the NEMFET’s mechanical properties are given by:

k =
32·E ·WBEAM ·H3

BEAM

L3
BEAM

,

ks =
π4 ·E ·WBEAM ·HBEAM

LBEAM
,

b =
3·µv ·W2

BEAM ·L2
BEAM

2·π ·gap3
, (7.6)

where µv is the viscosity of the air material between the gate-beam and the
gate-oxide.

The electrical attractive force Fel and gate-beam spring resistance Fs , i.e.,
the main forces determining the gate-beam behavior, are statically calculated
based on the following equations:

Fel(z, Vg,gi)=
ε·W2

BEAM ·V2
g,gi

2·
(
gap−z̄

)2 ,
Fs(z)= −

(
k ·z̄ +ks ·z̄3

)
, (7.7)

where z is the vertical displacement of the gate-beam, and z̄ is a smoothly
clamped version of z within its physical limits. By utilizing z̄ , we increase
the convergence of the model, and we constrain the solution interval within
the physical limits. Hence, z̄ and z are identical when the device is in the
no-contact state. To coherently model the pull-in and pull-out phenomena, the
contact force, Fc was introduced, being proportional with the difference z−z̄ .
For the transient domain, however, the solver has to address the following
equation: ∑

i=el,s,c

Fi(z, Vg,gi)− b
dz

dt
= m

d2z

dt2
, (7.8)

where m stands for gate-beam mass. Note that for a static analysis, the deriva-
tive terms of (7.8) are null, thus, the problem is simplified into balancing the
forces.

It must also be mentioned that the macro-model in Figure 7.6 leaves the in-
ternal node of the inner gate (Gi ) floating between the capacitances of the
suspended gate (G ) and the inner transistor. To assist the simulator converg-
ing towards a solution, Gi potential is set by NEMFET’s representation as
a capacitor divider, where the values for the inner and outer capacitances are
provided by the simulator. As gate leakage current is negligible, the device DC
behaviour is not affected, while the robustness of the compact mode increases.
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The model parameters have been extracted after hybrid numerical simula-
tions that combined multi-physics and semiconductor analyses [22, 30]. The
BSIM-IMG FD SOI model parameters were extracted, taking into account
NEMFET’s constantly pulled-in gate-beam, and, consequently, NEMFET’s
suspended-gate parameters for the electromechanical addition were calcu-
lated. As a starting point the nominal parameters values were used, but in
order to adapt the model to the TCAD results further optimizations were re-
quired. This compact model, written in Verilog-A, it is employed in the rest
of this paper, and can be utilized by a wide variety of simulators, e.g., Agilent
ADS and Cadence Virtuoso software platforms.

NEMFET Inverter’s Evaluation

We can observe from Figure 7.5(a) that: (i) by scaling WBEAM from 90nm to
65nm and 45nm , the maximum NMH and NML marginally increase with 0.4%

and 1.8%, respectively. (ii) by increasing LBEAM from the minimum to the
maximum value for which the SCCF condition is met, i.e., from 1304nm ,
1231nm , and 1216nm to 1489nm , 1406nm , and 1392nm , for LBEAM equal with
90nm , 65nm , and 45nm , respectively, NMH and NML are increasing with about
100mV from 0.5VDD to about 0.6VDD .

Another NEMFET device parameter of interest is the gap . Hence, Figure 7.7
depicts NEMFET inverter stability analysis for gap values of 10nm, 15nm,
and 20nm, this time by focusing only on the minimum WBEAM value, i.e., 45nm .
We can observe that by scaling gap from 20nm to 15nm and 10nm , the max-
imum NMH and NML decreases from 0.63VDD to 0.59VDD , and 0.53VDD , re-
spectively. However, LBEAM decreases as well for the maximum NMH and NML ,
from 1843nm to 1391nm and 1041nm , respectively. Hence, at design time a
trade-off between LBEAM and NMH/L can be considered in order to fulfil footprint
and/or stability requirements.

When the NEMFET and the ”classic” CMOS technologies are integrated
within a hybrid platform, as it is the case in our proposal, similar supply volt-
age for the two technologies is recommended to avoid voltage drops that could
generate unwanted leakage currents. Scaling CMOS technology to even sub-
threshold VDD has already been proven [31], however, due to high leakage, for
commercial 28nm low power CMOS technologies, the recommended typical
supply voltage is still 1V [32]. Hence, the stability implications of scaling the
supply voltage from 1.2V to 1V for 90nm , 65nm , and 45nm NEMFET tech-
nologies are depicted in Figure 7.5(b), which indicates that when the NEM-
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Figure 7.7: NEMFET Inverter Stability Analysis: VDD=1.2V, WBEAM=45nm,
HBEAM=10nm, and gap=10/15/20 nm

FET inverter’s supply voltage is reduced from 1.2V to 1V, its NMH/L is reduced
with about 16% for all considered technology nodes.

For our study in the rest of the paper, to capture potential stability issues, we
consider the NEMFET geometries in Table 7.1 corresponding to the average
NMH/L within the NEMFET inverter’s short circuit current free operation re-
gion. We made use of 1.2V supply voltage for WBEAM of 90nm and 65nm ,
and of 1V for 45nm . In Table 7.1 we also present the static and dynamic
energy consumption of the considered NEMFET inverter geometries and of
minimum size inverters implemented in commercial 90nm, 65nm, and 45nm
CMOS high-Vt low-power technology nodes.

Table 7.1 indicates that, NEMFET inverters always outperforms CMOS coun-
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terparts providing a dynamic energy reduction of 37%, 34%, and 32%, over
Low Power (LP) high-Vt CMOS counterparts for 90nm, 65nm, and 45nm
technology nodes, respectively. Additionally, the NEMFET implementations
have extremely low static power consumption enabling a leakage reduction of
19×, 12×, and 25×, for 90nm, 65nm, and 45nm technology nodes, respec-
tively.

We note that when scaling the NEMFET WBEAM from 90nm to 65nm the power
supply value is preserved at 1.2V and the NEMFET inverter dynamic en-
ergy consumption is reduced with 12.3%. However, when scaling WBEAM from
65nm to 45nm the supply voltage is reduced to 1V, and in order to account for
variability LBEAM cannot be shrank but it has to be increased with about 10%.
Hence, in this case, the dynamic energy reduction due to voltage scaling is
less significant than expected and due to scaling the NEMFET inverter energy
consumption reduction is only 9.6%.

Even if the energy advantages of the NEMFET logic are obvious, the dynamic
energy consumption characterisation of both hybrid and classic SRAM cells
is not straightforward, being influenced by the load of the NEMFET inverter,
i.e., the number of memory cells connected to each bitline. Thus, a system
level assessment is presented in Section 7.5.
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7.4 3D-Stacked Hybrid NEMFET-CMOS Memory

The schematic diagram of the proposed hybrid NEMS-CMOS memory cell is
presented in Figure 7.8, and has the following storage functionality: (i) the to-
be-stored value (0/1) is transmitted at the input of the inverter, (ii) the inverter
propagates the inverted value (1/0) at its output, and (iii) the inverter retains
the output value unchanged as long as its input is kept at a voltage within
the interval [VPOp ; VPOn ] - see also Figure 7.9. We further denote this voltage
as VKD . There is a clear and natural separation between the read and the write
paths, reflected also in Figure 7.8. The CMOS logic consists of five transistors:
four are forming the transmission gates TGWA and TGRA and are utilised for
write/read operations and one is utilised for state retention. In the following
we detail the write and read operations and present a memory cell noise margin
analysis.

Write Operation

In order to write to a memory cell the required value should be present on
the write bitline (BLW ). When the write wordline (WLW ) is asserted the trans-
mission gate TGWA opens and the data item reaches the input of the NEMFET-
based inverter, which further outputs its complementary value. When WLW is
de-asserted the pMOS transistor TKV keeps the inverter input at VKD such that
the inverter output value is maintained unchanged. The write access time is
mostly determined by the NEMFET switching time, already addressed in [33],
which is rather large as due to mechanical considerations the NEMFET gate
requires a certain time interval, i.e., 2.5ns for WBEAM=45nm, LBEAM=1460nm,
HBEAM=10nm, Air -Gap=15nm, to pull-in/pull-out when a state change occurs.
We note that the reason for utilizing transmission gates instead of simple ac-
cess transistors is to allow the passing of strong 1 and 0 values, in order to
ensure a larger noise margin.

Read Operation

In order to read from a memory cell, the read wordline (WLR ) should be as-
serted. As a result, the transmission gate TGRA opens and frees the stored data
item on the read bitline (BLR ). Due to its large dimensions the NEMFET stor-
age inverter behaves as a powerful driver during read, which has a positive
impact on the read operation completion time as no extra drivers and sense
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Figure 7.8: Hybrid NEMFET-CMOS Memory Cell Electric Scheme

amplifiers are required.

VKD Noise Margin

The noise margin of the VKD , i.e., hold NMVKD , is determined by (VPOp -VPOn )/2
as one can observe in Figure 7.10. Thus for an optimal hybrid NEMFET-
CMOS memory cell design in terms of hold noise margin, i.e., maximum
NMVKD , one should choose the geometry of the n and p channel NEMFETs
such that: (i) VPOp values are as close to VDD as possible, and (ii) VPOn values
are as close to GND as possible. Given the fact that, during data retention, TKV
operates in the linear region (VKD is lower then the difference between VDD and
TKV ’s threshold voltage), the WLw noise might influence the NEMFET’ inverter
input. If required, this noise can be reduced/mitigated by: (i) making use of an
TKV with a ultra high threshold voltage value, (ii) replacing TKV with a cascade
arrangement, or (iii) by utilizing FD SOI CMOS or FinFET technology and
dynamically adjusting the TKV threshold voltage value according to variation
tolerant on-chip degradation sensors as described in [34].
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Figure 7.9: 3D Hybrid NEMFET-CMOS Memory Cell Noise Margin Definition

Figure 7.10 presents NEMS-CMOS memory cell NMVKD analysis for supply
voltages of 1.2V and 1V. By scaling the supply voltage from 1.2V to 1V,
the maximum NMVKD decreases from 221mV to 200mV while the LBEAM cor-
responding to the maximum NMVKD increases from 1392nm to 1550nm, hence
resulting in a memory cell footprint increase accordingly.

We propose to employ TSV-based 3D stacking technology as it smoothly fa-
cilitates the co-integration of NEM and conventional CMOS devices, which,
for the time being, appears not to be feasible on the same tier. The proposed
memory array is depicted in Figure 7.11 and it comprises two tiers: the bot-
tom tier holds the NEMFET-based storage elements, while the CMOS logic
required to retrieve, maintain, and write the data is located on the top tier.

Tier interconnection is realised through 2 TSVs per memory cell placed one at
the input, for write, and the other one at the output of the NEMFET inverter,
for read (see also Figure 7.8).

In Figure 7.12 the layout of two adjacent memory cells is depicted. As one can
observe in the Figure, due to both mechanical and electrical considerations, the
45nm channel width NEMFET determines an unbalanced memory cell layout
with about 30% of the CMOS tier real estate left unutilised.
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Figure 7.10: NEMS-CMOS Memory Cell Stability Analysis: VDD=1/1.2V, Air -
gap=15nm, and WBEAM=45nm

This allows for the reduction of the 3D memory chip footprint as row/column
circuitry and their associated wires, traditionally placed around the memory
array can be accommodated on the area available within the CMOS tier.

7.5 3D Hybrid NEMFET-CMOS Dual Port Memory
vs. 2D Dual Port SRAM

In this section we compare the proposed 3D-HdpMC against the most effec-
tive, to the best of our knowledge, state of the art low-power SRAM cell [19],
with respect to relevant metrics for battery operated SoCs, i.e., energy, delay,
and footprint. Moreover, at the memory array level, we investigate the implica-
tions of different memory utilisation scenarios, as applications may have read
or write dominated memory access traces, on the overall energy consumption.
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Figure 7.11: Proposed 3D Hybrid NEMFET-CMOS Memory

Taking into consideration that for the proposed 3D-HdpMC only one write bit-
line is necessary, we expect to get benefits due to the reduction of: (i) the
number of major active energy contributors, i.e., write bitline drivers with their
associated bitlines capacitive loads, and (ii) the leakage component associated
with the inactive memory array cells. Even though the above theoretical ad-
vantages of the 3D-HdpMC are obvious, the evaluation of the actual impact of
such a 3D implementation on the overall memory cell array energy consump-
tion, area, and latency, it is of interest as it gives a better insight on the practical
implications of our proposal. Thus, further-on, we investigate the efficiency of
our proposed 3D hybrid memory, at cell and cell array level, when compared
with the 10T non-precharge SRAM cell from [19], depicted in Figure 7.13.

7.5.1 Evaluation Methodology

We use as discussion vehicle the implementation of a dual port (1 for write
and 1 for read) memory array, for a wide memory array design space analysis,
i.e., from 8-KB up to 128-KB. The CACTI 6.5 memory simulator [35] was
utilised to derive the optimal memory partitioning and collect area and write
latency information for each of the 45nm, 65nm, and 90nm CMOS implemen-
tations. For a more in depth read latency, active energy, and leakage analysis
the CMOS-based memory cell was designed using Cadence Virtuoso [36], in a
commercial 45nm, 65nm, and 90nm Low Power (LP) Multi-Threshold CMOS
(MTCMOS) technologies. DC and transient simulations were performed us-
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Figure 7.12: Two 3D-HtmpMCs Layout: NEMFET Inverters Tier (top) and 45nm
CMOS Access Logic Tier (bottom)

ing the Cadence Spectre simulator [36], and Agilent ADS [37] in conjunction
with Cadence Spectre, for the CMOS and for the hybrid NEMFET-CMOS
memory cell, respectively. For the hybrid cell, we considered the write bit-
line driver output signal (having as load the bitline and the NEMFET inverter
equivalent capacitances) generated by the Spectre simulator, as input for the
NEMFET inverter simulated with Agilent ADS, by means of the NEMFET’s
Verilog-A compact model from [21]. The TSV contribution was also con-
sidered, by means of an RLC model from [38], tailored to a TSV diameter
of 0.2µm [39]. Moreover, the bitline and wordline RC parasitics, including
the bitline coupling capacitance, for each memory array aspect ratio, were ex-
tracted from layout, and included in the SPICE simulation. Our simulations
were performed in typical case conditions, i.e., typical device models, 1V sup-
ply voltage for 45nm, 1.2V supply voltage for 65nm, and 90nm CMOS im-
plementation as well as for all hybrid CMOS-NEMFET implementation, and
27◦C .
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Figure 7.13: Schematic of 10T-DPMC from [19]

7.5.2 Memory Cell

In theory, the footprint of the 3D-HdpMC is determined by 2 · ATSV + max(2 ·
ATNEMFET, 5 · ATMOSFET), where ATSV is the TSV area, and ATNEMFET and ATMOSFET the area
of one NEMFET/MOSFET transistor, respectively. However, due to NEM-
FET’s relatively large size, which even if scaled has a footprint larger than
that of a MOSFET counterpart (owing this to its mechanical nature - see the
layout from Figure 7.12), we can consider 2 ·ATSV +2 ·ATNEMFET as the 3DHdpMC
footprint. The smallest TSV pitch reported in the literature equals 0.4µm [39].
Table 7.2 compares the footprint of hybrid NEMFET with CMOS for dual-port
memory cell implementations. When compared to a CMOS 90nm dual port
SRAM cell [20], the footprint of a 3D-HdpMC is with 40% smaller, while for
65nm and 45nm [19], the footprint of 3D-HdpMC is with 9% and 109% larger,
respectively. The reason behind such a large footprint increase for 45nm is that
for the chosen NEMFET geometry to secure an average noise margin, LBEAM
is not scaling as expected and increases when Vdd is scaled from 1.2V to 1V
(see also discussion in Section 7.3 as well as Figure 7.5(a) and Figure 7.5(b)).
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Figure 7.14: 3D-HdpMC vs 10T-DPMC Dynamic Energy and Leakage for Different
Loads

Figure 7.14 presents the write/read energy comparison between the 10T-
DPMC and the 3D-HdpMC, with respect to four different loads, i.e., 32, 64,
128, and 256 memory cells connected to each bitline (equivalent with the
number of rows of a memory array). We considered a worst case scenario for
the dynamic energy, with read/write operation data transition probability of
100%, i.e., each write operation changes previously stored data, and each read
operation requires a change of the bitline value.

It can be noticed from Figure 7.14 that regardless of technology node or load,
3D-HdpMC outperforms 10T-DPMC counterpart providing a write energy re-
duction of 23%, 23%, 26%, 33%, of 24%, 30%, 34%, 40%, and of 22%, 30%, 34%,
35%, and read energy reduction of 41%, 38%, 37%, of 26%, 13%, 13.5%, 12%,
12%, and of 11%, 11%, 9%, 5% for 32, 64, 128, 256 memory cells connected
to each bitline, and for 90nm, 65nm, and 45nm technology nodes, respec-
tively. Additionally, the 3D-HdpMC implementations have extremely low
static power consumption enabling a leakage reduction of 2 orders of mag-
nitude when compared with the 10T-DPMC counterpart, for all considered
technology nodes.

We note that when scaling the NEMFET WBEAM from 90nm to 65nm, the bit-
line capacitance for both 10T-DPMC and 3D-HdpMC decreases accordingly
while the power supply value is preserved at 1.2V, hence the NEMFET in-
verter write and read energy consumption are reduced with about 30% and
25%, respectively. When scaling WBEAM from 65nm to 45nm the supply volt-
age is reduced to 1V. Hence, the write and read energy consumption energy
reduction due to voltage scaling is more significant than expected and the due
to scaling 3D-HdpMC inverter energy consumption reduction is about 60%.
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7.5.3 Memory Array

Table 7.3 presents the footprint and the area efficiency, i.e., the percentage
of the memory total area exclusively populated with memory cells, of an 8-
KB 32-KB, and 128-KB memory arrays implemented using: (i) the proposed
NEMS-CMOS approach and (ii) 90nm, 65nm, and 45nm CMOS technolo-
gies. The area of the 2-tier 3D-HdpMC array is determined by the area of the
NEMFET tier, hence it is always larger than the one of the CMOS implementa-
tions. However, at array level, the cell footprint difference from Section 7.5.2,
i.e., 9% and 109% larger for 3D-HdpMC when compared to its 65nm and 45nm
CMOS counterparts, is reduced to about 8% and about 50%, respectively, inde-
pendent of the memory array size. This is due to the fact that since the footprint
of auxiliary circuitry is equivalent for both 3D-HdpMC and 10T-DPMC im-
plemented in 45nm technology node, the area efficiency for the 3D-HdpMC
array is becoming higher when compared with 10T-DPMC (see Table 7.3),
i.e., 71.67%, 81.56%, and 89.58% when compared with 65.86%, 74.84%,
and 85.39%, for 8-KB, 32-KB, and 128-KB memory arrays, respectively. To
completely eliminate the area penalty, one could benefit from the free real es-
tate available within the memory cells and fit the row/column circuitry (see the
discussion in Section 7.4 and Figure 7.12a), or it could distribute the NEM-
FETS on two tiers (one for pNEMFETs and one for nNEMFETs) a 3-tier
embodiment. Moreover, we expect NEM devices scaling (addressed and sus-
tained in [40]) will further alleviate this issue, once the technology becomes
more mature. In addition, in [41] the scaling of anchor-free NEMS devices is
addressed.
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Figure 7.15: 64-bit Word Width Memories Write Access Time

The 3D-HdpMC write operation access time is determined by: (i) the access
logic delay (similar to CMOS SRAM as it is implemented in the same tech-
nology), (ii) the TSV delay, and (iii) the NEMFET inverter delay. We note that
the NEMFET switching time is mostly determined by the mechanical move-
ment of the gate, which is dominant when compared with the RC delay of the
”classical” CMOS devices [42], thus limiting its operation to hundred of MHz
regime.

To get better insight into the access time comparison 8-KB, 32-KB, and 128-
KB memory arrays with a 64-bit data I/O were simulated. Figure 7.15 presents
the write access time values for different 10T-DPMC and 3D-HdpMC arrays.
Summing up all the above latency components, an 8-KB 3D-HdpMC array re-
quires about 3.3ns, 3.1ns, and 3ns longer write time when compared to its
CMOS-based counterpart implemented in 90nm, 65nm, and 45nm technol-
ogy nodes, respectively.

At a first glance the fact that is not possible to read a value at an address that
was just written until the gate stabilisation is not finished may result in per-
formance penalty. However, given that the occurrence of an immediately read
after write access to the same memory location is quite improbable in state
of the art processors the proposed hybrid memory would actually perform as
fast as the SRAM counterpart as there is no need to wait for the write com-
pletion before launching the read operation. We note that if such a situation is
expected to happen the memory can be extended with a small SRAM buffer
to store the most recent written values, and in case an immediately read after
write to the same location occurs it can directly provide the requested value.
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The size of the buffer is in the order of few words (can be determined broadly
by dividing the gate stabilisation time with the desired access time) and the
associated logic is simple and has a negligible impact on the energy consump-
tion. Another method to eschew the read after write problem is to rely on
software techniques, e.g., compiler optimisations, that eliminate such situa-
tions. However, both the buffer and the software methods are outside of the
paper’s scope. We have studied the implications of a longer write time at the
system level in [18].

In order to achieve the similar read and write access time for both the 3D-
HdpMC and the 10T-DPMC one could add an additional write port to the
3D-HdpMC. This can be done without any footprint increase as, as previously
discussed, enough CMOS tier real estates is unutilised.

The latency to charge and discharge the read bitline capacitance is propor-
tional with its driver’s p/n channel transistor L/W ratio. For the 3D-HdpMC,
the read bitline driver is the NEMFET inverter, while for the 10T-DPMC it is
a CMOS inverter designed with minimum technology rules. The access time
values for the read operation within an 8-KB, 32-KB, and 128-KB memory
arrays with a 64-bit data I/O are depicted in Figure 7.16. Given a worst case
scenario for our proposal, i.e., 8-KB memory array architecture, the read la-
tency for the 3D-HdpMC array is from 12% up to 20% lower when compared
with the 10T-DPMC array counterpart implemented in 45nm up to 90nm tech-
nology node, respectively. Hence, for read dominated operations, e.g., Conju-
gate Gradient (CG), and discrete 3D Fast Fourier Transform (3DFFT) [43], the
write latency penalty could be compensated by the read latency gain. Hence,
for these type of applications, 3D-HdpMC arrays will outperform 10T-DPMC
arrays in terms of total computational time.

When analysing the energy consumption of a memory array the following as-
pects should be considered: (i) the static vs dynamic energy ratio, (ii) the
data transition probability, and (iii) the memory activity factor. Figure 7.17
presents the relation between the static and the total energy consumption for
various 64-bit word memories. It is obvious that 3D-HdpMC is by far the best
choice in all cases, i.e., for all memory array sizes, when leakage is the metric
of interest. For 8-KB 10T-DPMC arrays, the leakage represents 3.5%, 4.8%,
and 6.8% for write operation, and 7.1%, 11.4%, and 14% for read operation
in 90nm, 65nm, and 45nm technology nodes, respectively. For 32-KB 10T-
DPMC arrays, the leakage is starting to represent an important component out
of the read/write dynamic power, and from 128-KB 10T-DPMC arrays, the
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Figure 7.16: 64-bit Word Width Memories Read Access Time

Figure 7.17: Static Energy (Leakage) Contribution to Total Energy Consumption (64-
bit Memories)

leakage and the dynamic power start becoming equally important, represent-
ing 27%, 32%, and 43% for write operation, and 37%, 48%, and 55% for read
operation in 90nm, 65nm, and 45nm technology nodes, respectively. For 3D-
HdpMC arrays, however, the leakage, mainly given by the NEMFET’s inverter
off power, is bellow 1% of the overall memory energy. Thus, as expected, the
larger the memory size, the more beneficial 3D-HdpMC-based implementa-
tions are. Moreover, while for CMOS the amount of leakage is increasing
with technology scaling, for the 3D-HdpMC remains negligible.

The dynamic energy consumption per write/read access cycle depends on:
(i) the changes operated on the read/write bitlines, and (ii) the status of the
cross-coupled CMOS inverters for 10T-DPMC, and of the NEMFET inverter
for 3D-HdpMC. Figure 7.18 presents the write/read energy consumption per
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Figure 7.18: Transient Probability Influence on the Total Energy (8-KB Memory
Array)

cycle for an 8-KB memory array with a 64-bit data I/O for access traces when
100% (worst case scenario) and 50% (typical case scenario) of the bit val-
ues are changing between two consecutive cycles. When compared with the
10T-DPMC array, the 3D-HdpMC array write (read) energy consumption is
reduced with 39%, 34%, and 24% (13.5%, 10.7%, and 4.5%) for 90nm, 65nm,
and 45nm technology nodes, respectively. For 50% bit values transition prob-
ability, the leakage during read or write operation becomes twice more signif-
icant, hence the 3D-HdpMC array write (read) energy consumption reduces
even more to 40%, 37%, and 29% (20%, 20%, and 16%) for 90nm, 65nm, and
45nm implementations, respectively.

When the total energy consumption is computed according to Equation (7.1)
a comparison between the write energy consumption for 3D-HdpMC and the
10T-DPMC based arrays, for various af values (typically, af is about 0.2
in current SoCs), is presented in Figure 7.19. The worst case scenario with
respect to 3D-HdpMC is when the memory arrays are implemented in 45nm
technology node, and when the memory array dissipates low leakage, i.e., 8-
KB memory. Figure 7.19 indicates that for small af values, the total energy
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Figure 7.19: Activity Factor Impact on the Total Energy 8-KB Memory Sizes

becomes leakage dominanted, hence the 8-KB 3D-HdpMC array energy re-
duction is increasing from 25% for af=1 to 33%, 40%, and 54% for af values
of 0.5, 0.25, and 0.1, respectively.

Given that practical applications may have memory access traces with dif-
ferent ratios of read and write operations, being mostly read dominated op-
erations, i.e., CG and 3DFFT, or write dominated, e.g., decompression algo-
rithms, it is of interest to study the impact of the read-write access ratio on the
memory overall energy consumption. To cover a large spectrum of practical
situations we considered an extensive variety of scenarios, i.e., 99%, 90%, 75%,
50%, 25%, 10%, and 1% write and read operations, respectively. Figure 7.20
presents the energy consumption of 3D-HdpMC and 10T-DPMC 64-bit word
8-KB memory arrays being accessed as previously mentioned.

Overall, it can be noticed from Figure 7.20 that, for both 8-KB memory ar-
ray implementations, the more reads there are, the lower the total energy is.
On the other hand, the more writes there are, the more energy effective the
3D-HdpMC array is. When compared with 90nm, 65nm, and 45nm 10T-
DPMC array implementations, 3D-HdpMC array’s total energy reduces with
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Figure 7.20: Total Energy for Various Write-Read Ratio and 50% Constant Transition
Probability (8-KB Memory Array)

40%, 37%, 29% for the 99-1 write-read scenario, respectively. When more read
operations occur, i.e., 1-99 write-read scenario, 3D-HdpMC array’s dynamic
energy reduces with 20%, 20%, and 16%, for 90nm, 65nm, and 45nm imple-
mentations, respectively.

7.6 Conclusions

In this paper we proposed a dual port 3D stacked hybrid memory that com-
bines the appealing Nano-Electro-Mechanical Field Effect Transistor (NEM-
FET) properties, i.e., ultra-low leakage currents, abrupt switching, and hys-
teresis, with the CMOS technology versatility. The proposed memory relies
on NEMFET based Short Circuit Current Free (SCCF) inverters to store data,
and on adjacent CMOS based logic to allow for read and write operations,
and data preservation. By utilising only one inverter per memory cell, instead
of a cross coupled pair, a low write energy is achieved, as only one bitline is
required. Furthermore, the static energy is drastically reduced due to NEM-
FET’s extremely low OFF current. The proposed 3D NEMFET-CMOS hybrid
memory relies on a memory cell 40% smaller in terms of footprint, when com-
pared to a 90nm CMOS dual port memory cell, while for 65nm and 45nm, its
footprint is with 9% and 109% larger, respectively, for a 2-die implementations.
The access time, when compared with a state of the art 45nm CMOS based
dual port memory, is about 12% lower for read operations, while for write
operations it is approximately 2× higher, as it is dominated by the mechani-
cal movement of the NEMFET’s suspended gate. In our energy consumption
analysis, we have considered both small and large size memories and com-
pared CMOS and 3D NEMFET-CMOS implementations. For small memory
sizes 8-KB our proposal resulted in about 24% and 29% write energy reduc-
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tion, and a read energy reduction of 4.5% and 16%, for 100%, 50% transition
probability, respectively. For large memory sizes, e.g., 128-KB, we obtained
an energy reduction of about 40%, regardless of the access type, as in this case
the static energy is predominant. We have further considered different memory
utilisation scenarios for an 8-KB memory, case in which our proposal resulted
in about 20% and up to 40% energy reduction for read and write dominated
memory access traces, respectively.
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8
Is the Road Towards “Zero-Energy”
Paved with NEMFET-based Power

Management?1

Abstract:

In this paper we explore the potential that the use of state-of-the-art Nano-
Electro-Mechanical (NEM) devices, i.e., NEMFETs and NEM Relays, in the
implementation of power management circuitry, in combination with efficient
energy harvesters through 3D stacking integration, have in meeting the tight
energy budgets of “Zero-Energy” autonomous sensor systems. We propose
various 3D hybrid embodiments of an openMPS430 embedded processor aug-
mented with NEMFET and/or NEM Relay based power management mecha-
nisms and investigate their energy consumption when executing a heart beat
detection application. Our investigations indicate that the hybrid NEMFET-
oriented approach, which relies on sleep transistors and associated manage-
ment logic implemented on a dedicated NEMFET die, is the most promising
in terms of energy consumption and reliability. Moreover, when combined
with a thermal energy harvester, potentially implementable on the same die, it
can enable the road towards autonomous computing.

Copyright c© 2011 IEEE. Personal use of this material is permitted. However,
permission to use this material for any other purpose must be obtained from
IEEE by sending an email to pubs − permissions@ieee.org .

1This chapter is based on the research article published as ”Is the Road Towards “Zero-
Energy” Paved with NEMFET-based Power Management?” by M. Enachescu, G. R. Voicu, and
S. D. Cotofana, IEEE International Symposium on Circuits and Systems (ISCAS), pp. 2561 -
2564, Seoul, Korea, May, 2012. it Finalist for the best student paper award.
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8.1 Introduction

Nowadays, CMOS technology is approaching its physical limits, i.e., the scal-
ability frontier of the threshold voltage (VT ) forces a saturated supply voltage
owing to the fact that the thermal voltage kB · T/q does not scale, therefore
the power density of integrated circuits increases abruptly [1].

As an alternative, emerging technologies have been proposed and investigated
to supersede the basic CMOS device, e.g., Nano-Electro-Mechanical Systems
(NEMS), carbon nano tubes, quantum-dot cellular automata, spintronics, fer-
romagnetic logic, and single-electron devices [1].

The goal of our work is to create an ultra low-power programmable processing
platform for embedded smart nodes for pervasive computing (see Figure 8.1).
In achieving long life, low energy embedded systems, we cannot realize an
architecture based exclusively on eco-friendly (relatively speaking) emerging
technologies due to the fact that at this time, only low complexity circuits were
successfully designed with the above technologies. In fact, we claim that the
road to achieving “green computing” is paved with hybrid solutions, in which
CMOS and emerging devices cohabitate.

A first attempt towards our goal was presented in [2], however a more ef-
ficient solution is required. In this paper we continue our investigation on
energy effective 3D stacked hybrid computation platforms and concentrate on
the feasibility of autonomous smart sensor nodes implementations relying on
such a hardware infrastructure.

In particular, we propose and evaluate the ”zero-energy” potential of an im-
proved version of the 3D-Stacked NEMS based power management architec-
ture in [2], achieved via the following three embodiments: (i) an ultra low
power processing core appropriate for wireless sensor nodes, (ii) NEMS based
devices for the implementation of sleep transistors (STs) and the additional
power management low frequency circuitry necessary for power gating, and
(iii) energy harvesters to provide enough energy for the processing core in a
low duty cycle application.

In this line of reasoning we propose a number of 3D embodiments of an
openMSP430 [3] embedded processor equipped with different power gating
mechanisms and evaluate the possibility to power it, when executing a heart
beat monitoring application, only by energy harvesting means. We consider
the following approaches, all powered at 1V: (i) a NEMFET-oriented em-
bodiment with both STs and always-on power gating cells implemented with
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Figure 8.1: Emerging autonomous hybrid 3D stacked bio-sensor embodiment

NEMFETs, (ii) a NEM Relay power gating approach with STs implemented
with NEM Relays and always-on power gating cells in CMOS technology,
and (iii) a mixed NEMFET/NEM Relay solution with NEM Relay STs and
NEMFETs always-on power gating cells. We make use of 3D stacking tech-
nology with Through-Silicon-Vias, which greatly reduces the drop-out voltage
on the power supply lines between the CMOS logic circuit and the STs on the
NEMS die. Moreover, it facilitates further integration for the entire sensor
node, through stacking of dies containing analog sensing circuits, energy har-
vesters, capacitors, etc.

We implement the three proposed designs and compare them with the original
3D Stacked hybrid NEMFET/CMOS power management architecture from
[2]. Our investigation suggests that the reduction in energy consumption for
the three approaches are: 21.4%, 17.9%, and 23%, respectively. We note
that the NEM Relays need an additional on-chip control voltage of at least
6V for proper operation, and they degrade their ON resistance with switching
cycles, drawbacks that could cancel out their energy savings advantages. Thus,
the hybrid NEMFET-oriented approach is, for the time being, the best suited
solution, and coupled with a thermal energy harvester of only 0.23 cm2 can
enable the road towards autonomous computing.

The rest of the paper is organized as follows. First, in Section 8.2, we give a
overview of the state-of-the-art NEMS devices used in digital ICs. Section 8.3
describes the energy budget provided by up-to-date harvesters techniques. In
Section 8.4 we present and discuss experimental results and finally, Section 8.5
presents the conclusions.
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Figure 8.2: Schematic diagram of (a) NEMFET, (b) 3T NEM-Relay, and (c) 4T NEM-
Relay

8.2 Nano-Electro-Mechanical Devices as Replacement
for MOSFET

The switching energy efficiency of a device is given by the effective sub-
threshold swing (Seff ). With this consideration in mind, alternative transis-
tor designs which offer perfectly abrupt off-to-on transition are attractive for
energy-efficient electronics, since they provide high on/off current ratio with
a smaller supply voltage, i.e., a small Seff value. Two such devices are: (i)
the Nano-Electro-Mechanical FET (NEMFET) [4], which utilizes the pull-in
and pull-out behavior of a mechanical beam (Suspended Gate) to achieve a
perfectly abrupt switching transition, and (ii) the micrometer-scale mechani-
cal switches that have been developed for radio frequency electronics (NEM
Relay) [5], which function on the same principle as NEMFET with the differ-
ence that a mechanical beam is used as the Source of the device to enhance
the on/off current ratio.

8.2.1 Nano-Electro-Mechanical Field Effect Transistor

The Nano-Electro-Mechanical FET (NEMFET) is a rather complex device
with a 3D geometry and cross-section as presented in Figure 8.2a.

Essentially speaking the device behaves like an electromechanical switch
which responds to gate bias changes as follows. When the gate voltage VG
is low the gate-oxide capacitance is in series with the air-gap capacitance re-
sulting in low electrostatic coupling of the gate to the channel, thus in a neg-
ligible drain current ID . If VG increases the situation remains unchanged until
it reaches the pull-in voltage VPI in which case the electrostatic force cannot
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be compensated anymore by the mechanical restoring force and the suspended
gate (beam) snaps onto the gate oxide, thus turning on the device. After the
pull-in, the ID increase with VG is comparable with the one of a standard MOS-
FET. On the other way around when VG is decreased from some high value ID
starts decreasing until at a certain VG value when the system becomes unstable
due to combined electro-mechanical force and the beam is pulled-out. This
causes an abrupt ID decrease due to a large decrease in capacitance, i.e., pull-
out effect.

As indicated in [6] NEMFET devices can potentially replace High-VT sleep
transistors (ST) due to their ultra low leakage characteristics. Note that for
power gated designs two major features are desirable for the sleep transis-
tors:(i)low sub-threshold leakage current to minimize the static power con-
sumption, and (ii) low ”ON” state resistance to minimize the voltage differ-
ence between the virtual and the real power supply nodes.

A comparison between the ”ON” state resistance RON and ”OFF” state leak-
age current IOFF of an optimal NEMFET in terms of area and on-to-off ratio
having WBeam=250 nm, LBeam=7.5 µm, airgap=20 nm, VPI=1.1V and 65 nm
High-VT CMOS based STs was presented in [2]. It suggests that the NEMFET
ST RON tends to become equal with the CMOS ST RON , while NEMFET ST
IOFF (leakage) is about 2 orders of magnitude smaller than the one of the
CMOS counterpart.

8.2.2 NEM Relays

The scalability of the NEMFET due to the presence of air-gap and short chan-
nel effects is limited. In face of this limitation, micro-electro-mechanical
relays, also termed ”micro-relays” [7], appear to be an attractive alternative
for zero-standby power logic applications. The attractiveness of micro-relays
stems from the fact that a mechanical switch offers nearly ideal switching
characteristics: zero off state drain-to-source and gate leakage currents, and
perfectly abrupt off-to-on switching transition. Since there is no trade-off be-
tween off-state leakage current and on-state drive current, the relay threshold
voltage and therefore Vdd can be in principle reduced much more aggressively
than for a MOSFET in order to improve the energy efficiency.

The 3T NEM Relay described in [8] is a device with a rather similar 3D geom-
etry when compared with the NEMFET. It essentially is an electrostatic switch
having three terminals, as illustrated in Figure 8.2b. In the off state, when the
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source and the drain electrodes are separated by an air gap, the behavior is sim-
ilar with an open relay, thus no current can flow between the electrodes. When
the amplitude of the gate-to-source voltage VGS is sufficiently large, above VPI ,
the source electrode is actuated downward into contact with the drain electrode
so that current can flow under the influence of the drain-to-source voltage VDS .
Various 3T switch designs have been reported in the literature [8,9]. However,
their performance is limited by the high operating voltage larger than 5V),
and a slow actuation of about 100 ns [5].

A 4T relay, depicted in Figure 8.2c, has been also proposed. To cope with high
operation voltage and actuation time, the 4T relay design, a normally off de-
vice, adds a body terminal. With the beam acting now as the gate, the voltage
between the gate and the body VGB determines the state of the relay. When the
amplitude of the VGB is higher than VPI , the relay will be turned on. Thus, a
fixed voltage, and independent from the source and drain voltages is required
for the body terminal to limit the variation of the gate switching voltage. Low
switching voltages are desirable for low active power consumption. VPI can be
reduced by applying more advanced manufacturing techniques, i.e., increasing
the actuation area (W×L), decreasing the thicknesses of the movable struc-
ture, or decreasing the height of the fabricated actuation gap g0. However,
all of these negatively affect the device density. Another post-process solu-
tion is to tune the gate switching voltages via body biasing, but extra circuitry
and power consumption are required in order to generate on-chip large VB val-
ues, approximately 8V as presented in [10], for a device suited for 10MHz
circuitry. Moreover, the ON state resistance of the 4T Relays is increasing
from kΩ to tens of kΩ after only 104 actuations, practically limiting the digital
implementation range only to low activity circuits.

8.3 Power budgeting of energy harvesters

To address the problem of finite node lifetime of battery-powered smart sys-
tems energy harvesting is employed. Different forms of energy from the am-
bient environment or from other sources are converted to electrical energy
which powers the node. If the harvested energy is large enough and continu-
ously available, a smart node can even be powered forever (or at least until a
failure in the power supply circuitry appears). Furthermore, by monitoring the
amplitude and periodicity of the harvested energy, the smart sensor can self-
allocate its available energy and alter at run-time the functioning duty-cycle to
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Table 8.1: Various energy sources and harvested power densities [11]

Source type Source power Harvested power

Indoor ambient light 0.1mW/cm2 10 µW/cm2

Vibration/motion 0.5m @ 1Hz 1m/s2 @ 50Hz 4 µW/cm2

Thermal 20mW/cm2 30 µW/cm2

Radiofrequency 0.3 µW/cm2 0.1 µW/cm2

Embedded
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Power storage
Photovoltaic

Element

Vibration
Generator

Thermogenerator

RF Coil

Harvesters

Power
Supply

Manager

Charger

Discharge
Monitor

Power
Converter

Power supply

Figure 8.3: System-level power supply architecture

match the supply energy.

The architecture of the power supply of the sensor node is depicted in Fig-
ure 8.3. The harvester transforms the ambient energy (e.g., photonic, kinetic,
thermal, RF energy) in a variable voltage. A power converter performs volt-
age rectification and smoothens/regulates the voltage to the desired value. The
power supply manager controls the operation of the converter and the optional
charging circuits, when a storage element (battery, super-/ultra-capacitor) is
needed.

Since our end goal is to achieve a fully autonomous smart sensor node we
need to know the power budgets that harvesters can produce. Note that the
form in which the energy is harvested, the energy source characteristics, and
the conversion efficiency dictate the power budget. Table 8.1 summarizes the
typical produced and expected harvested power densities for the most used
energy sources in a human ambient environment.

Harvesting photovoltaic energy offers zero or close to zero output during
nighttime, and a battery is required for continuous operation. A temperature
gradient can be converted in electrical energy via micro-machined thermopiles
integrated in the same package with the sensor node. The human skin is a fa-
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vorite energy source since it provides a significant temperature difference from
the surrounding environment. However, it requires a more complex package,
with one surface being a plate with the exterior side in thermal contact with the
human skin, and the interior side in direct electrical contact with one end of the
thermopiles. Due to their ease of integration within the same package, micro-
machined piezoelectric resonant vibration devices are the most promising in
harvesting motion energy for smart sensor nodes. Finally, radiofrequency (RF)
energy, though covering large surfaces of the inhabited land nowadays offers
the less power compared with all other sources.

8.4 Results Evaluation and Discussion

The base 3D stacked power management architecture described in [2] consists
of two dies connected with Through-Silicon Vias. The bottom CMOS tier
comprises the active digital logic circuit, and can be power gated through the
NEMFET STs incorporated on the top tier.

We first consider an Enhanced architecture which improves the energy effi-
ciency of the platform by two means: (i) relocation of the openMSP power
management controller (PMC) and power gating overhead circuitry, i.e., iso-
lation and state-retention cells, on the NEMS die, and (ii) reduction the supply
voltage from 1.2V to 1.0V. The first approach entails redesigning the re-
ferred blocks in the ultra low leakage NEMS technology, hence alleviating part
of the leakage overhead associated with the use of CMOS devices. Thus, the
bottom CMOS tier comprises the active logic circuit, while the top tier incor-
porates the always-on cells and the PMC implemented in NEMS technology.
Moreover we consider two additional platforms both having STs implemented
with NEM Relays and always-on power gating cells implemented in CMOS
and NEMFET technology, respectively.

For evaluation we use the same test vehicle used to validate the base architec-
ture, i.e., the Hybrid design, a typical SoC for low power embedded devices
running a heart rate monitor application [2]. To asses the impact of using NEM
Relays as sleep transistors, we use the same methodology previously applied
for NEMFET-based power gating.

The energy consumption values obtained after simulation in worst-case tech-
nology corner, with respect to power consumption, for both the Enhanced
NEMFET- and NEM Relays-based power management architectures, as well
as the original reference Hybrid are presented in Table 8.2. One can observe
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Table 8.2: Energy budgeting

Implementation
Energy Required Harvester Area [cm2]

[µJ] Light Vibration Thermal RF

NEMFET-based STs
Hybrid [2], VDD = 1.2V 8.611 0.86 2.15 0.29 86.11
Enhanced Hybrid 6.761 0.67 1.69 0.23 67.61

NEM Relay-based STs
Always-on cells w/ CMOS 7.073 0.71 1.77 0.24 70.73
Always-on cells w/ NEMFET 6.579 0.66 1.64 0.22 65.79

that due to the supply voltage reduction and the placement of the low-activity
power management logic on the NEMS die, the Enhanced Hybrid NEMFET-
based implementation provides an energy consumption reduction of 21.4%.

For the NEM relay based implementations we have to make use of MOSFETs
or NEMFETs for the implementation of the PMC block. This is motivated
by the fact that, even for the considered biomedical application, which has a
rather low switching activity of 200 cycles per second, the NEM Relays’ RON
is increasing with one order of magnitude within tens of seconds of circuit life
time. This makes NEM Relays not suited to implement the logic gates from
the always-on cells and the PMC block.

Even though at circuit level the NEM relay based approach does not provide
a significant energy improvement over the NEMFET counterpart, this can be
mostly explained by the fact that the considered application has a rather high
duty cycle, and the ON power term is dominant in the total energy equation.
Seen from device level, the advantages of the NEM Relays are obvious when
compared with NEMFETs, as they offer almost ideal switching characteristics,
“zero” off state leakage current, “infinite” on current, and abrupt off-to-on and
on-to-off switching transitions. However for the time being their integration
in a hybrid CMOS/NEMS architecture for low power embedded smart sensor
nodes requires the on-chip generation of high voltages of approximately 6V.
Hence such an approach adds extra circuitry overhead which will most likely
cancel out its advantages over the NEMFET solution. Moreover NEM Relay
are less reliable and substantially increase their RON after tens of thousands
switching cycles. This result in an IR drop increase that may make the entire
circuit to malfunction.

Based on the total energy requirements we also compute in Table 8.2 the area
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that an energy harvester needs to have to be able to autonomously power our
platform. One can observe in Table 8.2 that the NEMS based schemes we
proposed can be potentially powered from harvesting sources thus opening
the road towards the implementation of zero-energy autonomous computing
nodes. Light and thermal energy sources seem to be the most promising can-
didates to supply miniature autonomous smart sensors. While vibration gener-
ators do not offer the same power density, they do not need to be in visible or
thermal contact with the environment so they are more easily to be integrated
in future smart micro-sensors with a stacked layout.

8.5 Conclusions

In this paper we explored the possibilities to achieve autonomous, self-
powered embedded smart sensors, by an in-depth investigation of the use of
NEMS devices as power gating circuitry, followed by an energy budgeting
of autonomous smart sensor nodes powered by various types of energy har-
vesters. Our investigations suggests that due to obvious advantages of the
NEMS switches at device level, efficient energy harvesters design and 3D
stacked integration technology we are entitled to answer affirmatively to our
research question.
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9
Conclusions and Future Work

I n this thesis we focused on improving the energy efficiency of elec-
tronic products, especially portable, battery-powered, and autonomous
ones, by making use of the well-established versatile CMOS devices

in conjunction with an emerging leakage proof technology. More specifi-
cally, we proposed and assessed the potential practical impact and feasibility
of hybrid CMOS-NEMFET circuits and systems. We also demonstrated that
the CMOS-NEMFET device synergy enabled by 3D stacked integration can
deliver substantial energy savings for power managed ICs as well as foster
alternative implementations of Boolean functions and Static-RAM (SRAM)
memory arrays. We pursued 3 main lines of research: NEMFET based
Boolean logic, NEMFET-CMOS dual port memory, and hybrid NEMFET-
CMOS power management architectures. First, we performed a design space
exploration in order to identify the most promising NEMFET geometries and
to evaluate their potential performance in terms of switching delay, current
capability, and leakage. Moreover we compared those parameters of interest
with the ones offered by traditional transistors utilized in up to date CMOS
technologies. Second, we assessed the NEMFET potential when utilized as
sleep transistor in circuits featuring 2D cell based power gating, and find out
if NEMFETs constitute a viable alternative to High −VTH FETs in sleep mode
circuits. Furthermore, we proposed a novel 3D power management approach
that attempts to alleviate some issues associated with the NEMS utilization
as sleep transistor in CMOS power gated integrated circuits. Given the two
designs, we evaluated the 2D and 3D NEMFET based power management im-
plementations energy efficiency when embedded into a computation platform
executing a bio-medical sensing application for heart rate detection. Third,
we introduced a NEMFET based logic family tailored to the implementation
of ultra-low energy functional units and processors. Fourth, we proposed a
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memory cell that relies on a NEMFET based inverter designed in such a way
that no short circuit current can occur during switching. Finally, we proposed
and evaluated the ”zero-energy” operation scenario potential of an improved
version of the 3D-Stacked NEMS based power management architecture aug-
mented with energy harvesters.

This chapter is organized as follows. Section 9.1 presents an overview of the
thesis and summarizes the major contributions of this thesis and Section 9.2
proposes future research directions.

9.1 Summary

In this dissertation we investigated low-energy circuits and architectures im-
plemented with Nano-Electro-Mechanical Field Effect Transistors (NEM-
FETs) only, or with both MOSFETs and NEMFETs. The work presented
in this thesis can be summarized as follows:

In Chapter 1 we discuss the necessity to make use of emerging leakage proof
technologies in conjunction with the versatile well-established CMOS coun-
terpart for the implementation of portable, battery-powered, and autonomous
electronic products. We introduced the essential knowledge of the power dis-
sipation in such electronic products and pointed out that the efficiency of the
current leakage reduction techniques is determined by the MOSFET leakage
and the designer ability to control it. We analyzed the MOSFET capability to
effectively reduce the overall energy consumption as well as the ability of state
of the art More then Moore devices in an attempt to identify potential candi-
dates that are better fitted for portable, battery powered, autonomous systems
implementation. We identified NEMFET, which is potentially co-integrable
with MOSFET, as being the best candidate to reduce the overall energy con-
sumption of ultra low power electronic products and formulated our research
questions.

In Chapter 2 we introduced NEMFET background and we presented a pre-
liminary assessment of the NEMFET potential if utilized as Sleep Transistor
(ST) in real life circuits, e.g., microprocessors. We first evaluated various
NEMFET instances in terms of switching delay, current capability, and leak-
age. Subsequently, we compared these figures with the ones provided by tra-
ditional switch transistors utilized in CMOS technologies. According to our
simulation results, NEMFET based sleep transistors enable substantial leak-
age reductions due to their extremely low OFF currents (4 orders of magnitude
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lower than FET) at the expense of a 4× larger active area for the same ION
capability. Finally, in Chapter 3 we evaluated the potential implications of
the utilization of NEMFETs as sleep transistors in a 90 nm CMOS technology
32-bit Adder. Our simulations indicated that the leakage is mitigated, at the
expense of a sleep transistor active area increase of 130%.

In Chapter 4 we introduced a novel power management 3D architecture, which
relies on the synergistic utilization of: (i) Nano-Electro-Mechanical (NEM)
devices, i.e., the NEM Field Effect Transistor (NEMFET), as sleep transistors,
and (ii) 3D stacking, which allows for placing the sleep transistors (the en-
tire power management infrastructure) on a dedicated tier of the 3D-stacked
hybrid platform. Subsequently we demonstrated that 3D integration is an ef-
ficient way to make use of the NEMFET characteristics, i.e., abrupt switch-
ing and extreme low leakage, in effective NEMS-based power/energy/thermal
management. As a test case, in Chapter 5 we considered the 3D embodi-
ment of an embedded openMSP430 processor based SoC platform running
a bio-medical sensing application for heart rate detection and measured the
effects of the 3D hybrid architecture on sensitive metrics used in power gat-
ing designs, e.g., delay degradation, power-up and power-down behavior, and
overall energy consumption. Our experiments indicated that when compared
with a 2D embodiment, the system idle energy is decreased by 2.74× for the
same footprint due to the fact that the sleep transistors were relocated on the
NEMS tier. The energy-delay product of the openMSP430 processor based
SoC executing the heart rate detection application was reduced by 9%, but we
demonstrated that a potential reduction of up to 60% could be achieved for
applications with lower activity, e.g., wireless sensor networks. Furthermore,
we demonstrated that the 3D stacked architecture prevents clock period degra-
dation issues, since the IR Drop is reduced with a factor of 4 when compared
with the 2D embodiment.

In Chapter 6, we introduced a Short-Circuit-Current Free (SCCF) NEMFET
based logic family tailored to the implementation of low speed and ultra low
energy functional units and processors. We analysed and compared basic
Boolean gates implemented with NEMFETs against equivalent CMOS real-
isations. Our simulations suggested that the proposed SCCF NEMFET gates
are between 10 to 20× slower, but provide up to 10× dynamic energy reduc-
tion and up to 2 orders of magnitude less leakage, when compared with CMOS
counterparts. We also analysed the fan-in influence on gate performance and
observed that the NEMFET gates energy advantage is increasing with fan-in.



146 CHAPTER 9. CONCLUSIONS AND FUTURE WORK

In Chapter 7, we introduced a dual port 3D stacked hybrid memory that com-
bines the ultra-low power NEMFETs capabilities with the MOSFET technol-
ogy versatility. The proposed memory relies on NEMFET based SCCF invert-
ers to store data, and on adjacent CMOS based logic to allow for read and write
operations, and data preservation. By utilising only one inverter per memory
cell, instead of a cross coupled pair, a low write energy is achieved, as only
one bitline is required. Furthermore, the static energy is drastically reduced
due to NEMFET’s extremely low IOFF . The proposed dual port 3D NEMFET-
CMOS hybrid memory relies on a memory cell with 140% and 30% footprint
increase, for 2-die and 3-die implementations, respectively. However, by plac-
ing the memory array column and row circuitry within the memory cells, the
total footprint of an 8-KB memory increases with only 60% for a 2-die im-
plementation and decreases with 20% for a 3-die implementation. The access
time, when compared with a state of the art CMOS based dual port memory, is
equivalent for read operations, while for write operations it is approximately
4× higher, as it is dominated by the mechanical movement of the NEMFET’s
suspended gate. However we propose a solution to achieve a similar write ac-
cess time by adding extra write ports, which, due to the available CMOS tier
real estate, has no negative impact on footprint and read access time. We also
compared the energy consumption of standard and hybrid memory arrays as
follows: (i) for small memory sizes of 2-KB and 8-KB our proposal results in
about 10% and 30% write energy reduction, and a read energy reduction of 10%
and 13%, respectively, and (ii) for large memory sizes, e.g., 128-KB, we obtain
an energy reduction of 58%, regardless of the access type, as in this case the
static energy is predominant. We have further considered different memory
utilisation scenarios for an 8-KB memory, case in which our proposal results
in up to 22% and up to 35% energy reduction for read and write dominated
memory access traces, respectively.

In Chapter 8, we proposed and evaluated the ”zero-power” operation paradigm
potential of an improved version of the 3D-Stacked NEMS, i.e., NEMFETS
and NEM-Relay, based power management architecture when executing a
heart beat detection application. The platform builds upon the following three
embodiments: (i) an openMSP430 ultra low power processing core appropriate
for wireless sensor nodes, (ii) NEMS devices for the implementation of Sleep
Transistors and of the additional power management low frequency circuitry
necessary for power gating, and (iii) energy harvesters to provide enough en-
ergy for the processing core when executing a low duty cycle application. Our
investigations indicated that the hybrid NEMFET-oriented approach, which



9.2. FUTURE RESEARCH DIRECTIONS 147

relies on sleep transistors and associated management logic implemented on a
dedicated NEMFET die, is the most promising in terms of energy consumption
and reliability. Moreover, when combined with a thermal energy harvester, of
0.23 cm2 potentially implementable on the NEMFET die, it can enable the
road towards autonomous operation.

9.2 Future Research Directions

As a continuation of the research presented in this thesis we suggest the fol-
lowing future research directions:

1. Given that NEMFET’s switching speed is dominated by mechanical
phenomena the distance between the suspended gate beam and the gate
oxide should be as small as possible in order to minimise the beam trav-
eling distance associated with device switching. However, to avoid the
metal beam to dielectric stiction the elastic beam force should be larger
than the Casimir force, which for air gaps below 150nm [1] can be two
orders of magnitude higher than the gate potential induced electrostatic
force. Given that the NEMFET device geometry has to fulfil certain
conditions in order to avoid stiction it would be interesting to develop
alternative methods to increase the switching speed by other means than
shrinking. One potential solution that could be considered is to make
use of an input gate voltage control strategy that we propose to call
progressive switching, which takes advantages of the NEMFET abrupt
switching and hysteresis. While for a normal FET the input gate value
can change from 0V to VDD or the other way around for a NEMFET this
set can be augmented with the V−

PI and V+
PO values, where V−

PI is slightly
smaller than the gate pull-in voltage and V+

PO is slightly larger than the
gate pull-out voltage. In this way the gate of an already open (non con-
ducting) NEMFET can be kept at V−

PI and the one of an already closed
(conducting) NEMFET can be kept at V+

PO . In this way when the NEM-
FET should switch, the gate is already partially charged/discharged,
hence the latency to fully charge/discharge can be significantly decrease.

2. Current NEMFET compact models are geared towards the simulation of
low complexity schemes. In order to better simulate NEMFET abrupt
switching and hybrid CMOS-NEMFET circuits a NEMFET compact
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model compatible with commercial simulators. e.g., Spectre, is re-
quired.

3. Given the NEMFET large size it is expected that it would also go
through a device shrinking process. In view of this it would be inter-
esting to investigate the potential performance of NEMFET scaled de-
vices and the NEMFET scaling process implications of the schemed we
proposed in this thesis.

4. While our main focus was on the digital part of energy confined em-
bedded platforms, e.g., wireless sensor nodes, they also contain analog
circuitry, which may take a big share of the energy budget. In view
of this it would be of interest to investigate the porting of such analog
schemes into the NEMFET technologies.

5. Although we proved the efficiency of NEMFET-CMOS dual port mem-
ory, no detailed TSV size implication evaluation was performed. This is
certainly of interest given that TSV shrinking follows a different agenda
than the device one. Moreover, given that silicon real-estate is still avail-
able on the CMOS tier it would also be of interest to extend the number
of read/write ports and investigate the implications of thus augmentation
in terms of memory access time, energy consumption, and availability.

6. Our experimental results were obtained by means of simulations only.
To get a better grasp in the practical implications of our proposals it
would be of interest to implement a simple 3D stacked power manage-
ment architecture composed out of a CMOS tier for high frequency op-
erations and NEMFET tier for low activity, low frequency operations.
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